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Legal Notice 

This information was prepared by Gas Technology Institute (“GTI”) for the U.S. Department of 
Transportation Pipeline and Hazardous Materials Safety Administration. 

Neither GTI, the members of GTI, the Sponsor(s), nor any person acting on behalf of any of them: 

a.  Makes any warranty or representation, express or implied with respect to the accuracy, completeness, 
or usefulness of the information contained in this report, or that the use of any information, apparatus, 
method, or process disclosed in this report may not infringe privately-owned rights.  Inasmuch as this 
project is experimental in nature, the technical information, results, or conclusions cannot be predicted.  
Conclusions and analysis of results by GTI represent GTI's opinion based on inferences from 
measurements and empirical relationships, which inferences and assumptions are not infallible, and with 
respect to which competent specialists may differ. 

b.  Assumes any liability with respect to the use of, or for any and all damages resulting from the use of, 
any information, apparatus, method, or process disclosed in this report; any other use of, or reliance on, 
this report by any third party is at the third party's sole risk. 

c. The results within this report relate only to the items tested. 
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Executive Summary 

The objective of this project was to develop methods to be used by any plastic testing laboratory to 
quantify the effects of hydrocarbon permeation on: 1) the fusibility of plastic pipe; 2) the life expectancy 
of existing fused joints that have been subjected to hydrocarbon permeation; 3) the Hydrostatic Design 
Basis (strength) of plastic pipe, and 4) the impact on slow crack growth. A secondary objective was to 
determine and validate current practices of local distribution companies (LDC) in mitigating hydrocarbon 
permeation on their in-field pipe. 

In the course of this project several test methods have been explored and developed to quantify the effect 
of heavy hydrocarbon permeation on polyethylene pipe and the butt-fusion process: 

1. Tensile testing to break with measurement of strain via video extensometer was conducted at 
multiple temperatures to fully characterize the true stress/true strain curves of the different 
polyethylene materials. 

a. The true stress strain curves at all temperatures clearly show the softening effect of the 
hydrocarbon permeation at low strains. 

b. The permeated materials are up to 55% weaker at low strains relative to non-permeated 
material. 

c. At strains below 30% the softening effect of the HHC permeation is equivalent to an 
approximately 20°C (36°F) temperature increase in non-saturated material i.e. at 73°F the 
saturated material behaves like non-saturated material at 109°F. 

d. The true stress and true strain at break are fairly constant for each material group with up 
to 20% reduction in strength at break. 

e. The implications of these two findings are as follows: 
i. Caution should be exercised in applications where the creep resistance of the 

polyethylene material is essential to the operation of the system. An example of 
an application where care should be exercised is mechanical fittings where the 
resistance to mechanical pullout could be impaired due to the softer material. 
This may warrant further investigation given that some utilities specifically use 
mechanical fittings where hydrocarbon permeation is detected. 

ii. The long term hydrostatic strength of the pipes may need to be reduced by 20% 
to account for the break strength reduction. 

2. Dynamic Thermo-Mechanical Analysis was shown to be effective as a tool for determining the 
horizontal and vertical activation energies needed to calculate the appropriate bi-directional shift 
factors for both saturated and non-saturated material. 

a. Master curves for the saturated and non-saturated materials confirm that the effect of 
HHC saturation is equivalent to a 20°C (36°F) temperature increase in the non-saturated 
material. 

b. The shift factors developed were used to generate master curves for the hydrostatic test 
results of the saturated and non-saturated materials. 

c. The activation energies are sensitive to the HHC permeation.  
d. The method could potentially be extended to intermediate levels of permeation and after 

calibration be used to measure the level of permeation in pipe. 
3. High Speed Low Temperature Tensile testing was used to measure the strength of joints made on 

permeated pipe. 
a. The method was shown to produce similar distributions of risk scores to both bendback 

testing and long term creep testing. 
b. The advantage of the method is its speed and the quantitative nature of the test. 

4. Long Term Creep Testing at multiple temperatures was used to develop a method for estimating 
the life expectancy of fused joints. 

a. The method was shown to be sensitive to joint quality. 
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b. A method was developed to map long term hydrostatic testing of reference fusions to the 
creep test results. 

c. Further work is needed to apply the rate process method to the creep results due to the 
high degree of randomness in fusion quality that was uncovered. 

d. Some ideas to explain the randomness of the joint quality have been put forward in the 
body of the report. 

e. Further research is needed to explore this phenomenon and to address the implications of 
this result. 

5. A method was developed to conduct long term hydrostatic testing on injection molded universal 
test vessels designed by GTI for this purpose. 

a. The method allows the materials to be evaluated in different fluid media. 
b. The method is based on the rate process method. 
c. The results show that the permeated test vessels are failing within the prediction limits of 

reference material models for the same class of materials. 
d. Test vessels tested in methane are failing above the prediction limits for the reference 

materials. 
e. This result could support the need for a 20% reduction in the long term hydrostatic 

strength of the permeated material. 
f. Before this can be determined the two results need to be explained in the context of the 

prediction limits of models developed in pipe with water as the internal and external 
media. 

g. Further research is needed, but the method is promising. 
h. A potentially important result was obtained on test vessels with a molded in stress riser 

designed to explore slow crack growth failures - slow crack growth did not occur, but 
smooth fracture surfaces more like rapid ductile tearing or fracture were observed. This 
phenomenon needs to be further investigated as it could be highlighting a potential early 
failure mechanism for pipes and fittings exposed to heavy hydrocarbon permeation. 

6. Over two hundred fusions were performed on saturated and non-saturated pipe to: 
a. Generate a good set of reference data for non-saturated fusions, and 
b. Explore the effects of permeation on joint quality. 
c. HHC permeation was shown to significantly increase the likelihood of extremely high 

risk and high risk fusions. 
d. It was also shown that many of the permeated fusion joint qualities were comparable to 

non-saturated fusion joint qualities. 
e. It was shown that there are potential operating envelopes to mitigate the effects of HHC 

permeation. 
f. It was shown that these potential operating windows are material and ambient 

temperature dependent and hence could be difficult for operators to implement 
consistently. 

7. Saturation and desaturation curves at multiple temperatures were developed for all three materials 
evaluated in this project. 

a. These curves will be useful for estimating the level of saturation and rate of saturation for 
known levels of HHC in the system, 

b. They are useful in providing operators with guidelines on how to sample pipelines and 
prepare the specimens for shipment prior to evaluation in a laboratory. 

c. They will be useful in developing more sophisticated interpretations of test results from 
specimens that were permeated, but will be desaturating during the test. 

 

  



 

DTPH5614H00001 Effects of Hydrocarbon Permeation on Plastic Pipe Strength and Fusion PerformancePage 17 of 
304 

Impact from the Research Results 

The insights developed from this body of work were not available to regulators and operators prior to this 
work, which has provided a solid data set with well-defined confidence bounds.  

The methods and results described above are well suited for incorporating into risk models that will be 
useful in enterprise decision support systems that are risk informed. The probabilistic and statistical 
models developed in this project already have good confidence levels and can be improved with each new 
set of data developed in research projects and gathered from the field by Bayesian updating. 

The design of experiment approach has provided a good working model that can be used to navigate the 
design space and provide insights to guide follow-on research projects and the development of new 
operating procedures designed to mitigate the effects of heavy hydrocarbon permeation in polyethylene 
gas distribution systems. 

The results of this project, and other related projects, will be discussed at a workshop attended by 
operators, regulators and industry representatives at GTI that is planned for mid-March 2016. A steering 
committee will be established to propose. 

Funding has already been procured to pursue NDE technology development stemming from some of the 
findings in this project. 
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Introduction 

Over the past 50 years, polyethylene (PE) pipe has been utilized in the natural gas industry as an effective 
replacement for steel pipe in lower pressure applications. The 2011 Annual Report statistics from DOT 
indicate there are over 644,000 miles of plastic main and over 44.2 million plastic services installed in the 
distribution systems of approximately 1,389 gas companies in the U.S. According to the Plastic Piping 
Data Collection Initiative, over 98% of this is PE pipe.1 

There is mounting evidence in certain regions of the country that PE gas distribution pipelines are being 
exposed to hydrocarbon contamination. Because PE is nonpolar, it is a very poor barrier to nonpolar 
hydrocarbons, as might be found in the natural gas industry. In the case of liquid hydrocarbon permeation, 
the diffusion phenomenon occurs in areas of gross contamination when liquid hydrocarbon condensates 
form in gas pipelines, or when soil surrounding the pipe is heavily contaminated with liquid hydrocarbons 
(diesel, gasoline, etc.). The possibility of hydrocarbon condensation is why many pipeline FERC tariffs 
specify a hydrocarbon dew-point temperature (HDP). In addition to the HDP limit, other pipelines specify 
limits for specific concentrations of heavier hydrocarbons, which could influence the HDP temperature 
and the richness of the gas.  

The presence of these hydrocarbons in the plastic matrix can have a negative influence on two important 
aspects associated with gas operations: thermal fusion quality and pipe strength. The magnitude of the 
impact depends on the amount of contamination. The most common issue is that heat joining techniques 
on hydrocarbon permeated pipes may result in lower strength joints. Because the source of contamination 
can be both internal and external, it can affect various types of fusions such as heat saddle, electrofusion, 
and butt fusions. If the pipe wall is weakened, it may require derating. Also of interest is the impact of 
impregnated hydrocarbons on slow crack growth (SCG). It is not understood whether the presence of 
hydrocarbons inhibits or accelerates SCG. 

In order to evaluate the above mentioned effects of Heavy Hydrocarbons (HHC) it is essential to develop 
methods that will allow an “apples to apples” comparison of the different phenomena and their measures. 
The work in this project is heavily reliant on the Rate Process Method (RPM) and bi-directional shift 
factors that allow investigators to apply the time temperature superposition principle to individual test 
results. These two methods will be briefly discussed in a following section. 

Additionally, much attention will be paid to the mechanical properties of polyethylene that has undergone 
HHC permeation and non-permeated polyethylene. This comparison is essential to determining how 
serious the effects of HHC permeation are. 

It is also imperative to have a solid reference point to which we can compare the joints evaluated in this 
project. The following section will describe a comprehensive reference data set that was developed by 
GTI prior to this body of work. 

At each stage a combination of probabilistic and statistical methods will be applied to develop appropriate 
risk measures that relate to lifetime expectancies developed from the RPM method.

                                                      

 
1 Plastic Pipe Data Collection Committee. 2012. Plastic Piping Data Collection Initiative Status Report. 

http://www.aga.org/Kc/OperationsEngineering/ppdc/Status%20Reports/Documents/August%202012%20PPDC%2
0Status%20Report.pdf. Accessed November 11, 2012. 
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Testing Overview 

A variety of different test methods were employed to get a broad understanding of the effect of HHC 
permeation on PE performance.  The methods included: 

• Permeation tests to determine permeation rates. 

• Dynamic Thermo-Mechanical Analysis (DTMA) tests to get activation energies used in applying 
the time temperature superposition principle to test results via bi-directional shift factors. 

• Tensile tests to measure any effects on mechanical strength. 

• RPM based hydrostatic tests to generate lifetime prediction estimates for pipes. 

• Butt-fusions conducted under various process conditions. 

• RPM based creep testing of pipe and butt-fusion joints to generate lifetime prediction estimates 
for joints. 

• High-speed, low-temperature testing of butt-fusion joints as a proxy for high speed impact testing 
employed in the industry. The intent is to develop quantitative risk measures based on this quick 
test. 

• Bendback testing of butt-fusion joints as employed in the industry to assess the usefulness of this 
test method in assessing fusion quality. 

 

Figure 1 shows the top-level test flow diagram.  Each test method will be fully described and discussed in 
a separate section below.
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Figure 1. Test Flow Diagram  
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Rate Process Method (RPM) and Time Temperature Superposition 

Polyethylene is a semi-crystalline polymer that has a glass-transition temperature in the region of -60°C (-
76°F) and a melting point at about 130°C (266°F). Between these two temperatures the material is in a 
rubbery state and the mechanical behavior of polyethylene pipes and fittings is dominated by creep and 
stress relaxation effects. The dominant failure mode of polyethylene is long-term creep that manifests 
itself as a large deformation ductile failure when the entire cross-section fails or as Slow Crack Growth 
(SCG) when the creep failure is constrained to a small percentage of the cross-section. Piping applications 
typically only see SCG type failures as the design methodologies employed make large deformation 
failures extremely unlikely under normal operating conditions. 

Failure modes of fusion interfaces are more difficult to explain and interpret as these interfaces are subject 
to contamination via dirt, improper surface preparation and permeants in the body of the pipe material 
being fused. Improper application of heat energy can also cause a wide array of fusion anomalies such as 
“cold fusion”, which is a very imprecise and misleading term commonly used amongst operators, voiding 
and fusion interfaces with very low ductility. 

The commonly accepted joint quality tests of fusion joints are heavily biased towards short-term 
characteristics of the fusion interface and do not necessarily give a good indication of the long-term 
performance expectation of similar joints. In recent years GTI has begun using the RPM to evaluate the 
long-term performance expectations of fusion joints. In the following sections we will briefly cover the 
theoretical underpinnings of the RPM and closely related bi-directional shift factors and provide a detail 
example of how the RPM has been used to validate a butt-fusion procedure and develop a measure of the 
factor of safety inherent in joints made according to this procedure over time. 

Studies such as the approval procedure mentioned above can be used as the baseline performance 
reference to which joints extracted from the field can be quantitatively compared. This comparison is 
achieved via the use of accelerated hydrostatic testing of the extracted joint and proper use of bi-
directional shift factors to shift the test results to a common reference temperature so that all tested joint 
can be compared to the reference data on a single master curve. This “apples to apples” comparison is 
what allows quantitative statements about the expected performance of the evaluated joints to be made. 

Statistically significant numbers of joints extracted from the field and evaluated using both RPM methods 
and the standard short-term tests will provide a good picture of the overall distribution of expected 
performance characteristics to be developed. The distribution of short term test results can be correlated to 
the distribution of short term test results, thus providing a basis for the interpretation of test such as bend-
back or Fusion Evaluation Tests (FET). 

The methods described above are applicable to all forms of heat-fusion i.e. butt-fusion, saddle-fusion and 
electrofusion. In this project these methods are later used to develop appropriate measures of risk inherent 
in fused joints for both saturated and unsaturated pipe. 
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Time Temperature Superposition in Viscoelastic Materials 

Polyethylene is a polymer with extremely long molecular chains. These long chains tend to arrange 
themselves in ordered structures as shown in Figure 2. 

 

 
Figure 2. Ordering of long molecular chains in polyethylene (fig. taken from (Riande et al., 1999)) 

 

This lamella like structure has an internal order reminiscent of an orthorhombic crystal structure as shown 
in Figure 3 below, hence the term “semi crystalline polymer” that is used to describe polyethylene. 

 

 
Figure 3. Structure of polyethylene (fig. taken from(Riande et al., 1999)) 

 

The polyethylene lamellas further arrange themselves into a spherulitic super structure as shown in 
Figure 4 and Figure 5 below. The proportion of “lamellar chin-folded crystallite” relative to the 
amorphous region determines the density of the polyethylene and dictates much of the material properties. 
More crystallites increase the density; hence HDPE has more crystallites than MDPE, is stiffer, has better 
Rapid Crack Propagation (RCP) resistance and has a higher yield point than MDPE, which is more 
flexible and has better Slow Crack Growth (SCG) resistance than HDPE. 
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Figure 4. Spherulitic structure in polyethylene (fig. taken from (Riande et al., 1999)) 

 

 
Figure 5. Cross polarized micrograph of PE spherulites (fig. taken from (Riande et al., 1999)) 

 

The structure of PE shown in the figures above acts like a collection of springs and dashpots connected to 
each other; PE will simultaneously exhibit characteristics of solids and fluids, the material will creep, it 
will undergo stress-relaxation (Figure 6), and the mechanical properties of PE are temperature and strain 
rate dependent. 
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Figure 6. Creep and stress relaxation in PE (fig. taken from (Riande et al., 1999)) 

 

The properties of PE are fundamentally governed by the energy needed to rearrange the molecular 
structure under load. The activation energy of this molecular rearrangement process is constant and can be 
measured using Dynamic Thermo-Mechanical Analysis (DTMA) (Figure 7) techniques. 

 

 
Figure 7. Schematic representation of DTMA equipment (fig. taken from (Riande et al., 1999)) 

 

Once the activation energy has been measured we can determine the Time Temperature Superposition 
(TTS) characteristics of the polymer that are the basis of the RPM method as described in the ISO 9080 
standard (ISO, 2012) that details how to perform RPM calculations. Elevated temperatures under load are 
equivalent to increasing duration of load at lower temperatures.  

At GTI we employ DTMA methods to measure the activation energy of a particular pipe material and 
from this information develop bi-directional shift factors (Lever, 2014) that allow us to translate a test 
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result obtained at an elevated temperature to a reference temperature such as typical operating 
temperatures. This is the basis for accelerated testing of PE pipe and fittings. 

 

The TTS characteristics of PE also allow us to assemble master curves for various properties or behaviors 
from many measurements at various temperatures and load conditions. These master curves as shown in 
Figure 8 below allow us to make intelligent lifetime predictions for PE systems operating under defined 
conditions.  

GTI has written custom MATLAB scripts that faithfully recreate the output of the standard ISO 9080 
software in a more user friendly format. These RPM models together with bi-directional shift factors has 
proven to be a powerful set of tools that can be used for evaluating many performance aspects of PE 
piping systems. 

Figure 8. Example of using TTS to generate a master curve (fig. taken from (Riande et al., 1999)) 
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Example of the Use of RPM and Bi-Directional Shift Factors in Evaluating Butt-Fusion Procedures 

Using the principles briefly described above, it is possible to undertake an accelerated testing program to 
evaluate the quality of fusions produced under a given procedure. The following section provides a 
detailed description of how these principles were used to approve a particular butt-fusion procedure. The 
examples provided illustrate the benefit of developing a RPM model for the failure envelope of fusion 
joints. The model allows us to calculate an expected lifetime at a given operating pressure and 
temperature with the desired level of confidence: 

• The level of confidence is dependent on the quality of the dataset,  
• More data gives more confidence, 
• Mixing pipe sizes and other system attributes in the testing matrix will give a good measure of the 

amount of variability that can actually be encountered in the field. 

 

Combining bi-directional shift methods with RPM models gives us a very powerful set of tools to: 

• Design proper validation tests, 
• Interpret single test results correctly, 
• Infer factors of safety at any temperature, stress level and time-scale, 
• Compare different data sets to reference data sets. 

 

The reference data set for butt-fusions in TR418 pipe is extremely useful: 

• It has good statistical significance, 
• All failure points lie within the lower and upper prediction limits of the RPM model for the 

TR418 pipes tested, 
• Half the failure points were in the body of the pipe, 
• Half the failure points were in the fusion joints, 
• The pipe sizes covered are 2”, 4”, 6” and 8” IPS and thus are a good representation of field 

fusions, 
• The fusions were conducted in accordance with a well-developed design of experiment and fully 

represent the tolerances of the fusion process and the range of expected ambient temperatures, 
• All fusions were evaluated with the full set of tests required by the federal code with no failures 

recorded, 
• Additional tests were conducted to ensure that the fusion procedure did not degrade the interface 

in any way, 
• The RPM model can be used as the reference baseline lifetime expectancy model, 
• The full ISO 9080 model allows any desired level of statistical confidence to be applied to 

lifetime expectancy estimates. This aspect will be used later in this report to develop appropriate 
risk scores for fused joint test results. 
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Evaluation of Butt-Fusion Procedure Followed by a Gas Utility 

The aim of this task was to evaluate butt-fusion procedures for joining of Medium Density Polyethylene 
(MDPE) piping. Additionally, testing was also performed to qualify pipe joining procedures per two 
specific sections of the Code of Federal Regulations (CFR) Title 49 Part §192.283.  

Butt-fusion specimens were prepared for each of 2″, 3″, 4”, 6″, and 8″ pipe sizes per the specified 
procedures. 

Based on a Design of Experiment (DoE) approach 105 fused specimens were prepared covering three 
ambient temperatures (32, 75, 120°F), six interfacial pressures (60, 75, 90, 100, 103, 130 psig), and three 
heater plate temperatures (475, 500, 525°F). The fusions for the 2″ and 3″ pipe sizes were performed by 
using a McElroy Pit Bull® 14 manual fusion machine. The fusions for the 4″, 6″, and 8″ pipe sizes were 
performed by using a McElroy 28 hydraulic fusion machine.  

Based on the samples provided and the testing and analysis performed in this task the following 
conclusions are made: 

• There were no failures in any of the fusion joints when tested according to ASTM F2620. 
Therefore the DoE using this test as a response variable did not yield a statistical model capable 
of relating joint quality to the variations in fusion procedure covered by the DoE. This result 
would appear to indicate that the butt-fusion process is robust within the range of parameters 
tested in the DoE. 

• The failure envelope of the fused pipe subjected to long-term hydrostatic testing at multiple 
temperatures was found to be accurately described by a rate process model that included all of the 
data points, regardless of the actual fusion conditions. This result supports the tentative 
conclusion above and allows us to state that within the range of parameters tested the strength of 
the butt-fused joints is equivalent to the strength of unfused pipe. 

• Fusions prepared at three ambient temperatures (32, 75, 120°F), six interfacial pressures (60, 75, 
90, 100, 103, 130 psig), and three heater plate temperatures (475, 500, 525°F) on five different 
MDPE pipe sizes (2″, 3″, 4″, 6″, and 8″) will perform equally to the unfused baseline pipe. 

• The fused samples meet the burst test requirement of CFR Title 49 Part §192.283(a)(1)(i) when 
tested in accordance with ASTM D2513 and ASTM D1599. 

• The fused samples meet the tensile test requirement of CFR Title 49 Part §192.283(a)(3) when 
tested in accordance with ASTM D638 
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Background 

The aim of this task was to evaluate butt-fusion procedures for joining of MDPE piping. Additionally, 
testing was also performed to qualify pipe joining procedures per two specific sections of the CFR Title 
49 Part §192.283.  

The following pipe samples, as summarized in Table 1, were provided by the client. No further details of 
the samples were provided.  

 
Table 1. Pipe Samples Submitted 

GTI 
Sample ID Sample Description 

131468 
131470 

2″ Yellow MDPE pipe of various lengths. 

Print Line: 2″ IPS SDR 11.0 DRISCOPLEX 6500 GAS PE2406/2708 CEE ASTM 
D2513 RN640 P NSF GAS U.P. CODE 0000 FEET A7762 092912 PACK 0001 

131471 
3″ Yellow MDPE pipe of various lengths. 

Print Line: 3″ IPS SDR 11.5 POLYPIPE GDY20 GAS PE2406 PE2708 CEE ASTM 
D2513 E 17M14 3GA 22JUL12 UPCO 

131472 
131473 
131474 

4″ Yellow MDPE pipe of various lengths. 

Print Line: 4″ IPS SDR 13.5 DRISCOPLEX 6500 GAS PE2406/2708 CEE ASTM 
D2513 RN639 P 0000 FEET K7644 12311 PACK 0055 

131475 
6″ Yellow MDPE pipe of various lengths. 

Print Line: 6″ IPS SDR 13.5 DRISCOPLEX 6500 GAS PE2406/2708 CEE ASTM 
D2513 RN639 P NSF GAS U.P. CODE 0000 K7466 071912 PACK 0030 

131476 
131477 
131478 
131479 

8″ Yellow MDPE pipe of various lengths. 

Print Line: 8″ IPS SDR 13.5 DRISCOPLEX 6500 GAS PE2406/2708 CEE ASTM 
D2513 RN639 P NSF GAS U.P. CODE 0000 K7466 082712 PACK 0098 

152201 
2″ butt-fused Yellow MDPE pipe. 

Print Line: 2″ IPS DR11.0 DRISCOPLEX6500 GAS PE2406/2708 CEE ASTM D2513-
11C RN 640 P NR NSF GAS U.P. CODE CSA B137.4 A7052  102114 
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Discussion of Analytical Approach and Techniques 

The submitted samples were assessed using the test methods shown in Table 2. 

 

Table 2. Test Methods Used 

Test Method Revision Title 

ASTM D1238 2013 
Standard Test Method for Melt Flow Rates of 
Thermoplastics by Extrusion Plastometer 

GTI Work 
Instruction 101 2010 

UOP 851 Helium Density Measurement by Displacement 
Pycnometer 

ASTM D2122 2008 (2010) 
Standard Test Method for Determining Dimensions of 
Thermoplastic Pipe and Fittings 

ASTM F2620* 2013 
Standard Practice for Heat Fusion Joining of Polyethylene 
Pipe and Fittings 

PPI TN-16* 2008 
Rate Process Method for Projecting Performance of 
Polyethylene Piping Components 

ASTM D1599 2014e1 
Standard Test Method for Resistance to Short-Time 
Hydraulic Pressure of Plastic Pipe, Tubing, and Fittings 

ASTM D1598 2002(2009) 
Standard Test Method for Time-to-Failure of Plastic Pipe 
Under Constant Internal Pressure 

DTMA* N/A Dynamic Thermo-Mechanical Analysis 

ASTM D638 2010 Standard Test Method for Tensile Properties of Plastics 

ASTM E1252 1998(2013)e1 Standard Practice for General Techniques for Obtaining 
Infrared Spectra for Qualitative Analysis (FTIR) 

PP-144  

and  
PP-145 

2005 
GTI Procedures for Failure Analysis. Fractography [Stereo 
Optical Microscopy, CPLM, Scanning Electron Microscopy 
(SEM), Energy Dispersive X-ray (EDX)] 

 

This laboratory maintains A2LA accreditation to ISO/IEC 17025 for specific tests listed in A2LA 
Certificates 2139-01 and 2139-04, and meets the relevant quality system requirements of ISO 9000:2008. 
The test method denoted by an asterisk (*) is not covered by this scope of accreditation. 

 

Tensile testing was performed by a GTI approved and ISO 17025 accredited subcontract laboratory. 
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Description of Tests Employed 

Joining of Pipes by Butt-Fusion 
Butt-fusion specimens were prepared for each of the 2″, 3″, 4”, 6″, and 8″ pipe sizes per the specified 
procedures. 

Based on a Design of Experiment (DoE) approach 105 fused specimens were prepared covering three 
ambient temperatures (32, 75, 120°F), six interfacial pressures (60, 75, 90, 100, 103, 130 psig), and three 
heater plate temperatures (475, 500, 525°F). The fusions for the 2″ and 3″ pipe sizes were performed by 
using a McElroy Pit Bull® 14 manual fusion machine. The fusions for the 4″, 6″, and 8″ pipe sizes were 
performed by using a McElroy 28 hydraulic fusion machine. The fusion parameters for each pipe size are 
provided in Butt-Fusion Evaluation Appendix A. 

 

Bend-back 
Prior to initiation of hydrostatic pressure testing, bend-back testing was performed on all fused specimens 
in accordance with ASTM F2620. A strap is cut from a butt-fusion joint along the axis of the pipe with 
the dimensions recommended in ASTM F2620. The strap is then placed in a vise or other suitable fixture 
to essentially allow for reverse curvature of the pipe back onto itself, thereby placing a maximum strain 
on the inside surface of the pipe at the region of the butt-fusion joint. Acceptance or rejection of the 
fusion joining procedure is typically determined by cracking or complete failure of the test specimen in 
the region of the interface of the butt-fusion joint. For each fusion joint four straps were cut at the 3, 6, 9, 
and 12 o’clock positions around the pipe and tested. 
 

Fourier Transform Infrared (FTIR) Spectroscopy 
FTIR is used to determine if oxidation products, resulting from improper processing or aging, are present. 
The determination is made because hydrocarbon based polymers like PE (see the reference spectrum in 
the Butt-Fusion Evaluation Appendix section of this report) do not naturally contain a bound oxygen 
atom. If oxidation of the material has occurred, the FTIR spectra will show an increase in the carbonyl 
(C=O) absorbance band around wavenumber 1720 cm-1. The carbonyl functional group forms 
increasingly as a material is further oxidized. This is quantified by calculating the Carbonyl Index (CI), a 
ratio of the carbonyl absorbance band intensity against the C-H stretch (around 2960 cm-1) or C-H bend 
(around 1460 cm-1) absorbance band intensity. In this analysis, the carbonyl index is calculated using the 
C-H bend (around 1460 cm-1) as a reference. An absorbance band around 1720 cm-1 is consistent with the 
presence of aldehyde, ketone, ester, and carboxylic acid functional groups. A second peak commonly 
found is the absorbance band around 1050 cm-1, which is consistent with the presence of a C-O bond 
found in ester alcohol compounds. When both the 1720 cm-1 and 1050 cm-1 absorbance bands are present 
in a known polyethylene (PE) material, it strongly suggests the presence of PE oxidation products. 

FTIR is also very useful in identifying absorbencies not characteristic of the pipe resin resulting from 
contamination or materials from the operating environment. If an unknown material is found, it is 
extracted, scanned and the resulting spectra compared to those of known materials for correlation. 
Depending on what is found, how much is present, and the magnitude of the carbonyl index (if 
necessary), a judgment can be made as to the effects on, or condition of, the pipe material.  
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Dimensioning 
Pipe specimens were conditioned and dimensioned in accordance with ASTM D2122. The pipe wall 
thickness at eight locations around each specimen and at both ends was measured. The outside diameter 
of each pipe specimen was measured by means of a circumferential wrap (Pi) tape. 

 

Rate Process Method (RPM)  
The RPM is a technique for forecasting the long term performance of polyethylene (PE) piping materials. 
The method requires hydrostatic pressure testing of pipe specimens at various pressures and temperatures. 
The hydrostatic pressure testing is carried in accordance with ASTM D1598. The pipe specimens are 
capped with free end type end closures, filled with deionized water, conditioned and tested in a water bath 
at various pressures (hoop stress levels). The failure data obtained at all temperatures are used to predict 
the performance of a pipe material at end-use temperature and pressure conditions.   

RPM analysis was carried out by performing sustained hydrostatic pressure testing, at four different 
temperatures (73°F, 140°F, 176°F, & 194°F), using the method described in ASTM D1598.  

 

Dynamic Thermo-Mechanical Analysis (DTMA)  

DTMA utilizes a dynamic loading condition. It typically applies a sinusoidally oscillating load to the 
sample and measures the sample’s response. This technique is very useful for measuring Storage Modulus 
(E′), Loss Modulus (E″), Loss Tangent (tan δ), or transitions that are hard to detect by other means. The 
vertical and horizontal activation energies for the MDPE material were determined using the DTMA 
method. ASTM D638 Type V tensile bars were punched out of the pipe samples and tested at three 
temperatures (68°F, 140°F, 176°F). 

 

Cross-Polarized Light Microscopy (CPLM) 

CPLM is an optical microscopy technique where sample contrast comes from rotation of polarized light 
through the sample. Microtomed specimens are prepared from the area of interest and examined via 
CPLM which focuses on the microstructure across the cross-section of the pipe wall. CPLM was used to 
examine the heat penetration depth on either side of the fusion. 

 

Melt flow Rate (MFR)  
MFR is an indirect measure of molecular weight, with high melt flow rate corresponding to low 
molecular weight. At the same time, melt flow rate is a measure of the ability of the material's melt to 
flow under pressure. It is typically used a quality control tool to detect relatively large difference in 
material flow resulting from material variation or processing.  

 

Density 

Density of a polymer can be measured in a number of ways. The density of a polymer is related to 
molecular weight, and crystallinity. It is used to determine processing effects on a polymer. It is also used 
as a quality control parameter as well.  
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Test Results 

Dimensioning 

Pipe 

The pipe dimensioning test results are incorporated in the hydrostatic pressure test results and are 
provided in Butt-Fusion Evaluation Appendix B. 

 

Fusion Bead 

The fusion bead widths of the fusions performed at 32°F and 120°F were measured by a pair of calipers. 
Fused specimens that were exposed to bend-back testing and not hydrostatic testing were utilized. The 
width of the fusion bead for each specimen was measured at four equidistant positions around the 
circumference of the pipe specimen. These dimensioning results are provided in Butt-Fusion Evaluation 
Appendix G. 

 

Bend-back Test 
None of the specimens tested failed the bend-back test. The fusion joint of all tested specimens remained 
intact. Photographs of selected tested specimens are provided in Butt-Fusion Evaluation Appendix C. 

 

Melt Flow Rate (MFR) and Density 

A summary of the test results is provided in Table 3. Detailed test results are provided in Butt-Fusion 
Evaluation Appendix D. 

 

Table 3. Summary of MFR and Density Test Results 

Pipe Size 
(inch) 

Melt Flow Rate 
Condition 190/2.16 

(g/10 min.) 

Density 
(g/cm3) 

Measured Specification Measured Specification 
2 0.17 ± 0.01 

0.18 

0.9378 ± 0.0001 

0.939 

3 0.18 ± 0.00 0.9403 ± 0.0001 

4 0.17 ± 0.02 0.9394 ± 0.0001 

6 0.16 ± 0.01 0.9399 ± 0.0001 

8 0.23 ± 0.00 0.9407 ± 0.0001 

Results are provided as mean ± 1 standard deviation 
 

The pipe materials tested meet the specifications for Driscoplex 6500 MDPE pipe. 
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FTIR Spectroscopy 
Thin specimens were prepared from the fusion interfaces of all fused specimens using a microtome, as 
shown in Figure 9. FTIR analysis was performed on each specimen at four locations: Three at the melt 
zone (MZ1, MZ2, and MZ3) and one outside of the melt zone. A total of 420 FTIR spectra were obtained. 

 

 
Figure 9. Microtome exemplar of butt-fusion melt zone 

 

The FTIR spectra of the collected specimens for one fused sample are shown in Figure 10. The FTIR 
spectra of the remainder of the fused samples are provided in Butt-Fusion Evaluation Appendix E. All 
specimens show the characteristic absorption bands around 2910 cm-1, 2850 cm-1, and 1470 cm-1, found in 
polyethylene. The specimens tested do not exhibit any carbonyl bands around 1720 cm-1 indicating that 
degradation (oxidation) of the material has not occurred when fused at heater plate temperatures 475, 500, 
and 525°F.   

  

   

MZ1 

MZ2 

MZ3 

Heat Penetration (melt) Zone 
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Due to the fact that no failures were generated for the bend-back and FTIR tests, no statistical model can 
be developed from the DoE. The model output is constant (i.e., the fusion result is always “Pass” across 
all combinations of variables). This is tentatively an excellent result, but confirmation is needed from 
actual failures of the fusion interfaces that can be generated by some other test method. The hydrostatic 
test method discussed below provided this needed information to substantiate the tentative conclusion that 
the butt-fusion process is robust and insensitive to variations in the fusion parameters. 

 

 
Figure 10. FTIR spectra overlay, 131459-056 

 

Hydrostatic Pressure Testing & RPM Analysis 
Detailed test results together with selected photographs of tested specimens are provided in Butt-Fusion 
Evaluation Appendix B. 
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Table 4. RPM Dataset for Evaluating MDPE Butt-fusion Procedure 

Specimen 
ID 

Temp 
(°C) Time (h) Stress 

(psi) 
Shifted 

Time [h] 

Shifted 
Stress 
(psi) 

Shifted 
Pressure 

(psig) 

Factor of 
Safety @ 60 

psig 

Failure 
Type 

M22-3 23 342.4166667 1515 492.7 1566.3 313 5.2 Fusion 

M21-13 23 344.8333333 1500 496.2 1550.4 310 5.2 Fusion 

M21-7 23 378.2166667 1508 544.2 1558.7 312 5.2 Fusion 

M21-4 23 431.0833333 1500 620.3 1550.4 310 5.2 Fusion 

M23-8 23 0.05 2401 0.1 2481.2 496 8.3 Pipe 

M23-12 23 0.216666667 2305 0.3 2382.0 476 7.9 Pipe 

M23-13 23 0.35 2189 0.5 2262.9 453 7.5 Pipe 

M24-1 23 7.933333333 1753 11.4 1812.1 362 6.0 Pipe 

M24-2 23 16.5 1700 23.7 1757.5 352 5.9 Pipe 

M24-3 23 20.6 1672 29.6 1727.7 346 5.8 Pipe 

M24-11 23 21.66666667 1672 31.2 1727.7 346 5.8 Pipe 

M21-9 23 329.8333333 1502 474.6 1552.6 311 5.2 Pipe 

M21-6 23 484.4166667 1449 697.1 1497.4 299 5.0 Pipe 

M22-5 23 492.5833333 1450 708.8 1498.8 300 5.0 Pipe 

M21-2 23 529.3333333 1452 761.7 1500.2 300 5.0 Pipe 

M25-1 23 703.85 1499 1012.8 1549.0 310 5.2 Pipe 

M31-11 23 704.4666667 1517 1013.7 1568.1 314 5.2 Pipe 

M31-8 23 863.8833333 1512 1243.1 1562.6 313 5.2 Pipe 

M31-15 23 893.2 1507 1285.3 1557.6 312 5.2 Pipe 

M25-8 23 915.6 1498 1317.5 1548.3 310 5.2 Pipe 

M43-17 23 1526.6 1507 2196.8 1557.1 311 5.2 Pipe 

M41-1 23 2434.7 1525 3503.5 1576.7 315 5.3 Pipe 

M43-9 23 2642.6 1516 3802.5 1566.5 313 5.2 Pipe 

M42-2 60 5 1079 373.5 1595.7 319 5.3 Fusion 

M43-16 60 5.4 1068 403.3 1579.4 316 5.3 Fusion 

M43-10 60 18.8 1085 1404.2 1604.6 321 5.3 Fusion 

M43-13 60 311.2 1061 23244.1 1569.1 314 5.2 Fusion 

M42-1 60 981.6 1002 73317.5 1481.8 296 4.9 Fusion 
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M81-3 60 1199.9 1047 89622.7 1548.4 310 5.2 Fusion 

M81-8 60 2454 1038 183293.7 1535.1 307 5.1 Fusion 

M31-1 60 1.2 1102 89.6 1629.7 326 5.4 Pipe 

M43-4 60 1.4 1079 104.6 1595.7 319 5.3 Pipe 

Table 4. RPM Dataset for Evaluating MDPE Butt-fusion Procedure (continued) 

Specimen 
ID 

Temp 
(°C) Time (h) Stress 

(psi) 
Shifted 

Time [h] 

Shifted 
Stress 
(psi) 

Shifted 
Pressure 

(psig) 

Factor of 
Safety @ 60 

psig 

Failure 
Type 

M31-13 60 4.7 1101 351.1 1628.2 326 5.4 Pipe 

M31-14 60 5.3 1101 395.9 1628.2 326 5.4 Pipe 

M43-6 60 8.6 1061 642.3 1569.1 314 5.2 Pipe 

M42-3 60 956.3 993 71427.8 1468.5 294 4.9 Pipe 

M62-2 80 38.9 800 17414.5 1391.9 278 4.6 Fusion 

M62-6 80 49.0 802 21926.6 1394.9 279 4.6 Fusion 

M62-1 80 65.2 802 29160.9 1394.9 279 4.6 Fusion 

M62-4 80 77.8 777 34791.7 1352.4 270 4.5 Fusion 

M61-8 80 487.1 774 217961.0 1346.8 269 4.5 Fusion 

M42-5 80 1.6 813 708.5 1414.8 283 4.7 Pipe 

M24-10 80 1.9 797 857.7 1386.5 277 4.6 Pipe 

M42-4 80 2.2 813 969.5 1414.8 283 4.7 Pipe 

M23-9 80 4.8 778 2162.8 1353.1 271 4.5 Pipe 

M24-4 80 89.9 730 40213.7 1270.2 254 4.2 Pipe 

M25-7 80 123.4 730 55204.3 1269.6 254 4.2 Pipe 

M61-6 80 220.4 778 98632.5 1352.8 271 4.5 Pipe 

M82-3 90 100.6 660 102314.6 1237.0 247 4.1 Fusion 

M84-2 90 145.9 657 148428.3 1231.3 246 4.1 Fusion 

M84-4 90 159.5 642 162245.4 1203.1 241 4.0 Fusion 

M82-4 90 188.0 662 191236.0 1241.3 248 4.1 Fusion 

M84-1 90 206.7 622 210308.7 1165.6 233 3.9 Fusion 

M82-5 90 231.8 626 235739.0 1173.1 235 3.9 Fusion 

M81-7 90 240.1 619 244215.8 1159.5 232 3.9 Fusion 

M83-2 90 316.1 641 321524.0 1201.3 240 4.0 Fusion 

M81-1 90 1614.3 583 1642120.2 1091.7 218 3.6 Fusion 
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M81-9 90 1722.8 579 1752487.8 1084.3 217 3.6 Fusion 

M23-7 90 2.8 653 2882.1 1223.8 245 4.1 Pipe 

M23-10 90 5.2 634 5255.6 1187.8 238 4.0 Pipe 

M31-4 90 229.4 607 233348.6 1137.4 227 3.8 Pipe 

M31-5 90 349.3 609 355329.3 1141.3 228 3.8 Pipe 

M25-10 90 384.5 586 391169.1 1097.8 220 3.7 Pipe 

Note: Highlighted rows referenced in safety factor discussion below. 

 

 

The dataset presented in Table 4 is made up of pipes with no butt-fusions (Control) together with pipes 
with butt-fusions so that it would be possible to detect the impact of the butt-fusion process on the long-
term creep rupture performance of the pipe. 

The test results at four different temperatures; 23°C, 60°C, 80°C, and 90°C were utilized so that a full 
RPM analysis could be conducted. The analysis yielded a 3-parameter model (see Table 5) per the 
requirements of ISO 9080 (see Figure 11).  The model successfully predicts the performance of all fused 
and non-fused pipe over the entire range of pipe size/temperature combinations tested. 

 

Table 5. Regression Model Parameters and Errors 

Parameters C1 C2 C4 R2 Adjusted R2 

Value -35.59 31125 -6219.6 
0.65 0.64 

Standard Error 3.6 2948 591 
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Figure 11. The General RPM Model as Described by ISO 9080  

 

At each test temperature all the pipes failed due to ductile rupture with the location of the rupture being in 
the fusion or in the pipe. The distribution of the location of the ductile rupture is shown in Table 6 and 
Figure 12 below. 

 

Table 6. Location of Final Ductile Rupture in Test Specimens 

Temp (°C) Fusion 
Failure 

Pipe  

Failure 

Total  

Failure 
Fusion Failure 

Proportion 
Pipe Failure 
Proportion 

23 4 18 22 0.18 0.82 

60 7 6 13 0.54 0.46 

80 5 7 12 0.42 0.58 

90 10 5 15 0.67 0.33 

Total 26 36 62 0.42 0.58 

Mean 0.45 0.55 
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Figure 12. Distribution of fusion failures and pipe failures – 95% confidence intervals, box depicts 

25% to 75% range with mean shown 
 

It can be seen in Figure 12 that on average we can say with at least 75% confidence that failure in the 
pipe is more likely than in the fusion. The mean proportion for fusion failures at the ductile envelope is 
45%.  
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Figure 13. Fusion and pipe failure proportions sorted by time to failure at 23°C (73°F) 

 

Looking at the proportions of pipe and fusion failures sorted by the test temperature (Figure 12) is not the 
best way to look at the data. A more meaningful analysis is to sort the data into buckets by shifted time to 
failure (Figure 13, Table 7). 

 

Table 7. Fusion Failure Proportion Sorted by time to Failure at 23°C (73°F) 

Hours to Ductile Rupture Fusion 
Failure 

Pipe  

Failure 
Fusion Failure  

Proportion 
Pipe Failure  
Proportion 

A) 0-100  0 8 0.00 1.00 

B) 101-1000 6 10 0.38 0.63 

C) 1001-10000 1 11 0.08 0.92 

D) 10001-100000 6 4 0.60 0.40 

E) 100001-1000000 10 3 0.77 0.23 

F) 1000001 + 2 0 1.00 0.00 
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On average we can still say with greater than 75% confidence that the fusion joints are less likely to fail 
than the pipe. The simulated split is now 0.48 fusion failures to 0.52 pipe failures. However, we can 
clearly see that at longer expected lifetimes the fusion interface is much more likely to fail than the pipe. 
This is an expected result in a creep dominated failure mode where we assume that the bond efficiency of 
joint cannot possibly be 100%. At extremely long times to failure the axial forces pulling the fusion apart 
have an appreciable effect on the failure mode. 

 

 
Figure 14. Fusion failure proportion as a function of time to failure at 23°C (73°F) 

 

The question can be asked as to whether this long-term effect should be of concern. The RPM analysis of 
the failure data provides the answer and is discussed below. 
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Bi-Directional Shifting of RPM Test Data 
The vertical and horizontal activation energies for the MDPE material were determined by means of 
performing DTMA testing. ASTM D638 Type V tensile bars were punched out of the pipe samples and 
tested at three temperatures (68°F, 140°F, 176°F) and at multiple frequency sweeps.  

Figure 15 below is a plot of the test data and the full set of test data shifted to 20°C (68°F) that is more 
representative of actual operating conditions in the natural gas system in question. The actual duration of 
testing incorporated in this analysis was approximately four months. The high temperature data shifted to 
equivalent times at 20°C that exceed the 50 year design life of the MDPE piping systems. The data shifted 
to 20°C constitute a master curve for the performance of the fused and non-fused pipe at that temperature. 
The predictions of the RPM model at 20°C are superimposed on the shifted data set. The RPM model is a 
statistical fit that allows us to calculate the 97.5% Lower Prediction Limit (LPL) and 2.5% Upper 
prediction Limit (UPL). The LPL and UPL lines appear in Figure 15 and graphically show us the range 
in which we have 95% confidence that each individual test result will fall. The fusion failures are clearly 
marked. It can be clearly seen that there is no discernible difference between the performance of the 
various sizes of pipe and strength of the fusion joints as opposed to the baseline strength of the pipe. 

This result gives the answer we asked above as to whether we should be concerned about fusion failures 
at final rupture being more prevalent in the long-term. The majority of long-term fusion failures fall in the 
upper half of the prediction limits of the model (i.e., their performance is better than the mean prediction 
of the regression model). 

 
Figure 15. Plot of RPM analysis results 
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The predictive model we now have to work with is very powerful in addressing practical questions 
pertaining to the behavior of the pipe and joints tested. This model provides the reference performance 
level that all fusions extracted from the field can be compared to. The comparison is made by extracting a 
joint from the field and subjecting it to a single high temperature hydrostatic test that is expected to fail 
between 500 and 100 hours at the test condition per the reference model. The actual test result is then 
shifted with the bi-directional shift factors to the 20°C reference temperature. If the data point falls above 
the 97.5% lower prediction limit of the model the joint is considered acceptable. If the data point falls 
below the 97.5% lower prediction limit the joint is considered sub-standard.  

One problem with using the RPM is that it maps out the actual ductile failure envelop that exists at 
stresses much higher than standard operating pressures, in a gas distribution system, generate. It is 
therefore difficult to relate the shifted failure pressures to operating conditions. This problem is resolved 
when the operator realizes that the shifted stress and time form a coupled pair of measures – the system 
will fail at the shifted time if it is operating at the shifted stress. For example in Table 4 specimen M23-8 
indicates that the pipe will undergo ductile rupture in 6 minutes at 20°C at a hoop stress of 2481 psi that 
will be generated in SDR 11 pipe at an operating pressure of 496 psig. This result becomes meaningful if 
we use it to calculate an instantaneous factor of safety by dividing 496 psig by the system operating 
pressure of 60 psig. The result is 8.3, or the system will only fail in about six minutes if the operating 
pressure is exceeded by a factor of 8.3. 

A similar calculation shows us that in the case of specimen M81-1 the system will undergo ductile rupture 
in about 200 years if the operating pressure is exceeded by a factor 3.6. 

These two examples emphasize the non-linear response of polyethylene. In the two examples given 
reducing the stress by approximately one half increases the expected lifetime by seven orders of 
magnitude. 
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Figure 16. Change in MDPE pipe factor of safety over time 

 

This behavior is illustrated in Figure 16 above. At short time-scales polyethylene has a tremendous 
reserve capacity for surge loads. Over long time-scales the factor of safety asymptotically approaches a 
value of about 3.5. Once again it can be clearly seen that the fused joints achieve the same strength as the 
pipe. The red curve “Ref Pressure Ratio” is a power law fit to all the failures, pipe and fusion, taken as a 
single population. 

 

Post RPM Test Analysis of Fusion Joints 

Specimens were extracted from selected test specimens and were subjected to Cross Polarized Light 
Microscopy (CPLM). The CPLM focuses on the microstructure across the cross-section of the pipe wall. 

CPLM was used to examine the heat penetration depth on either side of selected fusions. A cross-section 
of the fusions was prepared using a microtome and mounted on a glass slide for analysis. The CPLM 
image of a typical fusion joint is shown in Figure 17. The image shows a good distribution of material in 
the heat penetration (melt) zone. 
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Figure 17. CPLM image of a butt-fusion joint showing the heat penetration zone and fusion 

interface 
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Qualification of Pipe Joining Procedure per Code of Federal Regulations 

Testing was also performed to qualify the pipe joining procedure per two specific sections of the Code of 
Federal Regulations (CFR) Title 49 Part §192.283, as detailed below. 

(a) Heat fusion, solvent cement, and adhesive joints. Before any written procedure established under 
§192.273(b) is used for making plastic pipe joints by a heat fusion, solvent cement, or adhesive method, 
the procedure must be qualified by subjecting specimen joints made according to the procedure to the 
following tests: 

(1) The burst test requirements of— 

 (i) In the case of thermoplastic pipe, paragraph 6.6 (sustained pressure test) or paragraph 6.7 
 (Minimum Hydrostatic Burst Test) or paragraph 8.9 (Sustained Static pressure Test) of ASTM 
 D2513-99 (incorporated by reference, see §192.7) 

(3) For procedures intended for non-lateral pipe connections, follow the tensile test requirements of 
ASTM D638 (incorporated by reference, see §192.7), except that the test may be conducted at ambient 
temperature and humidity If the specimen elongates no less than 25 percent or failure initiates outside 
the joint area, the procedure qualifies for use. 

 

Test Methods 

• Minimum Hydrostatic Burst Pressure (Quick Burst) testing was performed at 73°F in accordance with 
ASTM D1599 Procedure A. 

• Tensile testing was performed in accordance with ASTM D638. Six (6) Type I tensile bars were die 
cut from the fused assemblies with the fusion joint at the mid-point of the tensile bar and tested.  

 

Test Results 

The burst and tensile test results are summarized in Table 8 and Table 9, respectively. Detailed test 
results are provided in Butt-Fusion Evaluation Appendix F. 

Table 8. Summary of Quick Burst Test Results 

GTI  
Sample ID 

Burst Pressure 
(psig) 

Burst Stress 
(psi) 

Failure 
Mode 

152201 616 ± 23 2954 ± 109 Ductile failure in pipe away from the 
fusion 

Results are provided as mean ± 1 standard deviation 
 

Table 9. Summary of Tensile Test Results 

GTI  
Sample ID 

Tensile Load 
at Yield (lbf) 

Elongation at 
Yield (%) 

Tensile Load 
at Break (lbf) 

Elongation at 
Break (%) 

Failure 
Location 

152201 284 ± 3.2 13 ± 1.0 206 ± 9.8 > 240 Weld 

Results are provided as mean ± 1 standard deviation 
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The fused samples met the burst test requirement of CFR Title 49 Part §192.283(a)(1)(i) when tested in 
accordance with ASTM D2513 and ASTM D1599. 

The fused samples met the tensile test requirement of CFR Title 49 Part §192.283(a)(3) when tested in 
accordance with ASTM D638. 

 

Conclusions of Evaluation of Butt-Fusion Procedure Followed by a Gas Utility 

Based on the samples provided and the testing and analysis performed in this project the following 
conclusions are made: 

• There were no failures in any of the fusion joints when tested according to ASTM F2620. 
Therefore, the Design of Experiment (DoE) using this test as a response variable did not yield a 
statistical model capable of relating joint quality to the variations in fusion procedure covered by 
the DoE. This result would appear to indicate that the butt-fusion process is robust within the 
range of parameters tested in the DoE. 

• The failure envelope of the fused pipe subjected to long-term hydrostatic testing at multiple 
temperatures was found to be accurately described by a rate process model that included all of the 
data points, regardless of the actual fusion conditions. This result supports the tentative 
conclusion above and allows us to state that within the range of parameters tested the strength of 
the butt-fused joints is equivalent to the strength of non-fused pipe. 

• Fusions prepared at three ambient temperatures (32, 75, 120°F), six interfacial pressures (60, 75, 
90, 100, 103, 130 psig), and three heater plate temperatures (475, 500, 525°F) on five different 
MDPE pipe sizes (2″, 3″, 4″, 6″, and 8″) will perform equally to the non-fused baseline pipe. 

• The fused samples met the burst test requirement of CFR Title 49 Part §192.283(a)(1)(i) when 
tested in accordance with ASTM D2513 and ASTM D1599. 

• The fused samples met the tensile test requirement of CFR Title 49 Part §192.283(a)(3) when 
tested in accordance with ASTM D638. 
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The Impact of HHC on Butt-fused Joints 

Discussion of Response Surface Design of Experiment 

To evaluate the impacts of heavy hydrocarbon permeation on the strength and quality of butt fused joints 
several factors were considered: 

• The reference dataset gives an excellent baseline, but the tests used to evaluate the joint quality 
have a number of drawbacks in the current context: 

o The standard tests focus in short term characteristics of the joint and are not sensitive to 
long-term creep driven failure modes. This is true for the tensile tests, quick burst test and 
the bendback test, 

o The RPM based hydrostatic tests are very good for assessing the long-term creep rupture 
boundary of both the pipe and the fusions, however the test evaluates the full 
circumference of the joint and is not particularly sensitive to local areas of weakness in 
the joint. 

• Tests capable of identifying local areas of weakness were identified: 

Long term creep tests incorporating RPM principles were developed as described in the section   
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o Dynamic Thermomechanical Analysis (DTMA) below were utilized to evaluate the 
circumference of each fusion at locations located every 45° around the pipe. 

o High-Speed Low-Temperature tensile tests were developed as described in the section 
High-Speed Low-Temperature (HSLT) Tensile Testing below. These tests were designed 
to be a good proxy for the McElroy McSnapper®2 tensile with impact testing machine 
designed specifically for polyolefin materials. The McSnapper® was developed to 
accurately test fusion joints and meet the requirements of ASTM F2634, “Standard test 
method for laboratory testing of polyethylene (PE) butt fusion joints using tensile impact 
method.". The HSLT test is conducted on an MTS Alliance RT/30 universal testing 
machine, which enables each test to be fully data logged and documented. The -60°C test 
temperature simulates extremely high pull speeds at 23°C (73.4°F).  

o Bendback tests on the same ASTM type V tensile specimens used in the creep and HSLT 
tests were performed for reference and to ascertain whether the bendback test is capable 
of generating similar information to the creep and HSLT tests. 

• Careful attention was paid to the envelope of fusion conditions to be used in this task as it is well 
known that it is extremely difficult to generate fusion failures in joints made following the PPI 
TR-333 “Generic Butt Fusion Joining Procedure for Field Joining of Polyethylene Pipe” and the 
various fusion procedures adopted by gas utilities. This is due to the robust nature of the heat 
fusion process for polyethylene pipe and the possibility that the tests used to evaluate the joints 
are not sensitive to long term effects in the joint. For this reason, the heater plate temperatures, 
interfacial pressures and soak times used in the preparation of joints were set well beyond the 
accepted bounds. All fusions were also conducted in temperature controllers to simulate the most 
extreme environmental conditions encountered in the field. A total of 198 fusions with no HHC 
permeation, 38 fusions 100% saturated with HHC and the 49 reference fusions discussed above 
were included in the response surface giving a total of 238 fully documented fusions. The Design 
summary is presented in Figure 18.  
 

                                                      

 
2 http://www.mcelroy.com/fusion/accessories/mcsnap/ 

3 http://www.plasticpipe.org/pdf/tr-33_generic_butt_fusion_joining_gas_pipe.pdf 

http://www.mcelroy.com/fusion/accessories/mcsnap/
http://www.plasticpipe.org/pdf/tr-33_generic_butt_fusion_joining_gas_pipe.pdf
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Figure 18. The Design of Experiment for Evaluating the Quality of Butt-Fused joints 
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The response surface design was capable of resolving all of the main effects and second order interactions 
in a quadratic model except for the second order effects of saturation that were aliased. 

 
Figure 19. Evaluation of response surface 
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Figure 20. FDS for Response Surface 

 

 
Figure 21. 3D plot of FDS at design center 
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Figure 22. 3D plot of FDS at highest error fraction of the design space 

 

Power is an inappropriate measure for response surfaces where the FDS is the correct measure to use. It 
can be seen that the design generated has acceptable standard error over the entire design space and 
should be capable of providing meaningful insights into the effects of, and interactions between, the 
design variables. 
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Choice of Appropriate Response Variable 

With a statistically sound design of experiment in place the next step is to determine the appropriate 
response variable or variables. 

Examining the results of the reference fusion evaluation provides a useful insight into how a well-
executed fusion joint fails, i.e. tensile rupture on the creep rupture boundary. It was also evident that at 
longer times to failure the fusion joint was more likely to fail due to creep than the pipe. This is the reason 
that so much emphasis has been placed on long-term creep testing of fused joints at multiple temperatures 
in this project. Testing at multiple temperatures allows a master curve at a chosen reference temperature 
to be produced, using the material specific bi-directional shift factors developed as described in the 
section   
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Dynamic Thermomechanical Analysis (DTMA) below. The variable that was chosen to generate 
appropriate master curves was the true stress at break coupled with the measured time to creep failure. 
This measure is clearly associated with the creep rupture boundary of the polyethylene material and 
should be sensitive to the quality of the joint. The sensitivity to joint quality will be due to the fact that in 
order to calculate the true stress we need calculate the true strain first and then the true stress: 

𝜺𝒕𝒕𝒕𝒕 = 𝐥𝐥�𝟏 + 𝜺𝒕𝒆𝒆�  Equation 1 

𝝈𝒕𝒕𝒕𝒕 = 𝝈𝒕𝒆𝒆 ∙ �𝟏 + 𝜺𝒕𝒆𝒆� Equation 2 
ε - strain 
σ - stress 

The true stress at break is a composite measure that includes the strain at break. The assumption is that 
inferior joints will fail at lower strains than expected at the measured failure time when referencing the 
material curve generated in a tensile on a specimen with no joint. The reference curve selected for this 
work is not the material stress/strain curve, but rather the creep rupture boundary at the reference 
temperature of the reference fusions discussed above. 

The method used to convert the reference curve presented in Figure 15 above is not entirely straight 
forward due to the fact that standard hydrostatic testing does not include measurements of strain in the 
pipe. The average strain in the pipe at any given time is also not representative of the strain at the rupture 
location. To resolve this problem, the following procedure was used: 

1. A total of 139 unimodal MDPE creep tests conducted on fusions of non-saturated pipe were analyzed; 

a. A power law model relating true stress at break to failure time at the chosen 23°C reference 
temperature was generated, 

b. A power law model relating true stress at break to true strain at break was generated, 

2. The failure time of each failure point from the reference fusions shifted to 23°C was fed into the 
model from 1.a. to determine the true stress at rupture, 

3. The true stress at rupture was fed into the model from 1.b. to determine the true strain at break, 

4. The true stress at break for the reference points was calculated and plotted in Figure 23 below, 

5. Similar curves were generated for the following prediction limits of the TR418 reference RPM 
model: 
a. 95%/97.5% upper prediction limit i.e. 97.5% of all reference fusion failures should fall below this 

line with 95% confidence, 
b. 95%/2.5% lower prediction limit i.e. 2.5% of all reference fusion failures should fall below this 

line with 95% confidence, 
c. 95%/1% lower prediction limit i.e. 1% of all reference fusion failures should fall below this line 

with 95% confidence, 
d. 95%/ 1 in 10,0000 natural frequency lower prediction limit i.e. we have 95% confidence that no 

more than 1 in 10,000 reference fusions would fall below this line, 
e. 95% 1 in 1,000,000 natural frequency lower prediction limit i.e. we have 95% confidence that no 

more than 1 in 1,000,000 reference fusions would fall below this line, 
f. These prediction limits are shown in Figure 24. 
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We now have a basis for comparing test results to the reference fusions and calculating a risk score for 
individual fusions based on where they (true stress at break, time to failure) fall relative to the various 
prediction limits: 

 

The risk score methodology above is statistical/probabilistic in nature in that it takes the frequentist 
measures from the RPM regression model and converts them into a series of single point predictions with 
95% confidence that no more than a given proportion of future fusions will fall outside of the prediction 
bounds that are time to failure at an applied stress. 

The 425 creep failures that cover all three materials and saturation conditions are plotted against the risk 
curves in Figure 25 below.

Risk score = 1, No risk if the points fall above the 95/2.5 lower prediction limit, 

Risk score = 2, Low risk if the points fall between the 95/1 and the 95/2.5 lower prediction 
limits, 

Risk score = 3, Medium risk if the points fall between the 95/1and 95/1 in 10,000 lower 
prediction limits, 

Risk score = 4, High risk if the points fall between the 95/1 in 10,000 and 95/1 in 
1,000,000 lower prediction limits, 

Risk score = 5, Extremely high risk if the points fall below the 95/1 in 1,000,000 lower 
prediction limit. 
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Figure 23. True Stress vs Time to Failure Plot for TR418 Reference Fusions 
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Figure 24. Prediction Limits for TR418 Reference Fusion RPM Model 
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Figure 25. Plot of Long-term Creep Results for Saturated and Non-Saturated Fusions, All Materials. 
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Interpretation of Creep Result 

At first glance Figure 25 appears a little overwhelming. Points to bear in mind when looking at the plot 
are: 

1. The time axis covers 7 orders of magnitude. The first decade covers quick burst to short-term 
burst test timescales i.e. 36 seconds to 360 seconds. The seventh decade covers approximately 1 
year to 10 year timescales. 

2. As mentioned above, the true stress is the multiple of the engineering stress and extension ratio 
(1+εeng) of the specimen. The amount of strain in the failed specimen can be loosely inferred from 
the true stress value. The failures represented by points straddling the reference mean line at 
1x102 – 2x102 look like those in Figure 174 to Figure 176 in Appendix B. The failures 
represented by points straddling the reference mean line at 1x104 – 2x104 look like those in 
Figure 181 to Figure 183 in Appendix B. The failures represented by points straddling the 
reference mean line at 1x105 – 2x105 look like those in Figure 186 to Figure 188 in Appendix B. 
The failures occurring at longer timescales are much less ductile and reflect ductile creep on the 
fusion interface. 

3. The most important point is that the failure points were generated from multiple test specimens 
taken around the circumference of each pipe. They represent the true variability in fusion 
quality around the circumference of the joint. 

4. There are many failure points that fall well above the 95/2.5 lower prediction limit reference line 
and fewer that fall below. 

5. The entire joint performance will reflect the integral of the joint qualities around the 
circumference of the joint. 

 

It is interesting to note that in tensile testing to break of all of the polyethylene materials at 23°C the true 
stress/true strain curves show that the materials transition to tertiary creep before rupture in the 80-90 MPa 
true stress band. This can be seen in Figure 58 below. It is also interesting to note that in the HSLT testing 
of the materials with no fusion interface present that all of the materials achieve an absorbed energy at break 
value about 3.2 to 3.9 times higher than the absorbed energy at break for the same materials with fusions 
present. This effect is clearly shown in Figure 123 below. 

We can see in Figure 25 that the maximum achieved true strain at break in the creep tests is in the 80-90 
MPa band indicating that these particular fusion specimens were achieving the maximum possible joint 
strength before tertiary creep and rapid failure of the specimen. 

If the ratio between material strength and fusion strength found in the HSLT tensile tests were to hold we 
would expect creep failures to be occurring predominantly in the 20-30 MPa true stress band. Visually, a 
large proportion of the failures occur in this band.   

This would appear to indicate that there are several factors that randomly stack up to impact joint quality 
and that we see a broad range of qualities that randomly fall between material strength of 80-90 MPa and a 
lower bound of 10 MPa with the mean strength falling in the 20-30 MPa band. 

Kalyanam, S., P. Krishnaswamy, Y. Hioe, D. J. Shim, and E. Focht. "A Fracture Mechanics Approach to 
Service Life Prediction of HDPE Fusion Joints in Nuclear Applications." have reported finding a marked 
drop in the SCG resistance of fusion joints subjected to PENT testing. Perhaps they are measuring the same 
phenomenon. 

The fact that pipes and fusion joints fail together in hydrostatic testing may be coincidental in that the 
average stress riser in typical pipe defects is also in the range of 3-4 meaning that the pipes fail locally due 
to extrusion artefacts at about the same time the joints fail due to an effective joint efficiency of 1/4 to 1/3. 
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Reviewing the distribution of risk scores assigned through an automated process as described above 
yields some very interesting insights as to the impact of HHC permeation on fusion quality. It is obvious 
that the HHC permeation has a marked effect and greatly increases the likelihood of Extremely High risk 
scores. 

Figure 26 illustrates this point clearly. The chart was developed from a Bayesian analysis of the expected 
failure proportions using the Beta distribution as described in the section How to build Data 
Distributions from Collected Data below. 

The probabilistic analysis employed here explicitly addresses uncertainty in the data and the upper and 
lower confidence bounds reported reflect the range in which 95% of the proportion estimates fall. We can 
say with 95% confidence that the true proportion is no more than the upper bound and no less than the 
lower bound. The expected value is the reported proportion that is the mean of the calculated beta 
distribution. 

Looking at the uncertainty bounds we can see that there is clear separation between the two saturation 
conditions for Risk Score = 5 and Risk Score = 1. All of the other risk categories cannot be separated, 
meaning that there is no discernible impact of the HHC permeation on joint quality in these intermediate 
risk categories. This point is visually obvious when looking at Figure 25. We can see that between the 
lower prediction limit lines there appears to be an equal distribution of non-saturated and saturated data 
points. Above the 95/2.5 line and below the 95/1 in 1 million natural frequency line there is clearly a 
separation between the two conditions. 

Figure 27 summarizes the relative increase in risk – a fusion performed on pipe saturated with HHC is 
four times more likely to fall into the Extremely High Risk Category and has a 70% likelihood of falling 
into the no risk category when compared to non-saturated fusions. However, it is also clear that there is a 
large region of overlap in the joint quality between the two saturation conditions. 

 

  



 

 DTPH5614H00001 Effects of Hydrocarbon Permeation on Plastic Pipe Strength and Fusion Performance   

Page 62 of 304 

 

Figure 26. The impact of HHC permeation on joint quality from creep results 

Figure 27. Relative increase per risk category from non-saturated to saturated pipe

Risk Levels
Risk 

Score 
Count

Extremely 
High Risk Risk

54

High Risk 2

Medium Risk 5

Low Risk 3

No Risk 125

Grand Total 189

1.5

3.1

1.0

0.7

All  Saturated Tests

Relative Risk Increase Over Non-
Saturated Fusions

4.0
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Figure 28. Bayesian analysis of the creep data to determine the impact of HHC permeation on joint quality

Risk Levels
Risk 

Score 
Count

Alpha Beta LCL Proportion UCL Risk Levels
Risk 

Score 
Count

Alpha Beta LCL Proportion UCL Risk Levels
Risk 

Score 
Count

Alpha Beta LCL Proportion UCL

Extremely 
High Risk Risk

60 61 224 0.168 0.214 0.263
Extremely 

High Risk Risk
54 55 136 0.226 0.288 0.354

Extremely High 
Risk Risk

6 7 89 0.030 0.073 0.132

High Risk 2 3 282 0.002 0.011 0.025 High Risk 2 3 188 0.003 0.016 0.038 High Risk 0 1 95 0.000 0.010 0.038

Medium Risk 5 6 279 0.008 0.021 0.041 Medium Risk 5 6 185 0.012 0.031 0.060 Medium Risk 0 1 95 0.000 0.010 0.038

Low Risk 4 5 280 0.006 0.018 0.036 Low Risk 3 4 187 0.006 0.021 0.045 Low Risk 1 2 94 0.003 0.021 0.057

No Risk 212 213 72 0.695 0.747 0.796 No Risk 125 126 65 0.591 0.660 0.725 No Risk 87 88 8 0.854 0.917 0.963

Grand Total 283 1.011 Grand Total 189 1.016 Grand Total 94 1.031

Risk Levels
Risk 

Score 
Count

Alpha Beta LCL Proportion UCL Risk Levels
Risk 

Score 
Count

Alpha Beta LCL Proportion UCL Risk Levels
Risk 

Score 
Count

Alpha Beta LCL Proportion UCL

Extremely 
High Risk Risk

60 61 224 0.168 0.212 0.263
Extremely 

High Risk Risk
54 55 136 0.226 0.284 0.354

Extremely High 
Risk Risk

6 7 89 0.030 0.071 0.132

High Risk 2 3 282 0.002 0.010 0.025 High Risk 2 3 188 0.003 0.015 0.038 High Risk 0 1 95 0.000 0.010 0.038

Medium Risk 5 6 279 0.008 0.021 0.041 Medium Risk 5 6 185 0.012 0.031 0.060 Medium Risk 0 1 95 0.000 0.010 0.038

Low Risk 4 5 280 0.006 0.017 0.036 Low Risk 3 4 187 0.006 0.021 0.045 Low Risk 1 2 94 0.003 0.020 0.057

No Risk 212 213 72 0.695 0.740 0.796 No Risk 125 126 65 0.591 0.649 0.725 No Risk 87 88 8 0.854 0.889 0.963

Grand Total 283 1.000 Grand Total 189 1.000 Grand Total 94 1.000Total Probability
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Further Analysis of the Creep Based Risk Score 

One of the project tasks is to determine whether it is possible to optimize the fusion procedure to mitigate 
the impact of HHC permeation on the joint quality. In principle this is accomplished using the design of 
experiment regression model to search for ranges of parameters that ensure that a given set of constraints 
are met. 

Using the creep based risk categories as the response variable provides a very week model that does 
identify some of the sensitivities, but is inadequate for reliable prediction.  

 
Figure 29. DoE Regression model for creep based risk score 
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Improving the Risk Score Calculation Method 

Before improving the risk score calculation method, the data from the HSLT test and the Bendback test 
were included in the analysis to ensure that all available data was utilized correctly. 

Risk scores were assigned to HSLT test results using the absorbed energy measure that is defined in the 
section High-Speed Low-Temperature (HSLT) Tensile Testing below. 

 

 

 

 

 

 

 

Risk scores were assigned to the bendback test results based on the percentage of ductile interface after 
bendback. 

 

 

 

 

 

 

 

The three scoring methods give very similar distributions of test scores as can be seen in Figure 30 
below. The fact that the risk score distributions are similar supports combining the scores from the test 
methods using some form of weighted average that reflects our belief in the individual test methods. This 
weighting is subjective and can be modified as more experience with the test methods and their 
implications is gained. The initial weighting schema was set as follows: 

 

 

 

 

The weights reflect the investigators’ belief that long term creep testing is the most appropriate method 
for evaluating the fusion interface as it allows the creep effects to develop and properly captures the true 
stress and strain at break. The HSLT test appears to be a very good test that is sensitive to joint quality. 
The weight of 2 reflects our inexperience with the method and may be adjusted upwards as we gain 
experience. The Bendback test is mostly qualitative as not all portions of the interface see the same strains 
and assigning a % ductility to the test result is very operator dependent. Having said this, the bendback 
test seems to do a fairly good job of identifying weak fusion interfaces. 

 

HSLT energy <= 2.4 J  Risk Score =5 Extremely High Risk 

2.4 J < HSLT energy <= 2.5 J  Risk Score =4 High Risk 

2.5 J < HSLT energy <= 2.6 J  Risk Score =3 Medium Risk 

2.6 J < HSLT energy <= 3.2 J  Risk Score =2 Low Risk 

3.2 J < HSLT energy  Risk Score =1 No Risk 

 

 

ductility <= 20%  Risk Score =5 Extremely High Risk 

20% < HSLT energy <= 50%   Risk Score =4 High Risk 

50% < HSLT energy <= 75%   Risk Score =3 Medium Risk 

75% < HSLT energy <= 85%  Risk Score =2 Low Risk 

85% < HSLT energy  Risk Score =1 No Risk 

 

 

Creep Tests – Weight of 3 

HSLT Tests – Weight of 2 

Bendback Tests – Weight of 1 
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Figure 30. Distribution of risk scores per test method (HSLTT, Bendback, Creep) 
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To develop a composite risk score for each joint that could have up to eight individual test results from 
the different sampling positions around the circumference of the joint in various combinations of creep, 
HSLTT and bendback results the following process was carried out: 

1. Each creep risk score was entered into a master table three times, 

2. Each HSLTT risk score was entered into the table twice, 

3. Each bendback score was entered into the table once, 

4. Two variants of variance were calculated for each risk score: 

a. Directed Variance = (Risk Score -1)2 that captures how high the risk is 

b. Variance = (Risk Score – Average Risk Score for the joint)2 that is the classical variance 
measure 

5. For each Joint the average was calculated for each of the measures (Directed Variance, Variance, 
Risk Score), 

6. A composite risk score was calculated using the following formula: 
 
LOG(((Directed Variance +1)*( Variance +1))^(1/3)* Risk Score ^(3/1))*5/3+1 
 
where each of the variables (Directed Variance, Variance, Risk Score) now represent the average 
values for the joint, 

7. The purpose of the above formula is to scale the result to values between 1 and approximately 5. 
The value 1 is added to each of the variance measures to account for the fact that if each of the 
risk scores is identical the Variance will be 0 and the Log function is not defined for 0. 

The composite risk score is sensitive to variance in the results around the circumference of the joint and 
will penalize fusion conditions that have less consistency in the result. This proves to be an important 
factor in arriving at a meaningful response surface that captures the sensitivities of joint quality to the 
process parameters, ambient temperature and polyethylene material. 

The resulting response surface will be discussed below in the context of finding the optimal fusion 
conditions to mitigate the effects of HHC permeation, but before doing this we will review a probabilistic 
sensitivity analysis of the impact of the design parameters on the risk score based on the composite 
variance method described above. 
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Probabilistic Sensitivity Analysis of the Design of Experiment 

This analysis was conducted on the 238 non-reference fusions that were conducted for the design of 
experiment. Of these fusions 198 were conducted on non-saturated pipe and 38 were conducted on pipe 
100% saturated with the HHC mixture described in the section Permeation Testing below.  

The first effect to be analyzed was the effect of the saturation. 

Figure 31. The effect of HHC saturation on joint quality 
 

This figure and the following figures should be interpreted as follows: 

1. The first row “All Fusion” gives the histogram for the distribution of risk scores in all of the 
fusions conducted. The numbers below each bar are the actual counts of the scores found in each 
category. These scores would become “a” in Beta(a+, n-a+1), where “n” is the total number of 
fusions in each bucket, 236 in this case. The “> 96%” reflects the confidence we have based on 
the method described in the boxes and the section How to build Data Distributions from 
Collected Data  below. This measure is not exact as the actual confidence will be determined 
from the actual counts of scores in each risk category for each saturation condition bucket. It is a 
useful measure of how much credence we should give to the effect being examined. 

2. The second row “Non-Saturated” gives us the histogram of the risk score distributions for the 
non-saturated fusions. 

3. The third row gives us the risk scores distribution for the saturated fusions. 
4. We have essentially recreated Figure 26, except that in this case we are including the HSLT test 

and Bendback test data and have a composite score for the entire joint that captures the variance, 
or inconsistency of quality around the circumference of each joint. Figure 26 reflects the rollup 
of each individual creep test with no regard for the joint it came from. 

From this analysis we can see that we have a definite effect as the two histograms for the breakout 
saturation condition buckets are measurably different in character and we have reasonable confidence in 
the result as reflected in the “> 96%” and “> 86%” confidence intervals for each bucket.  

It is interesting to note that in Figure 26  the saturated fusion samples have Risk Category 5 as the second 
most populous category, while in Figure 31 the populous category is Risk Category 4. This once again 
emphasizes the variability around the circumference of the joint. The entire joint will always reflect the 
integral of the individual segment qualities. Looking at all the scores for each joint has increased the risk 
to joint quality determination for saturated fusions. Previously Risk Category 1 was the most populous, 
but now Risk Category 4 is the most populous. 

Exremely 
High Risk

5
High Risk

4

Medium 
Risk

3
Low Risk

2
No Risk

1

10 21 31 25 149 236 > 96%

6 8 24 20 140

4 13 7 5 9
Totals 10 21 31 25 149 236 > 96%

All Fusions
Totals

Two Sided 
Confidence 

Interval From 
Beta Distribution

Saturated
38

>86%

Heavy Hydrocarbon Saturation Effect

Non-Saturated
198

> 96%
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We will now present the sensitivity analysis for the effects of interfacial pressure, heater plate 
temperature, soak time, material and ambient temperature 

 

.
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https://en.wikipedia.org/wiki/Beta_distribution (Accesed 12/29/15) 

 
Using Bayes’ prior probability as described above in Wikipedia is extremely useful in our current context as we enter into each investigation with a 
failure already seeded into the result (we start with one success and one failure). If we define success as finding what we are looking for e.g. we 
find the risk score in a particular category and failure as not finding the risk score in the category, and carry on not finding that particular risk score 
n times the updated Bayesian posterior distribution becomes Beta(1,n+1). The probability of the n+1 inspection finding the risk score in the 
particular category will then be 1/(n+2). We can define a stop criterion for the number of samplings we need to not find the risk score for any 
desired confidence level alpha by solving for the number s that will satisfy InverseBetaRegularized(1-alpha,1,s)=alpha. The solution s will be a real 
number and taking Ceiling(s) will give us the required number of samples n, which is an integer. 

This method is used to calculate the two sided confidence interval for for the actual number of samples in a particular category assuming no 
succeses. The stated confidence interval in the following charts should be interpreted as meaning if no succeses where found in the n samplings we 
would have one side confidence of (1-alpha/2) that there is no more than one failure in the population. In this context the failure is finding the risk 
score in a given category. If risk scores are found in a given category the actual confidence will be determined from the resulting distribution: 

Beta(findings+1,n-findings+1). 

 

 

https://en.wikipedia.org/wiki/Beta_distribution
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Mathematica code for solving the InverseBetaRegularized problem described above: 

sol=Array[0,20]; 
b=Range[0.005,0.10,0.005]; 
Do[sol[[i]]=Ceiling[s/.Quiet[Solve[InverseBetaRegularized[1-
b[[i]],1,s]==b[[i]],s]]],{i,20}]; 
sol=Flatten[sol]; 
Quiet[Style[Grid[{PrependTo[100(1-2 b),"Confidence Interval [%]"],PrependTo[100(1-
b),"Certainty [%]"],PrependTo[100 b,"No More Than  
[%]"],PrependTo[sol,"SampleSize"]},Frame->All],FontFamily->Calibri,18]] 
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 Figure 32. The effect of interfacial pressure on joint quality for non-saturated fusions 

 

 
Figure 33. The effect of interfacial pressure on joint quality for saturated fusions  

 

From this analysis it appears that ultra-low to low interfacial pressures increase the risk for non-saturated 
joints, whereas for saturated joints very high to ultra-high interfacial pressures increase the risk for joints. 
This probably reflects the softening effect of the HHC on polyethylene. 
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 Figure 34. The effect of ambient temperature on joint quality for non-saturated joints 

 

 
  Figure 35. The effect of ambient temperature on joint quality for saturated joints  

 

From this analysis it appears that high ambient temperatures have the greatest impact on saturated joint 
quality. 
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 Figure 36. The effect of heater plate temperature on non-saturated fusion joint quality   

 

 
 Figure 37. The effect of heater plate temperature on saturated fusion joint quality 

 

From this analysis non-saturated fusions appear to be relatively insensitive to heater plate temperature and 
high heater plate temperatures may have a negative effect on saturated fusion joint quality. 
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Figure 38. The effect of soak time on the quality on non-saturated fusion joints 

 

 
 Figure 39. The effect of soak time on the quality on saturated fusion joints    

 

From this analysis it appears that moderate soak times are better for non-saturated joints and that higher 
soak times could have a beneficial effect on saturated joints. 
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Figure 40. The effect of polyethylene material on non-saturated fusion joint quality 

 

 
Figure 41. The effect of polyethylene material on saturated fusion joint quality 

 

From this analysis it appears that bi-modal medium density polyethylene may be the most robust material 
with regard to overall fusion joint quality. 

Having completed this probabilistic review of the data, no major weaknesses in the data, or anomalous 
trends have been detected and we can proceed to the classical response surface evaluation with 
confidence. 
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Optimizing Fusion Parameters to Mitigate the Effects of HHC Permeation on Fused Joints 

The response surface model with the composite variance based response for the entire fusion does indeed 
provide an improved model over the simple creep test based risk score for individual test specimens. This 
is probably due to the high degree of stochasticity in the strength of individual fusion elements around the 
circumference of the fusion due to the random stacking up of many interacting variables that contribute to 
the quality of the joint. The response surface model based on individual test specimens will be sensitive to 
this high degree of randomness and will produce a week model. Averaging the results of all tests for each 
fusion condition will cancel out some of the random “noise” and provide a signal that is more correlated 
to the fusion conditions. 
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Figure 42. Analysis of Variance (ANOVA) of the response surface for the Composite Variance  
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Table 10. Response surface significant effects (P Value < 0.05) ranked by F Value 

Significance 
Ranking 

 

Coded 
Variable 

Physical Variable F Value P Value Agree with 
Probabilistic 
Sensitivity 
Analysis 

1 C Saturation 88.95 <0.0001 Yes 

2 D Interfacial Pressure 19.29 <0.0001 Yes 

3 F Material 12.66 <0.0001 Yes 

4 DE Interfacial Pressure/Ambient 
Temperature Interaction 

10.51 0.0013 N/A 

5 E Ambient Temperature 10.05 0.0017 Yes 

6 B Soak Time 8.11 0.0048 Yes 

7 BC Soak Time/Saturation Interaction 7.70 0.0059 Yes 

8 EF Ambient Temperature/Material 
Interaction 

7.13 0.0010 N/A 

9 AC Heater Plate 
Temperature/Saturation Interaction 

6.63 0.00106 Yes 

10 BE Soak time/Ambient Temperature 
Interaction 

4.15 0.0427 N/A 

11 D2 Second Order Interfacial Pressure 4.14 0.0429 N/A 

12 CF Saturation/Material Interaction 3.22 0.0013 N/A 

      

Not 
Significant 

A Heater Plate Temperature 1.15 0.2849 Yes 

 

From Table 10 we can see that saturation level has an effect more than 4 times larger than the next most 
significant effect – the ratio of P Values is 88.95/19.29=4.61. Saturation also appears in three additional 
significant second order interactions. 

While the model is significant there is significant lack of fit and an adjusted R Squared of 0.4030 
indicating that there is still a high degree of randomness in the response, but the model has sufficient 
power to navigate the design space and provide meaningful insights as to the effects the design 
parameters have on the response variable. 
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Figure 43. R-Squared of the response surface model 

 

 
Figure 44. Predicted vs actual plot showing the lack of fit and randomness in the response 
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Figure 45. Perturbation plot for the impact of design parameters on response variable for 
umMDPE, non-saturated (top), saturated (bottom) 

 

It is interesting to note that the effect of ambient temperature changes direction between non-saturated 
and saturated umMDPE material i.e. low temperatures have a negative impact on non-saturated fusions 
and positive impact on saturated fusions. 
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Figure 46. Perturbation plot for the impact of design parameters on response variable for 

bmMDPE, non-saturated top, saturated bottom 
 

It is interesting to note that the effect of ambient temperature does not change direction between non-
saturated and saturated material. 
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Figure 47. Perturbation plot for the impact of design parameters on response variable for 

bmHDPE, non-saturated (top), saturated (bottom) 
 

It is interesting to note that the effect of ambient temperature is negligible for non-saturated bmHDPE 
fusions and negative for saturated bmHDPE fusions. 
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It is more intuitive to look at 3D response surfaces where the x and y axes are Interfacial Pressure (Fusion 
Pressure) and Heater Plate Temperature (Heater Temp) as these are the more readily controllable 
variables in the field. The increase in risk score across the domain when saturation changes from 0 to 
100% is evident. 

 

 
Figure 48. 3D response surface for umMDPE, non-saturated top, saturated bottom 
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Figure 49. 3D response surface for bmMDPE, non-saturated top, saturated bottom 
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Figure 50. 3D response surface for bmHDPE, non-saturated top, saturated bottom 

 
The true strength of the response surface model is in searching for configurations that meet specified 
constraints. We will start by reviewing, for reference, the situation for non-saturated materials where we 
constrain the Composite Variance and The Average Risk scores to be between 0 and 2 i.e. we will only 
accept No Risk and Low Risk outcomes. We will then plot three dimensional desirability plots where a 
value closer to 1 is closer to achieving the specified objective function. 
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Figure 51. Process optimization for non-saturated fusions: Ambient Temperature - 14°F left, 120°F 

right; Material – umMDPE top, bmMDPE middle, bmHDPE bottom 
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The red plateaus in each plot indicate the region where all constraints are met. The constraints are also 
met between 400°F and 525°F Heater Plate Temperature and between 60 psi and 90 psi Interfacial 
Pressure for mid-range ambient temperatures indicating that both the PPI TR 33 fusion envelope and the 
reference fusion procedure used by many gas utilities that is discussed above are acceptable operating 
windows. 
 

 
Figure 52. PPI TR 33 operating window meets all constraints for non-saturated fusions for all 

materials, umMDPE shown as  example 
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Figure 53. Gas utility operating window meets all constraints for non-saturated fusions for all 

materials, umMDPE shown as example 
 
For saturated fusions neither operating envelope meets the constraints of only No Risk or Low Risk for 
both the Composite Variance and The Average Risk scores. We need to free up the heater plate and 
interfacial ranges and allow Medium Risk scores for both variables to find possible operating windows 
for saturated fusions. 
Figure 54 to Figure 56 below show the potential operating windows for saturated fusions that will 
potentially allow us to achieve fusions of Medium Risk or better for all materials across the full Ambient 
Temperature range of the design of experiment. It can be clearly seen that the potential operating 
windows are both material and temperature dependent. This will probably preclude a single mitigative 
procedure and force the operators to apply very specific procedures to every field condition they come 
across. 
 
Before establishing mitigative procedures it will be necessary to carry out detailed further research with 
expanded long-term testing to validate the potential procedures. 
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Figure 54. Potential operating windows for saturated fusion s at Ambient Temperature 14°F top, 

67°F bottom left, 120°F bottom right, umMDPE – all risk scores Medium Risk or better. 
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Figure 55. Potential operating windows for saturated fusion s at Ambient Temperature 14°F top, 

67°F bottom left, 120°F bottom right, bmMDPE – all risk scores Medium Risk or better. 
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Figure 56. Potential operating windows for saturated fusion s at Ambient Temperature 14°F top, 

67°F bottom left, 120°F bottom right, bmHDPE – all risk scores Medium Risk or better. 
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Tensile Testing 

Tensile tests were performed to determine the influence of HHC saturation on the stress-strain behavior of 
PE.  The tensile specimens were obtained by die-punching ASTM D638 Type-V specimens out of new, 
unsaturated pipe.  This method ensured direct measurement of pipe properties.  Specimens intended for 
saturation were put in vessels filled with HHC (see Figure 57).  The vessels were kept at an elevated 
temperature (60°C-80°C) to accelerate HHC saturation. 

 

 
Figure 57. HHC saturation vessels for test specimens 

 
All tests were performed on an MTS Alliance RT/30 universal testing machine with a Zwick video 
extensometer in order to obtain the complete true stress-strain curves of the materials.  A pull rate of 10% 
engineering strain per second (0.7625 mm/s) was used for all tests.  Specimens were acclimated to the test 
temperature for at least 1 hour.  Saturated samples remained under saturation until 1.5 to 2 hours before 
testing, as they needed to be measured, marked, and temperature acclimated before being pulled. 
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Table 11 shows the tensile test matrix. 

 

Table 11. Tensile Test Matrix 

Material Saturation % Temperature Replicates 

Unimodal MDPE 

0 

23°C (73.4°F) 3 

40°C (104°F) 3 

60°C (140°F) 3 

100 

23°C (73.4°F) 3 

40°C (104°F) 3 

60°C (140°F) 3 

Bimodal MDPE 

0 

23°C (73.4°F) 3 

40°C (104°F) 3 

60°C (140°F) 3 

100 

23°C (73.4°F) 3 

40°C (104°F) 3 

60°C (140°F) 3 

Bimodal HDPE 

0 

23°C (73.4°F) 3 

40°C (104°F) 3 

60°C (140°F) 3 

100 

23°C (73.4°F) 3 

40°C (104°F) 3 

60°C (140°F) 3 

 

  



 

 DTPH5614H00001 Effects of Hydrocarbon Permeation on Plastic Pipe Strength and Fusion Performance   

Page 95 of 304 

 

Results 
Tensile tests have given good insight as to the influence of HHC saturation on PE.  Figure 58 shows the 
average true stress-strain curves of three grades of PE, at 23°C, at both saturated and unsaturated 
conditions.  

 

 
Figure 58. Average true stress-strain curves of HHC-saturated and unsaturated PE materials, at 

23°C 
 

As can be seen in Figure 58, saturated and unsaturated samples have roughly similar break strains but 
saturated samples typically have lower break stress. Figure 59 shows the same curves as Figure 58, but 
focuses on the 0-30% true strain range, which shows more clearly that there is a marked decrease in 
stress, or softening, in the saturated materials.  The softening phenomenon is shown to exist at higher 
temperatures in later figures. 
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Figure 59. Average true stress-strain curves of HHC-saturated and unsaturated PE materials, at 

23°C, up to 30% true strain 
 
Figure 59 shows that HHC softening applies to all three PE classes that were tested.  To help illustrate 
the HHC softening, Figure 60 shows the percent reduction in stress by HHC saturation as a function of 
strain.   
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Figure 60. Average HHC stress reduction (softening) of three PE classes, at 23°C 

 

As can be seen in Figure 60, HHC softening is most significant at low strains (<5% true strain) and 
reduces with higher strains.  The softening decreases from 5% to 40% true strain and then levels off 
between 40% and 90% true strain, depending on the grade of PE.  The dependency of the softening on the 
strain suggests that the HHC acts as a lubricant between the polymer chains, but does not affect chain 
strength.  The inverse relationship between softening and strain and similar ultimate breaking strains of 
saturated and unsaturated materials could possibly be explained by one or both of the following: 

• As the polymer chains stretch under strain, the Poisson effect wrings HHC molecules out of the 
polymer matrix, thereby reducing its lubrication effect. 

• As polymer chains are strained, their elastic stress response becomes more dominant thereby 
reducing the apparent lubricating effect of HHC molecules. 

A response surface was generated for various results from all of the tensile tests in order to further 
understand the influence HHC permeation on PE.  Figure 61 and Figure 62 show the influence of 
temperature and saturation on the yield and break stress, respectively.  Based on the response surfaces 
fitted to the tensile data, HHC saturation has a greater effect on yield stress than break stress – expressed 
as greater slopes in Figure 61 than in Figure 62.  This observation is in agreement with the softening 
behavior shown in Figure 60. 
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Figure 61. Influence of saturation (A) and temperature (B) on yield stress 

 
Figure 62. Influence of saturation (A) and temperature (B) on break stress 
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Figure 63 and Figure 64 show that yield energy is greatly affected by HHC saturation, while the break 
energy is not.  This observation is in agreement with Figure 58 and Figure 60.  The break energy is 
governed by the energy required to break the carbon – carbon bonds in the polymer chain, hence the flat 
perturbation curves depicted in Figure 64 are very reasonable – the break energy is virtually constant at 
all temperatures in the test range and at all saturation levels. 

 

 
Figure 63. Influence of saturation (A) and temperature (B) on yield energy 
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Figure 64. Influence of saturation (A) and temperature (B) on break energy 
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For further reference, Figure 65 through Figure 73 show the tensile test curves from each test, organized 
by material.  In each graph the color-coding corresponds to test temperature, solid lines are virgin 
material, and dashed lines are HHC-saturated material. 

Figure 65 shows the engineering stress versus nominal strain (grip displacement / specimen gage length) 
for MDPE at three temperatures.  The effect of temperature is evident, as is the softening caused by HHC. 
 

 
Figure 65. MDPE, engineering stress vs. nominal strain, at different temperatures 
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Figure 66 shows the true stress-strain curves of the MDPE specimens. 
 

 
Figure 66. MDPE, true stress vs. true strain, at different temperatures 
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Figure 67 focuses on the true stress at true strains below 30% for MDPE.  Here the HHC softening is 
clearly visible.  An interesting observation is that at lower strains, the HHC saturated samples at 23°C 
have very similar response to the non-HHC saturated samples at 40°C.  The same applies to the saturated 
samples at 40°C and non-saturated samples at 60°C.  For these cases, HHC saturation is equivalent to an 
approximately 20°C increase. 
 

 
Figure 67. MDPE, true stress vs. true strain, at different temperatures, focus on 30% strain 
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Figure 68 shows the engineering stress versus nominal strain for bimodal MDPE at three temperatures.  
As with the MDPE samples, the effect of temperature and softening caused by HHC can clearly be seen. 
 

 
Figure 68. Bimodal MDPE, engineering stress vs. nominal strain, at different temperatures 
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Figure 69 shows the true stress-strain curves of the bimodal MDPE specimens.  The bimodal MDPE true 
stress-strain curves are generally similar to the MDPE true stress-strain curves. 
 

 
Figure 69. Bimodal MDPE, true stress vs. true strain, at different temperatures 
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Figure 70 focuses on the true stress at true strains below 30% for bimodal MDPE.  As with MDPE, HHC 
softening is clearly visible, and for these cases HHC saturation is also equivalent to an approximately 
20°C increase. 
 

 
Figure 70. Bimodal MDPE, true stress vs. true strain, at different temperatures, focus on 30% 

strain 
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Figure 71 shows the engineering stress versus nominal strain for bimodal HDPE at three temperatures.  
As with the MDPE materials, the effect of temperature and softening caused by HHC are clearly shown.  
Of note is that two of the virgin specimens at 60°C did not break, however the stress-strain data from 
those tests was still good. 
 

 
Figure 71. Bimodal HDPE, engineering stress vs. nominal strain, at different temperatures 

 
 
  

Specimens did 
not break 
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Figure 72 shows the true stress-strain curves of the bimodal HDPE specimens.  The bimodal HDPE true 
stress-strain curves are generally similar to the true stress-strain curves of MDPE and bimodal MDPE. 
 

 
Figure 72. Bimodal HDPE, true stress vs. true strain, at different temperatures 

 
 
 
  

Specimens did 
not break 
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Figure 73 focuses on the true stress at true strains below 30% for bimodal HDPE.  As with the MDPE 
materials, HHC softening is clearly visible, and is equivalent to a temperature increase of approximately 
20°C. 
 

 
Figure 73. Bimodal HDPE, true stress vs. true strain, at different temperatures, focus on 30% 

strain 
 
Figure 67, Figure 70, and Figure 73 show that MDPE, bimodal MDPE, and bimodal HDPE all exhibit 
softening by HHC saturation.  It is interesting to note that with all three materials, HHC softening is 
approximately equivalent to a temperature increase of 20°C at true strains below 30%.   

Since normal operating strains for PE pipe are well below 30% true-strain, it may be convenient, as a 
rule-of-thumb, to treat HHC-saturated pipe as pipe operating at 20°C above its actual operating 
temperature. 

Figure 74, Figure 75, and Figure 76 show average softening as a function of strain at different 
temperatures for MDPE, bimodal MDPE and bimodal HDPE, respectively.  It must be noted here that due 
to the limited number of tensile test replicates and exploratory nature of these tests, the softening values 
presented here should be taken as reference values and not as definitive quantifications of HHC softening. 
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Figure 74. MDPE average softening at different temperatures 

 
Figure 74 shows that with MDPE the maximum softening doesn’t occur until 3% strain at 23°C, 5% 
strain at 40°C, and 14% at 60°C.  While the 23°C and 60°C curves have similar levels over 40% strain, 
the 40°C curve has a form.  The cause of this difference was not determined.  MDPE softening peaked at 
39% at low strains.  Between 40% and 200% strain softening ranged from 14% to 28%. 
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Figure 75. Bimodal MDPE average softening at different temperatures 

 
Figure 75 shows that with bimodal MDPE the maximum softening occurred at 1% strain at all 
temperatures.  Softening has a similar form at all temperatures.  Bimodal MDPE softening peaked at 56%, 
at low strains.  Between 40% and 200% strain softening ranged from 5% to 27%. 
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Figure 76. Bimodal HDPE average softening at different temperatures 

 
Figure 76 shows that with bimodal HDPE the maximum softening occurred at 1% strain at 23°C and 
40°C, and at 5% strain at 60°C.  Softening has a similar form at 23°C and 40°C, while softening at 60°C 
differed by having increasing softening from 0% to 5% strain.  Bimodal HDPE softening peaked at 59%, 
at low strains.  Between 40% and 200% strain softening ranged from 8% to 16%. 
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Constitutive Model for PE 

Polyethylene is a highly nonlinear material that is sensitive to temperature and strain rates.  The 
complexity of PE’s mechanical behavior coupled with the various operating challenges faced by LDCs 
has lead GTI to work on development of advanced constitutive models for PE.  A material constitutive 
model is a mathematical and/or algorithmic definition of how a material will respond given a certain 
environmental load (e.g. mechanical, thermal, etc.), or history of environmental loads.  An advanced 
constitutive model is necessary when evaluating complex cases where the loading on the material is not 
limited to, for example, small strains or short time spans, where a true stress-strain curve from monotonic 
loading may be sufficient.  The major benefits of developing a constitutive model are: 

• A more formal and complete understanding of material behavior, 
• An ability to analyze and predict cases that were not empirically tested (within limits of 

calibration), and, 
• Reduction in empirical testing by simulations using the constitutive model. 

An example of a complex loading case for PE is squeeze-off, which GTI has recently worked on.  Under 
a GTI squeeze-off evaluation project, a constitutive model was developed for MDPE by Veryst 
Engineering (Elabassi, 2015), an engineering consulting group that specializes in polymers.  The model 
was designed to capture: 

• Stress at large deformations, in tension and compression, 
• Stress dependence on strain rates, in tension and compression, 
• Stress dependence on temperature , and 
• Stress relaxation. 

Figure 77 shows the mechanical network diagram of the constitutive model that was developed for 
MDPE pipe squeeze-off. 

 

 
Figure 77. Constitutive model used for PE pipe squeeze-off 

 

The model was found to be very suitable for MDPE and was able to fit well to many different loading 
cases and accounts for temperature dependency.  Figure 79 through Figure 80 show examples of the 
above constitutive model calibrated to various loading histories. Figure 81 shows a calibration to both 
tension and compression data at -20°C, 24°C, and 60°C.  Figure 82 and Figure 83 show calibrations to 
creep test data at 30°C and 63°C.  Figure 84 shows an example of the steps in the squeeze-off simulation, 
illustrating the very large deformations. 
With additional testing, the constitutive model shown here could be further developed to include the 
effects of HHC permeation. 
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Figure 78. Calibration to Tensile Data at Different Temperatures 

 

 
Figure 79. Cyclic Compression, True Stress vs. Time, 

Prediction (Blue) vs. Experimental (Red) 
 

Experimental 

Prediction 
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Figure 80. Tension Relaxation, True Stress vs. Time 

 
Figure 81. Calibration to Tension and Compression at -20°C, 24°C, and 60°C 

Experimental 

Prediction 

Experimental 

Prediction 
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Figure 82. Calibration to a creep curve at 30°C, true stress vs. time 

 

 
Figure 83. Calibration to a creep curve at 63°C, true stress vs. time 



 

 DTPH5614H00001 Effects of Hydrocarbon Permeation on Plastic Pipe Strength and Fusion Performance   

Page 117 of 304 

 

 
Figure 84. Pipe squeeze-off simulation sequence 

  



 

 DTPH5614H00001 Effects of Hydrocarbon Permeation on Plastic Pipe Strength and Fusion Performance   

Page 118 of 304 

 

Dynamic Thermomechanical Analysis (DTMA) 

Dynamic thermomechanical analysis is a technique that is used to extract the vertical and horizontal 
activations energies of PE, which are then used for shifting of hydrostatic test results at elevated 
temperatures to an equivalent result in another temperature (typically a pipeline’s operating temperature).  
In the pipeline industry, this shifting is commonly referred to as bi-directional shifting.  In the material 
science sphere, it is known as the time-temperature superposition principle. 

GTI extracted activation energies based on the work of Mavridis and Shroff (Ref. 5). Mavridis provided a 
methodology, based on rheological principles, of extracting the activation energies from dynamic 
thermomechanical test data.  Horizontal activation energies are calculated by fitting an Arrhenius type 
model to the tangent of the loss modulus as a function of excitation frequency and test temperature.  The 
vertical activation energy is extracted from a model fitting the tangent of the loss modulus to the complex 
modulus as a function of excitation frequency and temperature.  This method is very convenient as results 
can be generated in a few hours. The simplicity and low cost of the method enables testing of a sufficient 
number of replicates to generate statistical confidence limits on the calculated activation energies. 

The horizontal and vertical activation energy models are represented by the fitted surfaces in Figure 85 
and Figure 86, respectively. The vertical and horizontal activation energies are used to get the stress and 
time shifts, respectively. 

 
Figure 85. Horizontal activation energy surface (typical) 
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Figure 86. Vertical activation energy surface (typical) 

 
Once the activation energies are found, they are used to shift a test result in a given temperature to get an 
equivalent result at some reference temperature.  The vertical and horizontal shift equations are applied to 
test results as follows: 

𝐭𝐫𝐫𝐫 = 𝐭 ∗ 𝐫𝐞 𝐩 �−𝐇𝐇
𝑹
∗ �𝟏

𝑻
−

𝐓𝐫𝐫𝐫
��  Equation 3 

 
𝐒𝐫𝐫𝐫 = 𝐒 ∗ 𝐫𝐞𝐩 �−𝐕𝐕𝐇

𝑹
∗ �𝟏

𝑻
− 𝟏

𝐓𝐫𝐫𝐫
��  Equation 4 

 
   Where, 

 tref – Time at reference temperature 
 t – Time at test temperature 
 HAE – Horizontal Activation Energy [cal⋅mol-1] 
 Sref – Stress at reference temperature 
 S – Stress at test temperature 
 VAE – Vertical Activation Energy [cal⋅mol-1] 
 R – Gas constant [cal⋅K-1⋅mol-1] 
 T – Test temperature [K] 
 Tref – Reference temperature [K] 

The equations above are typically used to translate long-term hydrostatic test results that are conducted at 
elevated temperatures to lifetime predictions at an operating temperature. 

  



 

 DTPH5614H00001 Effects of Hydrocarbon Permeation on Plastic Pipe Strength and Fusion Performance   

Page 120 of 304 

 

Bi-directional shift factors are a simplification of Equation 3 and Equation 4 intended to shift data from 
one specific test temperature to one specific reference temperature.  The shift factors are determined as 
follows: 

𝐇𝐇𝐫𝐇𝐇𝐇𝐥𝐭𝐇𝐥 𝐒𝐒𝐇𝐫𝐭 𝐅𝐇𝐅𝐭𝐇𝐫 = 𝐫𝐞𝐩 �−𝐇𝐕𝐇
𝑹

∗ �𝟏
𝑻
− 𝟏

𝐓𝐫𝐫𝐫
�� Equation 5 

𝐕𝐫𝐫𝐭𝐇𝐅𝐇𝐥 𝐒𝐒𝐇𝐫𝐭 𝐅𝐇𝐅𝐭𝐇𝐫 = 𝐫𝐞𝐩 �−𝐕𝐕𝐇
𝑹

∗ �𝟏
𝑻
− 𝟏

𝐓𝐫𝐫𝐫
�� Equation 6 

   Where, 
 HAE – Horizontal Activation Energy [cal⋅mol-1] 
 VAE – Vertical Activation Energy [cal⋅mol-1] 
 R – Gas constant [cal⋅K-1⋅mol-1] 
 T – Test temperature [K] 
 Tref – Reference temperature [K] 

It should be noted that since bi-directional shift factors include the test and reference temperatures in their 
determination, they can only be used to shift data from the test temperature to the reference temperature 
that were used. 

The equations above are also suitable for translating other types of time-temperature test result from one 
temperature to another.  Figure 87 shows an example of time-temperature shifting of DTMA data using 
the above equations – in this case shifting 60°C and 80°C data to a 24°C master curve. 

 
Figure 87. Example of time-temperature superposition of DTMA data, using Equation 1 and 

Equation 2 

24°C Master Curve 
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The specimens used for testing were ASTM D638 Type-V dogbones that were die-punched from 2” IPS 
SDR 11 pipe.  Figure 88 shows this type of sample clamped in the DTMA machine grips.  The DTMA 
tests consist of a small-displacement sinusoidal oscillation, which applies approximately 0.5% to 1.5% 
tensile strain to the specimen.  The oscillation is applied at fourteen (14) different frequencies from 0.01 
Hz to 30 Hz.  This frequency sweep is performed at a minimum of three different temperatures to allow 
for extraction of the activation energies.  In this project, tests were conducted at 23°C, 40°C, 60°C and 
80°C. 
 

 
Figure 88. Dogbone specimen in DTMA machine grips 
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The materials tested in this project were analyzed in both virgin and fully saturated states.  Saturated 
samples were pre-saturated and tested in a purpose-made cup containing HHC in order to maintain their 
full saturation during the tests. 

Figure 89 and Figure 90 show the activation energies with their 95% UCL and LCL bounds.  As can be 
seen in the two figures, HHC saturation causes a reduction in the horizontal activation energy and a 
significant reduction in the vertical activation energy.   

 
Figure 89. Horizontal activation energies at 0% and 100% HHC saturation 

 
Figure 90. Horizontal activation energies at 0% and 100% HHC saturation 
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Figure 91 shows the percent difference between activation energies of fully HHC saturated materials and 
non-saturated materials.  In general, HHC saturation of PE causes a 10-20% reduction in the horizontal 
activation energy and 25-33% reduction in the vertical activation energy.  The exact reduction depends on 
the material.  In the case of MDPE B, there was a 3% increase in the horizontal activation energy when 
the material was saturated with HHC.  This result is unexpected and additional testing could confirm if it 
is an outlier. 

 
Figure 91. Energies at 100% HHC saturation vs. energies at 0% HHC saturation, in percent 

 

Since tensile testing has shown that at low strains, HHC softening is approximately equivalent to a 20°C 
temperature increase, the temperature equivalency of HHC softening in DTMA test data was explored as 
well.  Temperature equivalency exploration was done by shifting the non-saturated DTMA results at 23°C 
to the saturated DTMA results at a 23°C.  The temperature value that made the non-saturated data shift to 
the saturated data would show the temperature equivalence of HHC softening. Figure 92 and Figure 93 
show these shifts as performed on MDPE and HDPE data, respectively.  As can be seen in the figures, 
shifting of the non-saturated DTMA data to 43°C overlaps the saturated data at 23°C, at time scales above 
100 seconds.  Time scales above 100 seconds are applicable to long-term pipe behavior, such as creep. 
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Figure 92. Temperature equivalence of HHC saturation, by DTMA data of MDPE 

 

Non-saturated data 
shifted from 23°C to 

43°C 
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Figure 93. Temperature equivalence of HHC saturation, by DTMA data of HDPE 

 

  

Non-saturated data 
shifted from 23°C to 
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Butt-Fusion Testing 

GTI R&D Butt-Fusion Machine 

The butt-fusion procedure described in PPI’s TR-33, prescribes a joining process where the pipes are to 
be joined using a target interfacial pressure, referred to as “force control” in this report.  GTI’s R&D butt-
fusion machine (see Figure 94), however, is controlled by servomotors, which make it inherently a 
displacement control machine.  In order for a displacement control machine to perform butt-fusions in the 
same manner as force controlled (hydraulic) machine, it must have a force feedback loop to command the 
servomotors based on the sensed force. 

 

 
Figure 94. GTI R&D butt-fusion machine 
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While conducting process exploration fusions, the software for GTI’s motorized R&D butt-fusion 
machine was modified to enable mimicking of the fusion and cooling phases of both manual and 
hydraulic machines, whether the joining process is controlled by displacement or interfacial pressure.  In 
fact, a typical manual butt-fusion can be looked at as a hybrid between force and displacement control 
when compared to a hydraulically controlled butt-fusion.  The process difference between manual and 
hydraulic butt-fusion machines is that a hydraulic machine maintains interfacial pressure during the entire 
joining and cooling phases, whereas a manual machine is locked into position shortly after the pipes are 
brought together under force, which fixes displacement and allows the interfacial pressure to relax.  
Figure 95 illustrates this difference. 

 

 
Figure 95. Generic illustration of manual and hydraulic fusion joining processes 
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Butt-Fusion Design-of-Experiment 

Butt-fusion conditions were selected using a design-of-experiment (DoE) approach.  The DoE approach 
enabled a response-surface analysis where the results of the subsequent tests (creep, bend-back, HSLT) 
could be modeled as a function of the fusion conditions.  All fusions were conducted in the hydraulic 
butt-fusion emulation mode. 
Table 12 lists the values used for each variable fusion parameter.  The range of each respective value was 
intentionally large in order to capture the limits of the butt-fusion process.  The DoE matrix produced 138 
fusions. 
 

Table 12. Butt-Fusion DoE Matrix 
Factor Name Units Type Low Center High 

A Saturation % Numeric 0 50 100 
B Ambient Temp °F Numeric 14 55 120 
C Plate Temp °F Numeric 375 450 525 
D Soak Time s Numeric 10 20 30 
E Fusion Pressure psi Numeric 10 60 110 
F Material  Categoric umMDPE / bmMDPE / bmHDPE 

 

Butt-Fusion Pairs 

Butt-fusion pairs were prepared from new pipes.  Each pair was marked and then pre-faced in a McElroy 
butt-fusion machine.  Fusion pairs intended for saturation were put into a tub with HHC. 
A rotational alignment convention was used throughout preparation and fusing, where the pipe’s printline 
designated the 12 o’clock, or top of the pipe.  This convention also served as the basis for indexing tensile 
specimen circumferential position, where specimens were die-punched at 45° intervals, starting from the 
printline.  Figure 96 illustrates the position indexing.  Figure 97 shows a butt-fusion pipe sample with 
markings. 

 
Figure 96. Position schematic of tensile specimen from a butt-fusion pipe sample 
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Figure 97. Butt-fusion pipe sample with position markings 

 

Butt-Fusion Procedure 

Butt-fusion samples were prepared by the following steps: 
1. Cut pipes to length 
2. Designate pipe pairs 
3. Face pairs 
4. Saturate pairs, if applicable 
5. Acclimate pair to fusion temperature 
6. Fuse 

 
Fusions were conducted in a temperature-controlled chamber (see Figure 99).  For HHC saturated 
samples (see Figure 100), a secondary saturation tub was placed in the same temperature chamber as the 
butt-fusion machine to acclimate the pipes to the test temperature prior to extraction.  To minimized 
desaturation, saturated samples remained in the secondary saturation tub until they were ready to be 
fused.  The samples were wiped immediately before fusion. 
 
 

Fusion 
Side 
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Figure 98. Completed butt-fusion joint 
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Figure 99. Butt-fusion machine in temperature chamber 
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Figure 100. Butt-fusion samples in HHC saturation pot. 

 

 
Figure 101. HHC saturation pot (covered). 
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Butt-Fusion Data 

The R&D butt fusion machine stores all setting parameters and fusion process data.  Each phase of the 
fusion process is indexed and the applicable index is stored with every data point.  The phase indexes are 
described in Table 13. 
 

Table 13. R&D Butt-Fusion Machine Phase Index Descriptions 
Phase Index Phase Description 

0 Waiting for Dummy 
1 Check Pos. M1 and Check Pos. M2 
2 Move to Waiting Position 
3 Waiting for Dummy Out 
4 Move HP in Position 
5 Waiting for Heating Plate 
6 Go to Heating Position 
7 Gap Closing 
8 Pipe Heating 
9 Get Welding Position 
10 Move to Waiting Position 2 
11 Waiting for Heating Plate Out 
12 Go to Welding Position 
13 Welding 
14 Cooling 
15 Close 

 
During the entire fusion process, the machine continuously logs the following data: 

• Elapsed time, 
• Carriage 1 force, 
• Carriage 2 force, 
• Heater plate temperature, 
• Heater plate voltage, 
• Heater plate resistance, 
• Heater plate current, 
• Heater plate power, 
• Carriage 1 position, 
• Carriage 2 position, 
• Carriage 1 proximity sensor reading, 
• Carriage 2 proximity sensor reading, 
• Carriage 1 speed, 
• Carriage 2 speed, 
• Carriage 1 gap displacement, 
• Carriage 2 gap displacement, 
• Weld displacement, 
• Phase index 

 
Figure 102 illustrates a typical force/weld-displacement versus time plot in the manual machine 
emulation mode.  The phase index is also plotted for illustration. 
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Figure 102. typical force/weld-displacement versus time plot, with phase index 

 
An infrared video camera was used to measure the temperature gradients on the outer diameter of the 
pipe.  Figure 103 through Figure 108 show a sequence of infrared images from different stages of a butt-
fusion process.  The figures also include a line trace of temperatures. 
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Figure 103. Pipes prior to positioning of heater plater (Phase 4) 

 
Figure 104. Heater plate in position (Phase 5) 

 
Figure 105. Initial pipe contact with heater plate (Phase 6) 
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Figure 106. Heat soaking (Phase 8) 

 
Figure 107. Removal of heater plate (Phase 11) 

 
Figure 108. Welding (Phase 13) 
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Ultrasonic Scanning of Butt-Fusions 

Ultrasonic scanning was performed on every butt-fusion joint produced by the butt-fusion DoE matrix.  
Each joint was scanned at the eight circumferential positions from which tensile dogbones were later die-
punched.  This effort has produced a very large data set that allows for correlation of dogbone test results 
to scan data. 
A first order density experiment had shown HHC permeation to have a reduction in bulk density of 
approximately 0.6% in bimodal HDPE, 7.0% in unimodal MDPE, and 5.5% in bimodal MDPE.  This 
density change suggests ultrasonic scanning may be a viable method for inspection of HHC permeation.  
Correlation of test results to scan data was not included in the scope of this project, but there is a potential 
for development of a non-destructive ultrasonic test that could quantify the level of hydrocarbon 
permeation in butt-fusion joints or plain pipe. 
 

 
Figure 109. Ultrasonic scanning of a 2” IPS butt-fusion sample 
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Figure 110. Raw ultrasonic scan data from eight circumferential positions 
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Preparation of Tensile Samples from Butt-Fusion Joints 

All of the mechanical tests of butt-fusion joints were conducted on ASTM D638 Type-V (dogbone) 
specimens.  The dogbones were die-punched from the joints at specific circumferential positions and the 
beads were then removed from the specimens in order to ensure that the fusion interface is the smallest 
cross-section of the specimen.  Figure 111 and Figure 112 show the bead removal machine – a CNC 
lathe with a purpose-built fixture and program for bead removal.  Figure 113 shows an example of 
specimens before and after bead removal. 
 

 
Figure 111. Bead removal machine 
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Figure 112. Bead removal machine, dogbone fixture detail 

 

 
Figure 113. Dogbone samples before and after bead removal 
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High-Speed Low-Temperature (HSLT) Tensile Testing 

High-speed (16 mm/s), low-temperature (-60°C) tensile tests were conducted on ASTM D638 Type-V 
(dogbone) specimens that were taken from butt-fusion joints.  Due to the very high strain rates of the 
HSLT tests, specimens broke in a time frame of approximately 0.4 seconds, with relatively little 
deformation.  The small deformation therefore precluded extraction of stress-strain data and instead the 
energy absorbed by the sample was taken.  The absorbed energy is calculated by integrating the force 
multiplied by displacement up the breaking point, and will be referred to as HSLT energy in the 
remainder of this report. 
Figure 114 shows typical results of HSLT tests conducted on plain pipe for reference.  Of interest are the 
different levels of ductility that can be seen between replicate specimens from the same pipe segment. 
 

 
Figure 114.  HSLT tests showing different levels of ductility between replicates 
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Results 

A response surface of HSLT energy as a function of butt-fusion parameters was created to determine the 
influence each fusion parameter has on the energy.  Due to the scatter of HSLT test results, the (second 
order) response surface had an adjusted R2 of 0.4724.  The scatter is evident in Figure 115, which shows 
the predicted-versus-actual graph for this response surface, however, the model does appear to capture the 
mean trend of the data and is therefore still useful for general insight. 
 

 
Figure 115. Predicted vs. Actual graph of the HSLT energy response surface 

 
Figure 116 shows the perturbation graph of the HSLT energy response surface.  The perturbations here 
are the average of all three materials. 
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Figure 116. Perturbation Graph of HSLT Energy Response Surface, average of all materials 

 
The perturbation graph indicates that the most significant factor affecting HSLT energy is HHC saturation 
(C), followed by plate temperature (A), then heat soak time (B) and ambient temperature (E), and finally 
fusion interfacial pressure (D).  The local maximum in the perturbation plot of heater plate temperature 
(A) indicates that there is optimization to be done with respect to it.  This also suggests that plate 
temperature adjustment should be considered for butt-fusions of HHC saturated PE pipes. 
 
Figure 117 through Figure 122 show the HSLT energy results versus the various butt-fusion process 
variables.  HSLT energies appear to fall in two general bins: above and below 2 Joules, therefore, in later 
analysis any specimens that absorbed energy below 2 Joules were considered to have failed the HSLT 
test.  The graphs’ points are color coded by material since that was a categoric variable in the DoE. 
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Figure 117. HSLT Energy vs. Ambient Temperature 

 
Figure 117 shows that there is a roughly similar spread of HSLT energies for fusion conducted at 14°F 
and 120°F.  Fusions conducted at 55°F don’t have as much of a spread as the other two temperatures, 
however, this is also due to the limited number of fusion conducted at that temperature, which all had the 
same fusion parameters: heater plate temperature, heat soak time, and fusion pressure. 
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Figure 118. HSLT Energy vs. Fusion Pressure 

 
Figure 118 shows a similar spread of HSLT energies for fusion conducted at 10 psi and 110 psi 
interfacial pressure.  As was seen in Figure 117, the small spread of energies at 60 psi is due to the 
limited number of fusion conducted with that interfacial pressure. 
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Figure 119. HSLT Energy vs. Material 

 
Figure 119 shows that all materials have a comparable spread of HSLT energies, however, bmHDPE had 
the largest amount of results below 2 Joules, suggesting it is the most sensitive of the three materials to 
HHC saturation. 
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Figure 120. HSLT Energy vs. Plate Temperature 

 
Figure 120 shows that butt-fusions conducted with high plate temperature (525°F) had more results 
below 2 Joules. 
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Figure 121. HSLT Energy vs. Saturation 

 
Figure 121 shows that it is possible to get butt-fusions joints from saturated materials that have 
equivalent strength to joints from non-saturated materials, however, saturated materials are more at risk of 
producing poor fusions. 
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Figure 122. HSLT Energy vs. Soak Time 

 
Figure 122 indicates that higher soak times are less likely to result in a poor fusion while shorter soak 
times are more likely to result in poor fusions. 
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HSLT tests were conducted on pipe segments (not butt-fusions) to get reference HSLT energies for 
comparison with HSLT energies from butt-fusions.  Figure 123 shows the average HSLT energy for pipe 
and butt-fusion samples, for each material tested.  The average energy of butt-fusion joints does not 
include joints with energy of less than 2 Joules. 
 

 
Figure 123. Average HSLT Energies for pipe samples and butt-fusions, per material 

 
As can be seen in Figure 123 the HSLT energies of pipe samples are significantly larger than those from 
butt-fusion joint samples.  The lowest pipe to butt-fusion energy ratio is 2.6, for bimodal HDPE, and 
highest is 6.2 for bimodal MDPE. 
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Bendback Tests 

Bendback tests were conducted ASTM D638 Type-V specimens from all fusions.  The bendback test 
provides a quick evaluation method that gives a qualitative indication of the ductility at a fusion interface.  
The test is performed by bending a specimen 180 degrees and observing the deformation.  The test result 
is typically a qualitative “ductile”, “brittle”, or “mixed” designation.  An approximate value of the 
percentage of the joint surface area that deformed in a ductile matter can also be noted. 

Figure 124, Figure 125, and Figure 126 show examples of ductile, brittle and mixed bendback results, 
respectively. 

 

 
Figure 124. Ductile bendback result 

 

 
Figure 125. Brittle bendback result 
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Figure 126. Mixed bendback result 

 
Due to the large number of bendback tests performed, their pictures are not included in this report, 
however, the test results were used in the overall risk evaluation in this report. 
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Tensile Creep Testing 

A bespoke creep test rig was designed and built at GTI to accommodate the large amount of samples 
required for RPM testing (see Figure 127).  The rig consists of four temperature chambers, each with 
nine independent stations.  This arrangement was chosen to enable parallel testing at: 

• four (4) temperatures, with, 
• three (3) stresses per temperature, and, 
• three (3) replicates per stress. 

The creep test rig continuously datalogs time, temperature, load, and displacement for each station.  
Loading of the test specimens is achieved by pneumatic cylinders that can be controlled by load or 
displacement feedback.  Test profiles can be configured as any arbitrary sequence of load or displacement 
ramps and holds. Temperature cycling is also possible. 

 
Figure 127. GTI Creep Rig 

 
Tensile creep tests were conducted on ASTM D638 Type-V specimens that were taken from butt-fusion 
joints.  The samples were die-punched from the joints at specific circumferential positions and the beads 
were then removed from the specimens in order to ensure that the fusion interface is the smallest cross-
section of the sample.  Figure 128 shows an example of samples under test. 
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Figure 128. Samples under creep test 

 
Tests were conducted at four temperatures: 30°C, 40°C, 60°C, and 80°C.  No temperature cycling was 
performed.  The creep test loading profile consisted of three sequential phases: 

1. Ramp to load, 
2. Hold load, 
3. Pull to failure. 

 where load ramp rates were set to 5 N/s and pull rates were 0.762 mm/s. 

Due to the large amount of samples and limited project time, the hold phase of the test had to be limited in 
duration.  The pull phase was added in order to ensure specimen failure.  Figure 129 shows an example 
of creep test data versus time, where a creep failure occurred.  The displacement inflection between 40 
and 50 hours is caused by necking of the specimen, leading to increased true stress and thus a higher 
displacement rate.  As necking stabilizes into drawing, the displacement curve follows a form similar to 
the segment that preceded the necking.  An increase in displacement rate is seen before specimen failure – 
this phenomenon is referred to as tertiary creep. 
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Figure 129. Example of 63°C creep test force, displacement and temperature versus time 

 
Figure 130 shows another example of creep test data versus time, where a creep failure occurred shortly 
after necking.  This “early” failure was observed on a number of samples and suggests that a creep test 
can be used as a higher resolution ductility test compared to bendback and HSLT tests.  

 

Specimen 
failure 

Specimen 
drawing 

Specimen 
necking 
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Figure 130. Example of 30°C creep test force, displacement and temperature versus time 

 

Results 
The results of the creep test rig presented a significant post-processing challenge due to the variation in 
test temperatures and load settings, over and above the fact that the samples themselves came from butt-
fusions conducted under different conditions.  Several attempts were made to make the various results 
directly comparable so that they can be used in a single model for all creep tests.  The conclusion of the 
attempts was to simply use time-to-failure, as is done with hydrostatic test results. 
While the displacement data from the creep tests is not used in this report, the data set that was developed 
can be very useful for calibration of an advanced constitutive model. 
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necking 
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failure 
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Hydrostatic (UTV) Testing 

A bespoke hydrostatic test rig was designed and built at GTI to accommodate the large amount of 
samples required for rate-process method (RPM) testing (see Figure 131).  The rig consists of four 
temperature chambers, each with nine independent stations.  This arrangement was chosen to enable 
parallel testing at: 

• four (4) temperatures, with, 
• three (3) stresses per temperature, and, 
• three (3) replicates per stress. 

The UTV test rig continuously datalogs time, temperature, and pressure for each station.  Pressurization 
of the test vessels is achieved by gas cylinders as the source pressure and electronic pressure controllers 
using pressure feedback from the test vessel.  Test profiles can be configured as any arbitrary sequence of 
pressure ramps, holds, and pressure decay periods. Temperature cycling is also possible. 

 
Figure 131. UTV test rig 

 

Hydrostatic testing was performed on injection-molded Universal Test Vessels (UTVs) made from the 
same materials as the pipes tested in this project.  The UTV geometry was designed in conjunction with 
the test fixture such that the test fixture provides the gas sealing, thereby eliminating the need for a 
separate cap (see Figure 132).  The fixture is also designed such that tightening of the UTV will not 
torque the sample and only apply an axial load. 

 

Chambers 
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Figure 132. CAD model cross-section of a UTV in a fixture 

 

There are two configurations of UTV (see Figure 133): 

1. Standard – simulates nominal pipe stresses. 
2. Notched – simulates high stress concentrations. 

The standard UTV is typically used to get ductile rupture failure modes, and the notched UTV is used to 
induce slow crack growth (SCG) failures.  The UTV test rig was designed such that the UTVs could be 
filled with a liquid, such as an HHC cocktail (see Figure 134). 

Hydrostatic testing was conducted at different temperatures and pressures in order to develop lifetime 
prediction models for HHC saturated materials.  Tests were performed on both empty and HHC filled 
samples.  Test pressures were chosen based on RPM models for each material class (MDPE, HDPE, and 
bimodal MDPE).   

 

Gas seal formed by 
compression of the UTV 
by a ribbed stainless-steel 

cone (ribs not shown) 

Pin prevents rotation 
of the cone, thereby 
preventing torqueing 

of the UTV 
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Figure 133. CAD model cross-sections of UTV configurations, notched (left) and standard (right) 

 

 
Figure 134. UTV filled with HHC cocktail (center), empty UTV (right) 
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Results 

A total of 128 UTVs have been put on test and 55 ruptures have been observed.  Some UTVs were 
removed from test after exceeding their anticipated failure times despite not having failed.  This was done 
in order to accommodate other planned testing within the project’s time constraints. 

Figure 135 shows the ductile creep ruptures of UTVs that were filled with HHC.  The chart shows the 
actual stress and failure time, as well as the failure results shifted to 23°C, where each material was 
shifted using its respective activation energies as found in the DTMA testing.  As can be seen in the 
figure, the shifted results are falling within the TR-418 (MDPE) reference 23°C RPM curves.  

To get reference data for UTVs that are not filled with HHC, a test was configured with standard-
configuration UTVs and methane as the pressurizing gas.  Figure 136 shows the results of this test thus 
far. The test is ongoing as of the submittal of this report, therefore, the times shown do not represent 
actual times to failure.  These interim results can be taken to indicate that the material has “at least” the 
lifetime shown in Figure 136. 

Figure 137 is provided for comparison of the 23°C shifted data from the standard-configuration UTVs 
that were filled with HHC and those tested with methane, as shown in Figure 135 and Figure 136, 
respectively.  The comparison shows that non-HHC filled samples have a longer lifetime than the HHC 
filled samples, as expected. 

Figure 138 shows the failure times of HHC filled notched UTV samples.  Most of the notched samples 
did not rupture and were taken off test to accommodate other planned testing.  The times accumulated by 
the UTVs that did not rupture are shown in the figure in terms of those times shifted to 23°C.  As can be 
seen in the chart, the bimodal MDPE samples fall above the mean of the TR-418 reference curves, while 
the unimodal MDPE samples are roughly straddling the LPL line.  It must be noted that had testing 
continued, the results of the stopped test would shift to the right, although it is uncertain how much they 
would shift. 

Looking at the notched UTVs that did fail, the bimodal MDPE samples fell on the mean of the TR-418 
reference curves, and the MDPE samples fell above and below the TR-418 LPL line.  It must be noted 
here that the MDPE result that fell below the TR-418 LPL line is likely an outlier, given that the result 
that fell above the TR-418 LPL line matches the trend suggested by the MDPE samples that were stopped 
before rupture. 
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Figure 135. RPM and bi-directional shift analysis of HHC-saturated, standard UTVs 
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Figure 136. RPM and bi-directional shift analysis of standard UTVs pressurized with methane 
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Figure 137. RPM and bi-directional shift analysis of HHC-saturated UTVs and UTVs pressurized with methane 

HHC filled 

Non-HHC filled 



 

 DTPH5614H00001 Effects of Hydrocarbon Permeation on Plastic Pipe Strength and Fusion Performance   

Page 164 of 304 

 

 
Figure 138. RPM and bi-directional shift analysis of HHC-saturated, notched UTVs

Likely 
outlier 
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UTV samples filled with HHC were all observed to have significant distention early in their testing (see 
Figure 139).  The large deformations and more spherical shape while under pressure reflect the softening 
caused by HHC permeation.  The distention stabilized later in the test and samples lasted for hundreds of 
hours.  The early deformation and later stabilization agrees with the findings of the tensile testing – that 
material softening decreased with strain. 

 

 
Figure 139. Large distention of an HHC-filled UTV under test 

 
  



 

 DTPH5614H00001 Effects of Hydrocarbon Permeation on Plastic Pipe Strength and Fusion Performance   

Page 166 of 304 

 

Figure 140 shows post-test samples prior to removal.  As can be seen in the figure, sample rupture is 
evident by the HHC liquid in the liquid capture cups. 

 

 
Figure 140. Post-test UTV samples, before removal 

 
  

HHC captured in cups 
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Failure Examination of Standard UTV 

Figure 141 through Figure 143 show a visual examination of a ductile failure of a standard UTV that was 
filled with HHC.  The rupture’s topography is as expected of a ductile rupture.  There is a marked amount 
of plastic deformation around the rupture. The other standard UTV samples that have failed exhibited the 
same type of ductile failure. 
 

 
Figure 141. Example of ductile failure of a standard UTV, external view 
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Figure 142. Example of ductile failure of a standard UTV, external detail view 

 
Figure 143. Example of ductile failure of a standard UTV, internal view 
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Failure Examination of Notched UTV 

Figure 144 through Figure 146 show a visual examination of a failure of a notched UTV that was filled 
with HHC.  The rupture topography appear similar to SCG, however, SEM examination has shown the 
failure mode to be rapid ductile fracture.  The other notched UTV samples that have failed exhibited the 
same type of failure.  Figure 147 shows a notched UTV sample that was sectioned at the rupture location.  
This sample was examined by SEM the results of which are shown in Figure 148 through Figure 150.   
 

 
Figure 144. Example of ductile failure of a notched UTV, external view 
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Figure 145. Example of ductile failure of a notched UTV, internal view 

 
Figure 146. Example of ductile failure of a notched UTV, internal detail view 
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Figure 147. Example of ductile failure of a notched UTV, sectioned sample 
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Figure 148. SEM image of rapid ductile fracture surface at initiation line 

 
Figure 149. SEM image of rapid ductile fracture surface 
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Figure 150. SEM image of rapid ductile fracture surface 

 
Ongoing testing of non HHC-filled UTV samples indicates that those samples have better lifetime 
performance than the HHC-filled samples.  Nevertheless, it is promising that the HHC-filled samples fell 
within the TR-418 (MDPE) reference RPM curves. This suggests that while HHC permeation presents an 
elevated risk of premature failure, it is not a catastrophic accelerator of failure. 

 
  

Direction of 
Crack 

Propagation 



 

 DTPH5614H00001 Effects of Hydrocarbon Permeation on Plastic Pipe Strength and Fusion Performance   

Page 174 of 304 

 

Permeation Testing 

Testing was performed to determine the rate and depth that heavy hydrocarbons can permeate into the PE 
matrix, and also desorb under ambient conditions.  Three test temperatures were used: 23°C, 60°C, and 
80°C.  A heavy hydrocarbon cocktail (HHC) was formulated based on the database of actual condensates 
investigated by GTI over the past few years and consultation with subject matter experts, including the 
technical advisory panel.  A gas chromatography headspace (GC-HS) method was developed to quantify 
the amount found in the PE test coupons over specified exposure intervals at specified temperatures. 

Rationale for the Hydrocarbon Cocktail 

GTI has a small database of analyzed hydrocarbon pipeline condensate analyses.  This data was mined to 
determine a “typical” hydrocarbon condensate composition.  A graphical representation is shown in 
Figure 151.  Table 14 shows these results in a different format, based on weight percentages.  A darker 
cell indicates a higher percentage of that specific carbon number.  Juxtaposed to the table are carbon 
breakdowns of comparator hydrocarbon mixtures: kerosene, gasoline, and naphtha, to enable comparison 
of common hydrocarbon liquids relative to the condensate samples.  As the data shows, the carbon 
number of the hydrocarbon constituents in the GTI condensate samples peaks around decane (C10), but 
the condensates can contain some lighter and heavier hydrocarbons.  The gasoline and naphtha ranges 
center around octane (C8) and the kerosene centers around decane (C10) to dodecane (C12).  

  

 
Figure 151.  Carbon Number Distribution of Selected Pipeline Condensates 
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Table 14.  Comparison of Solvents to the Carbon Number Distribution of Selected Pipeline 
Condensates 

 
 

The combined data was used to generate the hydrocarbon cocktail mixture composition as indicated in 
Table 15.  The first column lists the ideal composition.  However, after consideration of the availability 
of the odd carbon number hydrocarbons (heptane, nonane, undecane, etc.), it was decided to utilize only 
the even number hydrocarbons in this project.  This limitation would have no impact on the outcome of 
the project as the approximate distribution is the same.  Also included in the mixture is IRM-901, a 
reference immersion oil that is used in testing polymers for the auto industry.  This allowed a closer 
approximation to industrial solvent compositions.    

The hydrocarbon distribution of the HHC mixture is centered around decane.  The hydrocarbon mixture is 
a blend of approximately 4% aromatics, 2% cycloalkanes, 92% paraffins, and 3% naphthenics.  The 
aromatic level was kept lower for safety concerns due to volatility from the elevated temperature testing. 
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Table 15.  Proposed and Final Hydrocarbon Cocktail Composition 
  weight % 

Carbon # Compound Original Final 

Mixed IRM 901 10.0 10.0 

7 toluene 2.0 2.0 

8 xylenes 1.5 1.5 

5 cyclopentane 1.0 1.0 

6 cyclohexane 0.5 0.5 

6 hexane 3 3 

7 heptane 5 5 

8 octane 10 16 

9 nonane 12 --- 

10 decane 14 26 

11 undecane 12 --- 

12 dodecane 11 21 

13 tridecane 8 --- 

14 tetradecane 6 12 

15 pentadecane 3 --- 

16 hexadecane 1 2 

 

Exposing Sample Coupons to the Heavy Hydrocarbon Mixture 

Compression disk coupons (≈ 6.4 mm in diameter and ≈4.1mm in thickness, see Figure 152) were 
prepared from each of the material lots.  Each disk used in subsequent testing was dimensioned for 
thickness and diameter (Mitutoyo CD-4 model 500-170 micrometer) and weighed on a Sartorius model 
CP225D balance. 

 
Figure 152.  Compression Disk Coupon Dimensions 

 

Since it was not possible to adequately score or mark the disks to distinguish materials and lots without 
having an impact on the data, cages, shown in Figure 153, were built.  Their purpose was to separate and 
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identify the types of materials while they were being exposed to the heavy hydrocarbon cocktail.  Once 
filled with coupons, a cage was placed into one of the three saturation vessels, shown in Figure 154.  
Each vessel was filled with the HHC and put into an environmental chamber (23°C) or an oven (60°C or 
80°C) to begin the saturation experiments.  Each saturation vessel was pressure tested prior to use to 
verify that the HHC mixture would not leak or evaporate during heating. 

 

 
Figure 153.  Cages for Saturation Coupons 

 

 
Figure 154.  Saturation Vessel for GC-HS Testing  

 

The coupons for permeation testing were removed from each saturation vessel at specified intervals and 
microtomed into four 500 µm slices.  The following designations, shown in Figure 155, were given to the 
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microtome slices: Slice A (0-500µm), Slice B (500-1000µm), Slice C (1000-1500µm) and Slice D (1500-
2000µm).  Analysis of the microtomed slices enabled the determination of the depth of penetration along 
with how much the disk was saturated with HHC.  It was deemed not necessary to microtome slices 
completely through the wall thickness because the coupons were exposed to the HHC on both surfaces. 

 
Figure 155.  Designations for Microtomed Coupons 

 

All coupons were dimensioned and weighed prior to immersion in the test fluid.  The following test setup 
protocol was followed for the absorption testing.   

1. Remove test coupon from hydrocarbon cocktail. 

2. Blot test coupon dry with laboratory wiping cloth. 

3. Weigh the coupon. 

4. Measure the coupon dimensions (width, length and thickness). 

5. Microtome four slices from the outer wall to the midwall.   

6. Immediately seal each slice in a separate headspace vial using a Teflon lined high temperature 
silicon cap. 

For the desorption testing, the procedure was modified as follows. 

1. Remove test coupon from hydrocarbon cocktail. 

2. Blot test coupon dry with laboratory wiping cloth. 

3. Weigh the coupon. 

4. Measure the coupon dimensions (width, length and thickness). 

5. Allow test coupon to desorb for the prescribed time. 

6. Weigh the coupon again. 

7. Measure the coupon dimensions again (width, length and thickness). 

8. Microtome four slices from the outer wall to the midwall. 

9. Immediately seal each slice in a separate headspace vial using a Teflon lined high temperature 
silicon cap. 

Data was graphed as concentration of hydrocarbon versus time, dimensional change versus time, and 
weight change versus time.  The graphs also contain a curve fit using either an exponential regression 
function: y = a*(b-exp(-c*x)), or a power fit: y = mx^b.  However, while an increase in dimension was 
noted over time, the absolute changes were smaller than seen in the weight and GC-HS changes and as a 
result the dimensional changes were noted but not discussed thoroughly.   

The hydrocarbon GC-HS data is presented as an aggregate hydrocarbon total.  For the weight per micron 
calculations of the individual slices, the data was corrected for the volume of the headspace vial. 

4.1 mm 
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Quantifying the Heavy Hydrocarbons Permeated into the Plastic Matrix 

Headspace gas chromatography was selected as the technique to determine the amount of HHC permeated 
into the plastic matrix.  In this technique, a sample is sealed in a closed container and heated to evolve the 
hydrocarbons present.  The air volume in the container is pressurized to a known pressure and sampled 
through a heated transfer line to a GC. 

Sample analysis was done on an Agilent Technologies 6890N Network Gas Chromatograph System with 
a Tekmar Dohrmann Headspace Autosampler 7000HT attachment.  The GC method was set up with 
manual front injection using the EPC split-splitless inlet in split mode (11:1) and UHP helium as a carrier 
gas.  The inlet was set to 250°C at 18 psi with a total flow of 55.6 mL/min.  A DB-1 capillary column (30 
m x 320 µm x 5.00 µm) set to a constant pressure of 18 psi separated the hydrocarbon components after 
injection.  The GC oven ramped from 35°C to 275°C during the 90 minute run time (5⁰C per minute 
with an initial 5 minute hold and a final 20 minute hold).  Hydrocarbons were detected using a Flame 
Ionization detector (FID) set to 300°C with a 30 mL/min hydrogen gas and 300 mL/min air flow.  The 
headspace autosampler platen was set to 140°C with a 1 mL injection.  Both the sample loop and the 
sampling line were set to 250°C.   

A calibration mixture was prepared from the components used in the HHC by weight.  Equal volumes 
(500 μL) of all components were used except m-xylene and p-xylene where 250 μL was weighed.  
Standard volumes (0.5 μL, 1.0 μL, 2.0 μL, 3.0 μL, 5.0 μL, 10.0 μL, 15.0 μL) of this mixture were added 
to the headspace vials and analyzed.  Acceptance criteria for the calibration curve was 100 ± 20%.  
Blanks were run from both empty vials to verify minimal bleed and unexposed slices of PE. 

Samples were collected in a lab into 22 mL clear glass vials (Tekmar 14-4440-324) with silicone crimp 
caps (Fisher 13-622-130).  Figure 156 shows two vials after analysis containing the melted polymer. 

 

 
Figure 156.  Headspace Vials after GC-HS Analysis 

 

It was first necessary to determine the proper headspace autosampler platen temperature through a series 
of experiments using the HHC mixture to see which condition gave the greatest response.  Figure 157 
shows the responses of three different hydrocarbons at four different temperatures.  The data clearly show 
that 140°C (blue) gives the best response.  It is theorized that the higher temperatures were causing the 
headspace vial septum to leak and thus reducing the overall response. 
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Figure 157.  Comparison of Different HS-GC-FID Responses 

 

MDPE Saturation and Desaturation Testing 

Saturation tests on MDPE were performed at three test temperatures: 23°C, 60°C, and 80°C.   

 

MDPE Saturation Testing at 23°C 
Figure 158 and Figure 159 show the GC-HS and physical change data for the MDPE saturation test at 
23°C.  As expected, the trend of increasing concentration of HHC (and mass and dimensional increase) 
found over time is noted.  The 500 micron samples (blue) contain more HHC than the other depth slices.  
The graphs also contain a curve fit using an exponential regression function: y = a*(b-exp(-c*x)).  Two 
data points were treated as outliers on the GC-HS plot. 

Time to saturation (Table 16) was calculated from the curve fits using the time required to reach 95% of 
the final curve fit calculated concentration (95% convergence).  This data was used to calculate an 
average hourly rate of absorption into the disk wall of 0.6 hours per micron (36 minutes per micron). 

The outer surfaces GC-HS data show faster time to 95% convergence than the full weight change data, 
with the outermost surface reaching saturation the earliest.  The hours per micron rate was similar.  On a 
weight per micron basis, the outermost slice equilibrated at a similar rate to the total mass rate when 
looking at the individual slice data.  The inner depth slices had a lower rate of equilibration by weight per 
micron.    
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Figure 158.  GC Headspace Saturation Graph of MDPE at 23°C 

 

 
Figure 159.  Physical Changes Saturation Graph of MDPE at 23°C 
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Table 16.  Saturation Times (at 95% Convergence), MDPE at 23°C 

 Approximate Time to 
95% Convergence, Hours 

Absorption Rate, 
Hours per Micron 

Absorption Rate, 
μg per Micron 

500 microns 250 0.5 1.5 

1000 microns 575 0.6 0.6 

1500 microns 900 0.6 0.4 

2000 microns 1100 0.6 0.4 

Average absorption (4) --- 0.6 ---- 

Mass 700 ---- 1.7 

Thickness 1025 ---- ---- 

 

MDPE Saturation Testing at 60°C 

Figure 160 and Figure 161 show the GC-HS and physical change data for the MDPE saturation test at 
60°C.  As expected, the same trend of increasing concentration of HHC (and mass and dimensional 
increase) found over time is found.  The 500 micron samples (blue) contain more HHC than the other 
depth slices.  The graphs also contain a curve fit using an exponential regression function: y = a*(b-exp(-
c*x)).  Three data points were treated as outliers on the GC-HS plot. 

Time to saturation (Table 17) was calculated from the curve fits using the time required to reach 95% of 
the final curve fit calculated concentration (95% convergence).  This data was used to calculate an 
average rate of absorption into the disk wall of 0.03 hours per micron (2 minutes per micron).  The fact 
that similar times to 95% convergence are seen at 1500 and 2000 microns, plus the higher GC-HS 
concentration in the 2000 micron slice, suggest that the amount of HHC present in the innermost slice is 
due to permeation from both sides of the specimen disk. 

Again, the outer layers GC-HS data show faster time to 95% convergence than the full weight change 
data, with the outermost surface reaching saturation the earliest.  The hours per micron rate slightly 
decreased.  On a weight per micron basis, all depths equilibrated at a slower rate to the total mass rate, 
with the outermost slice (500 micron) being the fastest.  The inner depth slices had a lower rate of 
equilibration by weight per micron.   
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Figure 160.  GC Headspace Saturation Graph of MDPE at 60°C 

 
Figure 161.  Physical Changes Saturation Graph of MDPE at 60°C 
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Table 17.  Saturation Time (95% Convergence), MDPE at 60°C 

Depth, microns Approximate Time to 
95% Convergence, Hours 

Absorption Rate, 
Hours per Micron 

Absorption Rate, 
μg per Micron 

500 20 0.04 1.6 

1000 29 0.03 0.7 

1500 37 0.02 0.5 

2000 37 0.02 0.4 

Average absorption (3) --- 0.03 ---- 

Mass 40 ---- 2.4 

Thickness 33 ---- ---- 

 

MDPE Saturation Testing at 80°C 
Figure 162 and Figure 163 show the GC-HS and physical change data for the MDPE saturation test at 
80°C.  As expected, the same trend of increasing concentration of HHC (and mass and dimensional 
increase) found over time is found.  The 500 micron samples (blue) contain more HHC than the other 
depth slices.  The graphs also contain a curve fit using an exponential regression function: y = a*(b-exp(-
c*x)).  Three data points were treated as outliers on the GC-HS plot. 

Time to saturation (Table 18) was calculated from the curve fits using the time required to reach 95% of 
the final curve fit calculated concentration (95% convergence).  This data was used to calculate an 
average rate of absorption into the disk wall of 0.06 hours per micron (3 minutes per micron).  The fact 
that similar times to 95% convergence are seen at 1500 and 2000 microns, plus the higher GC-HS 
concentration in the 2000 micron slice, suggest that the amount of HHC present in the innermost slice is 
due to permeation from both sides of the specimen disk. 

The outermost layer GC-HS data shows faster time to 95% convergence than the full weight change data.  
The hours per micron rate stayed similar.  On a weight per micron basis, all inner slices equilibrated at a 
slower rate to the total mass rate, with the outermost slice (500 micron) being the most similar.  The inner 
depth slices had a lower rate of equilibration by weight per micron. 

Table 18.  Saturation Time (95% Convergence), MDPE at 80°C 

Depth, microns Approximate Time to 
95% Convergence, Hours 

Absorption Rate, 
Hours per Micron 

Absorption Rate, 
μg per Micron 

500 22 0.04 2.5 

1000 70 0.07 1.2 

1500 98 0.07 0.9 

2000 101 0.05 0.7 

Average absorption ---  ---- 

Mass 56 ---- 2.5 

Thickness 70 ---- ---- 
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Figure 162.  GC Headspace Saturation Graph of MDPE at 80°C 

 
Figure 163.  Physical Changes Saturation Graph of MDPE at 80°C 
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On average the time per micron to 95% convergence is one order of magnitude slower at 23°C than at 
either 60°C or 80°C (Table 19). 

 

Table 19.  Comparison of Rates to 95% Convergence 

Depth, 
microns 

Approximate Rate, hours per 
micron, to 95% Convergence 

23°C 60°C 80°C 

500 0.5 0.04 0.04 

1000 0.6 0.03 0.07 

1500 0.6 0.02 0.07 

2000 0.6 0.02 0.05 

 

MDPE Desaturation Testing 
Desaturation testing was performed on samples saturated at both 80°C for 2300 hours and then 6 months 
at ambient conditions.  Both datasets were combined.   

Figure 164 and Figure 165 show the GC-HS and physical change data for the MDPE desaturation test at 
23°C.  As expected, the trend of decreasing concentration of HHC (and mass and dimensional decrease) 
found over time is noted.  The deeper 2000 and 1500 micron samples contain more HHC than the outer 
layers.  Since the layers are microtomed after ambient exposure and just before analysis, this is the 
expected trend.  The graphs also contain a curve fit using a simple power function: y = mx^b.  

Time to desaturation (Table 20) was calculated from the curve fits using the time required to reach 95% 
of the final curve fit calculated concentration (95% convergence).  The time to 95% convergence for the 
desorption of HHC from MDPE is similar for the various layers measured by GC-HS and for the mass 
loss.  The desorption rates calculated by hour per micron and weight per micron decrease as you move 
further into the pipe wall. 

At 100 hours there remains approximately 33% of the HHC in the outer layer.  At 300 hours this has 
reduced to 12%.  The implications for on failure analyses are significant.  Samples must be preserved and 
analyzed as soon as possible.  Isolating a failure specimen, wrapping it with a non-absorptive material 
such as Tedlar® polyvinyl fluoride film (PVF), and keeping the failure specimen cold are recommended 
practices when HHC absorption is suspected.  If Tedlar is not available, wrapping the sample in 
aluminum foil followed by an overwrap using a household plastic wrap (e.g. Saran™ wrap) would 
achieve the same protective purpose.  It is still imperative to keep the sample cold to prevent desorption. 
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Figure 164.  GC Headspace Desaturation Graph of MDPE 

 
Figure 165.  Physical Changes Desaturation Graph of MDPE 
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Table 20.  Desaturation Time (95% Convergence) of MDPE at 23°C 

Depth, microns Approximate Time to 
95% Convergence, Hours 

Desorption Rate, 
Hours per Micron 

Desorption Rate, 
μg per Micron 

500 405 0.4 0.8 

1000 405 0.2 0.4 

1500 395 0.2 0.3 

2000 375 0.1 0.2 

Mass 350 ---- 0.8 

Thickness 345 ---- ---- 

 

Bimodal MDPE Saturation Testing 

Saturation tests on bimodal MDPE were performed at three test temperatures: 23°C, 60°C, and 80°C.  No 
physical (mass or dimensional) data were obtained, only GC-HS data. 

 

biMDPE Saturation Testing at 23°C 

Figure 166 shows the GC-HS data for the biMDPE saturation test at 23°C.  As expected, the trend of 
increasing concentration of HHC found over time is noted.  The 500 micron samples (blue) contain more 
HHC than the other depth slices.  The graphs also contain a curve fit using an exponential regression 
function: y = a*(b-exp(-c*x)).  Two data points were treated as outliers on the GC-HS plot. 

Time to saturation (Table 21) was calculated from the curve fits using the time required to reach 95% of 
the final curve fit calculated concentration (95% convergence).  This data was used to calculate the hourly 
rate of absorption into the disk wall for each depth and the absorption rate in μg HHC per micron.  Unlike 
the unimodal MDPE, the hours per micron rate for the biMDPE decreased as the depth increased.  As 
with the unimodal MDPE, the absorption rate on a weight basis decreased across the pipe wall. 

 

Table 21.  Saturation Times (at 95% Convergence), biMDPE at 23°C 

 Approximate Time to 
95% Convergence, Hours 

Absorption Rate, 
Hours per Micron 

Absorption Rate, 
μg per Micron 

500 microns 477 1.6 1.0 

1000 microns 549 0.7 0.5 

1500 microns 657 0.5 0.4 

2000 microns 693 0.4 0.3 
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Figure 166.  GC Headspace Saturation Graph of biMDPE at 23°C 

 

biMDPE Saturation Testing at 60°C 
Figure 167 shows the GC-HS data for the biMDPE saturation test at 60°C.  The first data points at 167 
hours are near complete saturation.  Unfortunately, no early time data points were measured.  The graphs 
also contain a curve fit using an exponential regression function: y = a*(b-exp(-c*x)).  (One data point 
was treated as an outlier.)  The lack of early data points render this fit and its associated parameters of 
limited use and are reported as estimates only in Table 22.  Probably as a result, the time to 95% 
convergence decreased instead of increasing.  Also contributing could be that since the 2000 micron slice 
has more HHC than both the 1500 and 1000 micron depths, the amount of HHC present in the innermost 
slice could be due to permeation from both sides of the specimen disk.  Both the hours per micron rate 
and weight per micron rate decreased as the depth changed from outer to inner. 

 

Table 22.  Estimated Saturation Times (at 95% Convergence), biMDPE at 60°C 

 Approximate Time to 
95% Convergence, Hours 

Absorption Rate, 
Hours per Micron 

Absorption Rate, 
μg per Micron 

500 microns 261 2.4 0.5 

1000 microns 189 1.0 0.2 

1500 microns 180 0.7 0.1 

2000 microns 108 0.5 0.1 
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Figure 167.  Estimated GC Headspace Saturation Graph of biMDPE at 60°C 

 

biMDPE Saturation Testing at 80°C 
Figure 168 shows the GC-HS data for the biMDPE saturation test at 80°C.  As with the 60°C data, the 
first data points at 168 hours are near complete saturation.  Again unfortunately, no early time data points 
were measured.  The graphs also contain a curve fit using an exponential regression function: y = a*(b-
exp(-c*x)).  (One data point was treated as an outlier.)  The lack of early data points render this fit and its 
associated parameters of limited use and are reported as estimates only in Table 23.  The data for 1500 
and 2000 microns is highly questionable.  Probably as a result of the lack of early data points, the time to 
95% convergence decreased instead of increasing.  Both the hours per micron rate and weight per micron 
rate decreased as the depth changed from outer to inner. 

 

Table 23.  Estimated Saturation Times (at 95% Convergence), biMDPE at 80°C 

 Approximate Time to 
95% Convergence, Hours 

Absorption Rate, 
Hours per Micron 

Absorption Rate, 
μg per Micron 

500 microns 333 2.7 0.7 

1000 microns 234 1.1 0.2 

1500 microns 19 0.8 0.01 

2000 microns 19 0.6 0.01 
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Figure 168.  Estimated GC Headspace Saturation Graph of biMDPE at 80°C 

 

biMDPE Desaturation Testing 
Desaturation testing was performed on samples saturated at 80°C for 2300 hours.   

Figure 169 shows the GC-HS data for the biMDPE desaturation test at 23°C.  As expected, the trend of 
decreasing concentration of HHC found over time is noted.  The deeper samples contain more HHC than 
the outer layers.  Since the layers are microtomed after ambient exposure and just before analysis, this is 
the expected trend.  The graphs also contain a curve fit using a simple power function: y = mx^b.  

Time to saturation (Table 24)  was calculated from the curve fits using the time required to reach 95% of 
the final curve fit calculated concentration (95% convergence).  The time to 95% convergence for the 
desorption of HHC from biMDPE is similar for the three outermost layers as measured by GC-HS.  The 
innermost 2000 micron layer has a lower time to 95% convergence.  The desorption rates calculated by 
hour per micron and weight per micron decrease as you move further into the pipe wall. 

At 100 hours there remains approximately 57% of the HHC in the outer layer.  At 300 hours this has 
reduced to 43%.  At 1000 hours this is reduced to 21%.  This rate of loss of the HHC is much less than 
unimodal MDPE.  However, the same preservation techniques previously recommended are still 
recommended for biMDPE. 
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Table 24.  Desaturation Time (95% Convergence) of biMDPE at 23°C 

Depth, microns Approximate Time to 
95% Convergence, Hours 

Desorption Rate, 
Hours per Micron 

Desorption Rate, 
μg per Micron 

500 2025 0.4 4.1 

1000 1925 0.2 1.9 

1500 1850 0.2 1.2 

2000 770 0.2 0.4 

 

 
Figure 169.  GC Headspace Desaturation Graph of biMDPE 

 

Bimodal HDPE Saturation Testing 

Saturation tests on bimodal HDPE were performed at three test temperatures: 23°C, 60°C, and 80°C.  No 
physical (mass or dimensional) data were obtained, only GC-HS data. 

biHDPE Saturation Testing at 23°C 
Figure 170 shows the GC-HS data for the biHDPE saturation test at 23°C.  As expected, the trend of 
increasing concentration of HHC found over time is noted.  The 500 micron samples (blue) contain more 
HHC than the other depth slices.  The graphs also contain a curve fit using an exponential regression 
function: y = a*(b-exp(-c*x)).  Three data points were treated as outliers on the GC-HS plot. 

Time to saturation (Table 25) was calculated from the curve fits using the time required to reach 95% of 
the final curve fit calculated concentration (95% convergence).  This data was used to calculate the hourly 
rate of absorption into the disk wall for each depth and the absorption rate in μg HHC per micron.  Unlike 
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the unimodal MDPE, but similar to the biMDPE, the hours per micron rate for the biMDPE decreased as 
the depth increased.  As with the unimodal MDPE and biMDPE, the absorption rate on a weight basis 
decreased across the pipe wall. 

 

 
Figure 170.  GC Headspace Saturation Graph of biHDPE at 23°C 

 

 
Table 25.  Saturation Times (at 95% Convergence), biHDPE at 23°C 

 Approximate Time to 
95% Convergence, Hours 

Absorption Rate, 
Hours per Micron 

Absorption Rate, 
μg per Micron 

500 microns 567 1.5 1.1 

1000 microns 666 0.6 0.7 

1500 microns 729 0.4 0.5 

2000 microns 711 0.3 0.4 
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biHDPE Saturation Testing at 60°C 
Figure 171 shows the GC-HS data for the biHDPE saturation test at 60°C.  The first data points at 216 
hours are near complete saturation.  Unfortunately, no early time data points were measured.  The graphs 
also contain a curve fit using an exponential regression function: y = a*(b-exp(-c*x)).  (One data point 
was treated as an outlier.)  The lack of early data points render this fit and its associated parameters of 
limited use and are reported as estimates only in Table 26.  Probably as a result of the lack of early data 
points, the time to 95% convergence decreased at the innermost depth instead of increasing.  Also 
contributing could be that since the 2000 micron slice has more HHC than both the 1500 and 1000 micron 
depths, the amount of HHC present in the innermost slice could be due to permeation from both sides of 
the specimen disk.  Both the hours per micron rate and weight per micron rate decreased as the depth 
changed from outer to inner. 

 

 
Figure 171.  Estimated GC Headspace Saturation Graph of biHDPE at 60°C 

 

Table 26.  Estimated Saturation Times (at 95% Convergence), biHDPE at 60°C 

 Approximate Time to 
95% Convergence, Hours 

Absorption Rate, 
Hours per Micron 

Absorption Rate, 
μg per Micron 

500 microns 171 2.1 0.3 

1000 microns 360 0.9 0.4 

1500 microns 459 0.6 0.3 

2000 microns 234 0.5 0.1 
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biHDPE Saturation Testing at 80°C 
Figure 172 shows the GC-HS data for the biMDPE saturation test at 80°C.  As with the 60°C data, the 
first data points at 216 hours are near complete saturation.  Again unfortunately, no early time data points 
were measured.  The graphs also contain a curve fit using an exponential regression function: y = a*(b-
exp(-c*x)).  (One data point was treated as an outlier.)  The lack of early data points render this fit and its 
associated parameters of limited use and are reported as estimates only in Table 27.  Probably as a result 
of the lack of early data points, the time to 95% convergence decreased instead of increasing.  Both the 
hours per micron rate and weight per micron rate decreased as the depth changed from outer to inner. 

 

 
Figure 172.  Estimated GC Headspace Saturation Graph of biHDPE at 80°C 
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Table 27.  Estimated Saturation Times (at 95% Convergence), biHDPE at 80°C 

 Approximate Time to 
95% Convergence, Hours 

Absorption Rate, 
Hours per Micron 

Absorption Rate, 
μg per Micron 

500 microns 378 2.3 0.8 

1000 microns 324 1.0 0.3 

1500 microns 270 0.7 0.2 

2000 microns 342 0.6 0.2 

 

biHDPE Desaturation Testing 

Desaturation testing was performed on samples saturated at 80°C for 2300 hours.   

Table 28 shows the GC-HS data for the biHDPE desaturation test at 23°C.  As expected, the trend of 
decreasing concentration of HHC found over time is noted.  Most of the deeper samples contain more 
HHC than the outer layers.  The exception was the 2000 micron specimens.  They were difficult to 
properly microtome for this set of samples and as a result the early desorption times are missing.  Since 
the layers are microtomed after ambient exposure and just before analysis, the drop in HHC is the 
expected trend.  The graph also contains a curve fit using a simple power function: y = mx^b.  

Time to saturation (Table 27) was calculated from the curve fits using the time required to reach 95% of 
the final curve fit calculated concentration (95% convergence).  The time to 95% convergence for the 
desorption of HHC from biHDPE is approximately similar for the various layers measured by GC-HS.  
The desorption rates calculated by hour per micron and weight per micron decrease as you move further 
into the pipe wall. 

At 100 hours there remains approximately 57% of the HHC in the outer layer.  At 300 hours this has 
reduced to 43%.  At 1000 hours this is reduced to 21%.  This rate of loss of the HHC is much less than 
unimodal MDPE but similar to bimodal MDPE.  The same preservation techniques previously 
recommended are still recommended for biHDPE. 
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Figure 173.  GC Headspace Desaturation Graph of biHDPE 

 

Table 28.  Desaturation Time (95% Convergence) of biHDPE at 23°C 

Depth, microns Approximate Time to 
95% Convergence, Hours 

Desorption Rate, 
Hours per Micron 

Desorption Rate, 
μg per Micron 

500 2025 0.4 4.1 

1000 1925 0.2 1.9 

1500 1850 0.2 1.2 

2000 2025 0.1 0.6 
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Permeation Conclusions 

Absorption 
The initial absorption of the HHC mixture as measured by GC-HS on the unimodal MDPE comes to 95% 
convergence quicker than the time it takes to full material saturation as measured by the weight gain. 

Higher temperatures have higher rates of absorption as measured by both weight gain and GC-HS. 

The absorption rates calculated by weight HHC per micron decrease as you move further into the pipe 
wall.  In cases where adequate data is available, the time to 95% convergence increases. 

The absorption rates calculated by hour per micron are similar for the unimodal MDPE.  For the bimodal 
polymers at 23°C, the 500 micron slice rate is larger than the other deeper depths.  A stronger conclusion 
cannot be made for the bimodal polymers at higher temperatures due to the lack of early data. 

Interference in the GC-HS data is found in specimens from the higher temperatures due to permeation 
from both sides of the specimen disk. 

Desorption 

The time to 95% convergence for the desorption of HHC from unimodal MDPE is similar for the various 
layers measured by GC-HS and for the mass loss.  In general the same is true for the bimodal polymers.  
However, the times to 95% convergence of the bimodal polymers are significantly larger (> 5x) than for 
the unimodal MDPE. 

The desorption rates calculated by hour per micron and weight per micron decrease as you move further 
into the pipe wall. 

At 100 hours there remains approximately 33% of the HHC in the outer layer of the unimodal MDPE 
specimens.  At 300 hours this has reduced to 12%.   

At 100 hours there remains approximately 57% of the HHC in the outer layer of the bimodal polymer 
specimens.  At 300 hours this has reduced to 43%.  At 1000 hours this is reduced to 21%.  This rate of 
loss of the HHC is much less than unimodal MDPE. 

The implications for on failure analyses are significant.  Samples must be preserved and analyzed as soon 
as possible.  Isolating a failure specimen, wrapping it with a non-absorptive material such as Tedlar® 
polyvinyl fluoride film (PVF), and keeping the failure specimen cold are recommended practices when 
HHC absorption is suspected.  If Tedlar is not available, wrapping the sample in aluminum foil followed 
by an overwrap using a household plastic wrap (e.g. Saran™ wrap) would achieve the same protective 
purpose.  It is still imperative to keep the sample cold to prevent desorption. 
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Project Conclusions 

In the course of this project several test methods have been explored and developed to quantify the effect 
of heavy hydrocarbon permeation on polyethylene pipe and the butt-fusion process: 

1. Tensile testing to break with measurement of strain via video extensometer was conducted at 
multiple temperatures to fully characterize the true stress/true strain curves of the different 
polyethylene materials. 

a. The true stress strain curves at all temperatures clearly show the softening effect of the 
hydrocarbon permeation at low strains. 

b. The permeated materials are up to 55% weaker at low strains relative to non-permeated 
material. 

c. At strains below 30% the softening effect of the HHC permeation is equivalent to an 
approximately 20°C (36°F) temperature increase in non-saturated material i.e. at 73°F the 
saturated material behaves like non-saturated material at 109°F. 

d. The true stress and true strain at break are fairly constant for each material group with up 
to 20% reduction in strength at break. 

e. The implications of these two findings are as follows: 
i. Caution should be exercised in applications where the creep resistance of the 

polyethylene material is essential to the operation of the system. An example of 
an application where care should be exercised is mechanical fittings where the 
resistance to mechanical pullout could be impaired due to the softer material.  
This may warrant further investigation given that some utilities specifically use 
mechanical fittings where hydrocarbon permeation is detected (see Appendix 
H). 

ii. The long term hydrostatic strength of the pipes may need to be reduced by 20% 
to account for the break strength reduction. 

2. Dynamic Thermo-Mechanical Analysis was shown to be effective as a tool for determining the 
horizontal and vertical activation energies needed to calculate the appropriate bi-directional shift 
factors for both saturated and non-saturated material. 

a. Master curves for the saturated and non-saturated materials confirm that the effect of 
HHC saturation is equivalent to a 20°C (36°F) temperature increase in the non-saturated 
material. 

b. The shift factors developed were used to generate master curves for the hydrostatic test 
results of the saturated and non-saturated materials. 

c. The activation energies are sensitive to the HHC permeation.  
d. The method could potentially be extended to intermediate levels of permeation and after 

calibration be used to measure the level of permeation in pipe. 
3. High Speed Low Temperature Tensile testing was used to measure the strength of joints made on 

permeated pipe. 
a. The method was shown to produce similar distributions of risk scores to both bendback 

testing and long term creep testing. 
b. The advantage of the method is its speed and the quantitative nature of the test. 

4. Long Term Creep Testing at multiple temperatures was used to develop a method for estimating 
the life expectancy of fused joints. 

a. The method was shown to be sensitive to joint quality. 
b. A method was developed to map long term hydrostatic testing of reference fusions to the 

creep test results. 
c. Further work is needed to apply the rate process method to the creep results due to the 

high degree of randomness in fusion quality that was uncovered. 
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d. Some ideas to explain the randomness of the joint quality have been put forward in the 
body of the report. 

e. Further research is needed to explore this phenomenon and to address the implications of 
this result. 

5. A method was developed to conduct long term hydrostatic testing on injection molded universal 
test vessels designed by GTI for this purpose. 

a. The method allows the materials to be evaluated in different fluid media. 
b. The method is based on the rate process method. 
c. The results show that the permeated test vessels are failing within the prediction limits of 

reference material models for the same class of materials. 
d. Test vessels tested in methane are failing above the prediction limits for the reference 

materials. 
e. This result could support the need for a 20% reduction in the long term hydrostatic 

strength of the permeated material. 
f. Before this can be determined the two results need to be explained in the context of the 

prediction limits of models developed in pipe with water as the internal and external 
media. 

g. Further research is needed, but the method is promising. 
h. A potentially important result was obtained on test vessels with a molded in stress riser 

designed to explore slow crack growth failures - slow crack growth did not occur, but 
smooth fracture surfaces more like rapid ductile tearing or fracture were observed. This 
phenomenon needs to be further investigated as it could be highlighting a potential early 
failure mechanism for pipes and fittings exposed to heavy hydrocarbon permeation. 

6. Over two hundred fusions were performed on saturated and non-saturated pipe to: 
a. Generate a good set of reference data for non-saturated fusions, and 
b. Explore the effects of permeation on joint quality. 
c. HHC permeation was shown to significantly increase the likelihood of extremely high 

risk and high risk fusions. 
d. It was also shown that many of the permeated fusion joint qualities were comparable to 

non-saturated fusion joint qualities. 
e. It was shown that there are potential operating envelopes to mitigate the effects of HHC 

permeation. 
f. It was shown that these potential operating windows are material and ambient 

temperature dependent and hence could be difficult for operators to implement 
consistently. 

7. Saturation and desaturation curves at multiple temperatures were developed for all three materials 
evaluated in this project. 

a. These curves will be useful for estimating the level of saturation and rate of saturation for 
known levels of HHC in the system, 

b. They are useful in providing operators with guidelines on how to sample pipelines and 
prepare the specimens for shipment prior to evaluation in a laboratory. 

c. They will be useful in developing more sophisticated interpretations of test results from 
specimens that were permeated, but will be desaturating during the test. 
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Impact from the Research Results 

The insights developed from this body of work were not available to regulators and operators prior to this 
work, which has provided a solid data set with well-defined confidence bounds.  

The methods and results described above are well suited for incorporating into risk models that will be 
useful in enterprise decision support systems that are risk informed. The probabilistic and statistical 
models developed in this project already have good confidence levels and can be improved with each new 
set of data developed in research projects and gathered from the field by Bayesian updating. 

The design of experiment approach has provided a good working model that can be used to navigate the 
design space and provide insights to guide follow-on research projects and the development of new 
operating procedures designed to mitigate the effects of heavy hydrocarbon permeation in polyethylene 
gas distribution systems. 

The results of this project, and other related projects, will be discussed at a workshop attended by 
operators, regulators and industry representatives at GTI that is planned for mid-March 2016. A steering 
committee will be established to propose. 

Funding has already been procured to pursue NDE technology development stemming from some of the 
findings in this project.  
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List of Acronyms 

Acronym Description 

ASTM American Society for Testing and Materials 

BDSF Bi-Directional Shift Factors 

bmHDPE Bimodal High Density Polyethylene 

bmMDPE Bimodal Medium Density Polyethylene 

CAD Computer Aided Design 

CFR Code of Federal Regulations 

CPLM Cross Polarized Light Microscopy 

DoE Design of Experiment 

DTMA Dynamic Thermomechanical Analysis 

FET Fusion Evaluation Test 

FTIR Fourier-Transform Infrared 

GTI Gas Technology Institute 

HAE Horizontal Activation Energy 

HDPE High Density Polyethylene 

HHC Heavy Hydrocarbon 

HSLT High-Speed Low-Temperature 

IPS Iron Pipe Size 

ISO International Standards Organization 

LCL Lower Confidence Level 

LDC Local Distribution Company 

LPL Lower Prediction Limit 

LTHS Long-Term Hydrostatic 

MDPE Medium Density Polyethylene 

MFR Melt Flow Rate 

NDE Non-destructive Evaluation 

PE Polyethylene 

PPI Plastics Pipe Institute 

R&D Research and Development 

RCP Rapid Crack Propagation 
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RPM Rate-process method 

SCG Slow Crack Growth 

SEM Scanning Electron Microscope 

SDR Standard Dimension Ratio 

TTS Time Temperature Superposition 

UCL Upper Confidence Level 

UPL Upper Prediction Limit 

UTV Universal Test Vessel 

VAE Vertical Activation Energy 
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Butt-Fusion Evaluation Appendix A – Butt-Fusion Parameters 

4″ MDPE Pipe 

 
 

 

 

 

  

Factor 1 Factor 2 Factor 3 Response 1
Run Fusion A:Ambient Temperature B:Heater Plate Temperature C:Interfacial Pressure Soak Time Evidence of 
No. No. (°F) (°F) (psi) (sec) Oxidation?

1 M43-18 32 475 60 26 No

2 M42-7 32 475 60 26 No

3 M43-14 32 475 90 26 No

4 M41-23-24 32 475 90 26 No

5 M41-23 32 500 130 26 No

6 M41-7 32 500 130 26 No

7 M42-18 32 525 60 26 No

8 M41-16 32 525 60 26 No

9 M41-18 32 525 90 26 No

10 M41-17 32 525 90 26 No

11 M42-8 75 475 130 20 No

12 M42-9 75 475 130 20 No

13 M42-11 75 500 60 20 No

14 M41-13 75 500 60 20 No

15 M42-14 75 500 130 20 No

16 M42-19 75 500 130 20 No

17 M42-12 75 500 90 20 No

18 M42-16 75 500 90 20 No

19 M42-10 75 525 130 20 No

20 M42-15 75 525 130 20 No

21 M41-12 120 475 60 20 No

22 M42-17 120 475 60 20 No

23 M42-11 120 475 90 20 No

24 M41-22 120 475 90 20 No

25 M41-22 120 500 130 20 No

26 M42-13 120 500 130 20 No

27 M41-20 120 525 60 20 No

28 M41-21 120 525 60 20 No

29 M41-14 120 525 90 20 No

30 M41-19 120 525 90 20 No
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8″ MDPE Pipe 

 
 

 

  

Factor 1 Factor 2 Factor 3 Response 1
Run Fusion A:Ambient Temperature B:Heater Plate Temperature C:Interfacial Pressure Soak Time Evidence of
No. No. (°F) (°F) (psi) (sec) Oxidation?

1 M83-22 32 475 60 58 No

2 M83-18B 32 475 60 58 No

3 M83-19 32 475 90 58 No

4 M83-19B 32 475 90 58 No

5 M83-4A 32 500 103 55 No

6 M82-12-21 32 500 103 55 No

7 M83-18A 32 525 60 55 No

8 M81-5A 32 525 60 55 No

9 M83-23 32 525 90 55 No

10 M83-22A 32 525 90 55 No

11 M83-8 75 475 103 50 No

12 M83-10 75 475 103 50 No

13 M83-12 75 500 60 50 No

14 M83-14 75 500 60 50 No

15 M84-6 75 500 103 50 No

16 M84-8 75 500 103 50 No

17 M84-10 75 500 90 50 No

18 M83-16 75 500 90 50 No

19 M83-6 75 525 103 50 No

20 M83-21A 75 525 103 50 No

21 M82-13-14 120 475 60 50 No

22 M82-15-16 120 475 60 50 No

23 M82-17-18 120 475 90 50 No

24 M82-19-20 120 475 90 50 No

25 M84-15-16 120 500 103 50 No

26 M84-13-14 120 500 103 50 No

27 M84-11-12 120 525 60 50 No

28 M83-21B 120 525 60 50 No

29 M83-20A 120 525 90 50 No

30 M83-20B 120 525 90 50 No
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2″ MDPE Pipe 

 
 

3″ MDPE Pipe 

 
 

  

Factor 1 Factor 2 Factor 3 Response 1
Run Fusion A:Ambient Temperature B:Heater Plate Temperature C:Interfacial Pressure Soak Time Evidence of
No. No. (°F) (°F) (psi) (sec) Oxidation?

1 M22-21 32 475 60 15 No
2 M22-15 32 475 90 15 No
3 M22-14 32 500 75 15 No
4 M22-17 32 525 60 15 No
5 M22-13 32 525 90 15 No
6 M22-10 75 475 75 15 No
7 M22-7 75 500 60 15 No
8 M22-11 75 500 75 15 No
9 M22-9 75 500 90 15 No
10 M22-8 75 525 75 15 No
11 M22-19 120 475 60 15 No
12 M22-16 120 475 90 15 No
13 M22-20 120 500 75 15 No
14 M22-18 120 525 60 15 No
15 M22-12 120 525 90 15 No

Factor 1 Factor 2 Factor 3 Response 1
Run Fusion A:Ambient Temperature B:Heater Plate Temperature C:Interfacial Pressure Soak Time Evidence of
No. No. (°F) (°F) (psi) (sec) Oxidation?

1 M31-10 32 475 60 22 No
2 M31-24 32 475 90 22 No
3 M31-21 32 500 75 22 No
4 M31-23 32 525 60 22 No
5 M31-19 32 525 90 22 No
6 M31-22 75 475 75 20 No
7 M32-1 75 500 60 20 No
8 M31-18 75 500 75 20 No
9 M32-2 75 500 90 20 No
10 M31-6B 75 525 75 20 No
11 M31-6AB 120 475 60 20 No
12 M31-2AB 120 475 90 20 No
13 M31-6A 120 500 75 20 No
14 M31-2A 120 525 60 20 No
15 M31-2B 120 525 90 20 No



 

 DTPH5614H00001 Effects of Hydrocarbon Permeation on Plastic Pipe Strength and Fusion Performance   

Page 207 of 304 

 

6″ MDPE Pipe 

 
 

 

Factor 1 Factor 2 Factor 3 Response 1

Run Fusion A:Ambient Temperature B:Heater Plate Temperature C:Interfacial Pressure Soak Time Evidence of

No. No. (°F) (°F) (psi) (sec) Oxidation?

1 M62-3B 32 475 60 48 No

2 M61-9-13 32 475 90 48 No

3 M62-3 32 500 100 48 No

4 M61-5B 32 525 60 48 No

5 M62-13 32 525 90 48 No

6 M62-7 75 475 100 40 No

7 M62-10 75 500 60 40 No

8 M62-9 75 500 100 40 No

9 M62-8 75 500 90 40 No

10 M62-6 75 525 100 40 No

11 M61-9 120 475 60 40 No

12 M61-13 120 475 90 40 No

13 M61-5A 120 500 100 40 No

14 M62-11 120 525 60 40 No

15 M62-12 120 525 90 40 No
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Butt-Fusion Evaluation Appendix B – Hydrostatic Pressure Test Results 

The test environment inside/outside the specimen: Water/Water 
 
Fused Specimens 
 
Temperature of Test: 73°F ± 3.6°F (23°C ± 2°C); Time-to-Failure/Stress Data: 

Legend: ODAvg = Average Outside Diameter; tMin = Minimum Wall Thickness 

GTI 

Specimen 
ID 

Test 
Pressure 

(psig) 

ODAvg 

(inch) 
tMin 

(inch) 
Start 

YY.MM.DD 
End 

YY.MM.DD 

Hoop 
Stress 
(psi) 

Total Hours Failure Mode 

M43-9 254 4.501 0.348 14.05.16 14.09.03 1516 2642.6 Ductile pipe wall failure 

M41-1 254 4.502 0.346 14.05.16 14.08.26 1525 2434.7 Ductile pipe wall failure 

M43-17 254 4.502 0.350 14.05.16 14.07.19 1507 1526.6 Ductile pipe wall failure 

M31-15 298 3.501 0.315 14.05.16 14.06.22 1507 893.2 Ductile pipe wall failure 

M31-8 298 3.500 0.314 14.05.16 14.06.21 1512 863.9 Ductile pipe wall failure 

M31-11 298 3.500 0.313 14.05.16 14.06.14 1517 704.5 Ductile pipe wall failure 

M21-2 308 2.377 0.228 14.08.08 14.08.30 1452 529.3 Ductile pipe wall failure 

M22-5 308 2.375 0.228 14.08.08 14.08.29 1450 492.6 Ductile pipe wall failure 

M21-6 308 2.373 0.228 14.08.08 14.08.28 1449 484.4 Ductile pipe wall failure 

M21-4 320 2.376 0.229 14.05.02 14.05.20 1500 431.1 Ductile failure at fusion 

M21-7 320 2.377 0.228 14.04.18 14.05.04 1508 378.2 Ductile failure at fusion 

M21-13 320 2.376 0.229 14.09.15 14.09.29 1500 344.8 Ductile failure at fusion 

M22-3 320 2.377 0.227 14.05.02 14.05.16 1515 342.4 Ductile failure at fusion 

M21-9 320 2.379 0.229 14.09.15 14.09.29 1502 329.8 Ductile pipe wall failure 
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Temperature of Test: 140°F ± 3.6°F (60°C ± 2°C); Time-to-Failure/Stress Data: 
GTI 

Specimen 
ID 

Test 
Pressure 

(psig) 

ODAvg 

(inch) 
tMin 

(inch) 
Start 

YY.MM.DD 
End 

YY.MM.DD 

Hoop 
Stress 
(psi) 

Total Hours Failure Mode 

M41-3 164 4.502 0.345 14.09.03 15.03.07 988 4440.9 Controller malfunction* 

M41-2 164 4.501 0.345 14.09.03 15.03.07 988 4440.2 Controller malfunction* 

M41-6 164 4.502 0.345 14.09.03 15.03.07 988 4440.1 Controller malfunction* 

M43-2 169 4.502 0.350 14.09.18 15.03.07 1002 4082.4 Controller malfunction* 

M83-3 169 8.629 0.660 14.09.25 15.03.07 1020 3917.3 Controller malfunction* 

M82-6 169 8.628 0.659 14.09.25 15.03.07 1022 3915.7 Controller malfunction* 

M81-8 172 8.629 0.660 14.09.23 15.01.03 1038 2454.0 Ductile failure at fusion 

M81-3 172 8.630 0.655 14.09.23 14.11.12 1047 1199.9 Ductile failure at fusion 

M42-1 169 4.502 0.350 14.09.18 14.10.29 1002 981.6 Ductile failure at fusion 

M42-3 169 4.502 0.353 14.09.18 14.10.28 993 956.3 Ductile pipe wall failure 

M43-13 180 4.502 0.352 14.09.02 14.09.15 1061 311.2 Ductile failure at fusion 

M43-10 183 4.502 0.350 14.08.12 14.08.13 1085 18.8 Ductile failure at fusion 

M43-6 180 4.502 0.352 14.09.02 14.09.03 1061 8.6 Ductile pipe wall failure 

M43-16 180 4.503 0.350 14.09.02 14.09.02 1068 5.4 Ductile failure at fusion 

M31-14 217 3.501 0.314 14.08.12 14.08.12 1101 5.3 Ductile pipe wall failure 

M42-2 183 4.502 0.352 14.08.12 14.08.12 1079 5.0 Ductile failure at fusion 

M31-13 217 3.501 0.314 14.08.12 14.08.12 1101 4.7 Ductile pipe wall failure 

M43-4 183 4.502 0.352 14.08.12 14.08.12 1079 1.4 Ductile pipe wall failure 

M31-1 217 3.502 0.314 14.08.12 14.08.12 1102 1.2 Ductile pipe wall failure 



 

 DTPH5614H00001 Effects of Hydrocarbon Permeation on Plastic Pipe Strength and Fusion Performance   

Page 210 of 304 

 

Legend: ODAvg = Average Outside Diameter; tMin = Minimum Wall Thickness; * Specimen exposed to test condition outside the control range 

 

Temperature of Test: 176°F ± 3.6°F (80°C ± 2°C); Time-to-Failure/Stress Data: 

Legend: ODAvg = Average Outside Diameter; tMin = Minimum Wall Thickness 

 

GTI 

Specimen 
ID 

Test 
Pressure 

(psig) 

ODAvg 

(inch) 
tMin 

(inch) 
Start 

YY.MM.DD 
End 

YY.MM.DD 

Hoop 
Stress 
(psi) 

Total Hours Failure Mode 

M21-14 150 2.375 0.229 14.04.18 15.03.19 703 8043.2 Removed before failure 

M31-17 138 3.500 0.315 14.04.19 15.03.19 698 8021.7 Removed before failure 

M21-3 150 2.378 0.230 14.04.18 15.02.19 700 7122.8 Rapid ductile fracture at 
fusion 

M31-7 138 3.500 0.313 14.04.19 15.01.05 703 6270.8 Ductile failure at fusion 

M43-15 119 4.504 0.350 14.07.17 15.03.19 706 5884.3 Removed before failure 

M62-5 115 6.627 0.504 14.05.16 15.01.13 699 5808.0 Removed before failure 

M61-12 115 6.627 0.503 14.05.16 15.01.13 700 5808.0 Removed before failure 

M61-8 128 6.627 0.506 14.08.25 14.09.14 774 487.1 Ductile failure at fusion 

M61-6 128 6.628 0.504 14.08.26 14.09.04 778 220.4 Ductile pipe wall failure 

M62-4 128 6.626 0.504 14.08.27 14.08.30 777 77.8 Ductile failure at fusion 

M62-1 132 6.627 0.504 14.08.21 14.08.24 802 65.2 Ductile failure at fusion 

M62-6 132 6.627 0.504 14.08.21 14.08.23 802 49.0 Ductile failure at fusion 

M62-2 132 6.627 0.505 14.08.21 14.08.23 800 38.9 Ductile failure at fusion 

M42-4 138 4.501 0.352 14.04.18 14.04.18 813 2.2 Ductile failure 

M42-5 138 4.501 0.352 14.04.18 14.04.18 813 1.6 Ductile failure 



 

 DTPH5614H00001 Effects of Hydrocarbon Permeation on Plastic Pipe Strength and Fusion Performance   

Page 211 of 304 

 

Temperature of Test: 194°F ± 3.6°F (90°C ± 2°C); Time-to-Failure/Stress Data: 
GTI 

Specimen 
ID 

Test 
Pressure 

(psig) 

ODAvg 

(inch) 
tMin 

(inch) 
Start 

YY.MM.DD 
End 

YY.MM.DD 

Hoop 
Stress 
(psi) 

Total Hours Failure Mode 

M43-12 98 4.502 0.352 14.05.02 15.01.02 578 5887.3 Brittle slit failure in pipe 

M31-9 120 3.501 0.315 14.09.15 15.03.01 607 3997.8 Ductile pipe wall failure 

M21-5 123 2.378 0.229 14.10.23 15.03.25 577 3669.8 Removed before failure 

M22-2 123 2.377 0.228 14.10.23 15.03.25 580 3669.8 Removed before failure 

M21-12 123 2.376 0.228 14.10.23 15.03.25 579 3669.8 Removed before failure 

M81-9 96 8.628 0.661 14.06.27 14.09.07 579 1722.8 Rapid ductile fracture at 
fusion 

M81-1 96 8.630 0.657 14.06.27 14.09.02 583 1614.3 Rapid ductile fracture at 
fusion 

M41-10 98 4.502 0.350 14.05.02 14.06.29 581 1381.1 Ductile pipe wall failure 

M43-8 98 4.502 0.352 14.05.02 14.06.22 578 1218.7 Ductile pipe wall failure 

M31-5 120 3.501 0.314 14.09.15 14.09.30 609 349.3 Ductile pipe wall failure 

M83-2 106 8.629 0.659 14.08.26 14.09.08 641 316.1 Ductile failure at fusion 

M81-7 103 8.628 0.663 14.09.02 14.09.12 619 240.1 Ductile failure at fusion 

M82-5 103 8.629 0.656 14.09.02 14.09.12 626 231.8 Ductile failure at fusion 

M31-4 120 3.501 0.315 14.09.15 14.09.25 607 229.4 Ductile pipe wall failure 

M84-1 103 8.630 0.660 14.09.02 14.09.11 622 206.7 Ductile failure at fusion 

M82-4 109 8.628 0.656 14.08.22 14.08.26 662 188.0 Ductile failure at fusion 

M84-4 106 8.628 0.658 14.08.26 14.09.02 642 159.5 Ductile failure at fusion 

M42-6 101 4.502 0.352 14.09.02 14.09.08 595 149.1 Ductile pipe wall failure 
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Legend: ODAvg = Average Outside Diameter; tMin = Minimum Wall Thickness 

 
Control Specimens 
 
Temperature of Test: 73°F ± 3.6°F (23°C ± 2°C); Time-to-Failure/Stress Data: 

Legend: ODAvg = Average Outside Diameter; tMin = Minimum Wall Thickness 

 

M84-2 109 8.629 0.661 14.08.22 14.08.26 657 145.9 Ductile failure at fusion 

M82-3 109 8.627 0.658 14.08.22 14.08.26 660 100.6 Ductile failure at fusion 

M41-4 101 4.502 0.345 14.09.02 14.09.04 608 45.7 Ductile pipe wall failure 

M43-1 101 4.502 0.350 14.09.02 14.09.04 599 44.9 Ductile pipe wall failure 

GTI 

Specimen 
ID 

Test 
Pressure 

(psig) 

ODAvg 

(inch) 
tMin 

(inch) 
Start 

YY.MM.DD 
End 

YY.MM.DD 

Hoop 
Stress 
(psi) 

Total Hours Failure Mode 

M25-2 271 2.375 0.224 13.12.02 15.01.26 1301 10075.4 Removed before failure 

M25-3 260 2.376 0.224 13.12.02 15.01.26 1249 10075.4 Removed before failure 

M25-8 312 2.375 0.224 13.12.17 14.01.24 1498 915.6 Ductile failure 

M25-1 312 2.376 0.224 13.12.02 13.12.31 1499 703.9 Ductile failure 

M24-11 348 2.376 0.224 13.12.17 13.12.18 1672 21.7 Ductile failure 

M24-3 348 2.376 0.224 13.11.08 13.11.09 1672 20.6 Ductile failure 

M24-2 354 2.376 0.224 13.11.08 13.11.09 1700 16.5 Ductile failure 

M24-1 365 2.376 0.224 13.11.08 13.11.08 1753 7.9 Ductile failure 

M23-13 456 2.375 0.224 13.11.08 13.11.08 2189 0.4 Ductile failure 

M23-12 480 2.375 0.224 13.11.08 13.11.08 2305 0.2 Ductile failure 

M23-8 500 2.375 0.224 13.11.06 13.11.06 2401 0.05 Ductile failure 
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Temperature of Test: 176°F ± 3.6°F (80°C ± 2°C); Time-to-Failure/Stress Data: 

Legend: ODAvg = Average Outside Diameter; tMin = Minimum Wall Thickness 

 

 

  

GTI 

Specimen 
ID 

Test 
Pressure 

(psig) 

ODAvg 

(inch) 
tMin 

(inch) 
Start 

YY.MM.DD 
End 

YY.MM.DD 

Hoop 
Stress 
(psi) 

Total Hours Failure Mode 

M25-5 119 2.375 0.224 13.02.12 15.04.08 571 11805.2 Removed before failure 

M25-12 119 2.375 0.224 13.12.18 15.04.08 571 11422.7 Removed before failure 

M25-11 127 2.375 0.224 13.12.18 15.02.14 610 10146.6 Removed before failure 

M25-4 127 2.375 0.224 13.02.12 14.12.22 610 9228.2 Slit failure 

M25-7 152 2.375 0.224 13.12.18 13.12.23 730 123.4 Ductile failure 

M24-4 152 2.376 0.224 13.11.08 13.11.12 730 89.9 Ductile failure  

M23-9 162 2.375 0.224 13.11.06 13.11.06 778 4.8 Ductile failure 

M24-10 166 2.375 0.224 13.10.31 13.10.31 797 1.9 Ductile failure 

M24-7 222 2.376 0.224 13.10.30 13.10.30 1066 0.0 Ductile failure at startup 

M24-6 210 2.375 0.224 13.10.30 13.10.30 1008 0.0 Ductile failure at startup 
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Temperature of Test: 194°F ± 3.6°F (90°C ± 2°C); Time-to-Failure/Stress Data: 

Legend: ODAvg = Average Outside Diameter; tMin = Minimum Wall Thickness 

 

 

 

  

GTI 

Specimen 
ID 

Test 
Pressure 

(psig) 

ODAvg 

(inch) 
tMin 

(inch) 
Start 

YY.MM.DD 
End 

YY.MM.DD 

Hoop 
Stress 
(psi) 

Total Hours Failure Mode 

M24-12 115 2.375 0.224 13.12.02 15.01.17 552 9857.8 Removed before failure 

M24-13 104 2.375 0.224 13.12.02 15.01.17 499 9857.8 Removed before failure 

M25-9 115 2.375 0.224 13.12.18 15.01.13 552 9378.9 Slit failure 

M25-6 115 2.375 0.225 13.12.18 14.11.03 549 7680.3 Slit failure 

M25-10 122 2.375 0.224 13.12.18 14.01.03 586 384.5 Ductile failure 

M24-5 122 2.376 0.224 13.11.08 13.11.08 586 7.9 Ductile failure 

M23-10 132 2.375 0.224 13.11.06 13.11.06 634 5.2 Ductile failure 

M23-7 136 2.375 0.224 13.11.04 13.11.04 653 2.8 Ductile failure 

M24-8 177 2.376 0.224 13.10.30 13.10.30 850 0.0 Ductile failure at startup 

M24-9 170 2.375 0.224 13.10.30 13.10.30 816 0.0 Ductile failure at startup 
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Selected Photographs of Tested Specimens 
 

 
Figure 174. 2″ Pipe, Specimen M21-2 

 

 
Figure 175. 2″ Pipe, Specimen M21-4 

 

 
Figure 176. 2″ Pipe, Specimen M21-6 
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Figure 177. 3″ Pipe, Specimen M31-1 

 
Figure 178. 3″ Pipe, Specimen M31-4 

 

Figure 179. 3″ Pipe, Specimen M31-11 
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Figure 180. 3″ Pipe, Specimen M31-13 

 
Figure 181. 4″ Pipe, Specimen M41-1 

 

Figure 182. 4″ Pipe, Specimen M41-4 
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Figure 183. 4″ Pipe, Specimen M41-10 

 

Figure 184. 6″ Pipe, Specimen M62-1 
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Figure 185. 6″ Pipe, Specimen M62-2 

 
 

 

Figure 186. 8″ Pipe, Specimen M82-3 
 

 
Figure 187. 8″ Pipe, Specimen M84-1 

 

 
Figure 188. 8″ Pipe, Specimen M84-4 
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Butt-Fusion Evaluation Appendix C – Photographs of Selected Specimens Tested by 
Bend-Back 

 

  

  

 

 

Figure 189. Specimen M22-8 (2″ MDPE) 
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Figure 190. Specimen M31-19 (3″ MDPE) 
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Figure 191. Specimen M42-11 (4″ MDPE) 
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Figure 192. Specimen M61-9-13 (6″ MDPE) 
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Figure 193. Specimen M83-16-22 (8″ MDPE) 
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Butt-Fusion Evaluation Appendix D – Detailed Test Results of MFR and Density 

Melt Flow Rate 

1. Test Method: ASTM D1238-13 
2. Test Temperature: 190°C 
3. Test Load: 2.16 kg 
4. Test Procedure: A (190/2.16) 
5. Test Date: September 12, 2013 
6. Analyst: Natalya Bates 
7. Test Supervisor: Tony Kosari 
 

Property Pipe Size (inch) Run #1 Run #2 Average 

Melt Flow Rate 

(g/10 min.) 

2 0.165 0.174 0.17 ± 0.01 

3 0.180 0.179 0.18 ± 0.00 

4 0.153 0.181 0.17 ± 0.02 

6 0.154 0.167 0.16 ± 0.01 

8 0.226 0.233 0.23 ± 0.00 
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Density 

1. Test Method: UOP 851 Helium Density Measurement by Displacement Pycnometer 
2. Method of specimen preparation: Specimens were sliced from pipe samples 
3. Test Temperature: 26°C ± 0.4°C 
4. Test Date: June 28, 2013 
5. Analyst: Alan Janos 
6. Test Supervisor: Tony Kosari 
 

Property 
Pipe 
Size 

(inch) 
Run #1 Run #2 Run #3 Run #4 Run #5 Average 

Density 

(g/cm3) 

2 0.9378 0.9378 0.9378 0.9376 0.9378 0.9378 ± 0.0001 

3 0.9402 0.9404 0.9403 0.9403 0.9403 0.9403 ± 0.0001 

4 0.9396 0.9394 0.9395 0.9394 0.9393 0.9394 ± 0.0001 

6 0.9398 0.9399 0.9400 0.9400 0.9398 0.9399 ± 0.0001 

8 0.9408 0.9407 0.9406 0.9408 0.9407 0.9407 ± 0.0001 
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Butt-Fusion Evaluation Appendix E – FTIR Spectra of Fusion Joints 

 
Figure E1. FTIR Spectra Overlay, 131459-057 

 

 
Figure E2. FTIR Spectra Overlay, 131459-058 

  



 

 DTPH5614H00001 Effects of Hydrocarbon Permeation on Plastic Pipe Strength and Fusion Performance   

Page 228 of 304 

 

 
Figure E3. FTIR Spectra Overlay, 131459-059 

 

 
Figure E4. FTIR Spectra Overlay, 131459-060 
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Figure E5. FTIR Spectra Overlay, 131459-061 

 

 
Figure E6. FTIR Spectra Overlay, 131459-062 
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Figure E7. FTIR Spectra Overlay, 131459-063 

 

 
Figure E8. FTIR Spectra Overlay, 131459-064 
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Figure E9. FTIR Spectra Overlay, 131459-065 

 

 
Figure E10. FTIR Spectra Overlay, 131459-066 
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Figure E11. FTIR Spectra Overlay, 131459-067 

 

 
Figure E12. FTIR Spectra Overlay, 131459-068 
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Figure E13. FTIR Spectra Overlay, 131459-069 

 

 
Figure E14. FTIR Spectra Overlay, 131459-070 
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Figure E15. FTIR Spectra Overlay, 131713-001 

 

 
Figure E16. FTIR Spectra Overlay, 131713-002 
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Figure E17. FTIR Spectra Overlay, 131713-003 

 

 
Figure E18. FTIR Spectra Overlay, 131713-004 
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Figure E19. FTIR Spectra Overlay, 131713-005 

 

 
Figure E20. FTIR Spectra Overlay, 131713-006 
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Figure E21. FTIR Spectra Overlay, 131713-007 

 

 
Figure E22. FTIR Spectra Overlay, 131713-008 
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Figure E23. FTIR Spectra Overlay, 131713-009 

 

 
Figure E24. FTIR Spectra Overlay, 131713-010 
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Figure E25. FTIR Spectra Overlay, 131713-011 

 

 
Figure E26. FTIR Spectra Overlay, 131713-012 
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Figure E27. FTIR Spectra Overlay, 131713-013 

 

 
Figure E28. FTIR Spectra Overlay, 131713-014 
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Figure E29. FTIR Spectra Overlay, 131713-015 

 

 
Figure E30. FTIR Spectra Overlay, 131713-016 
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Figure E31. FTIR Spectra Overlay, 131713-017 

 

 
Figure E32. FTIR Spectra Overlay, 131713-018 
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Figure E33. FTIR Spectra Overlay, 131713-019 

 

 
Figure E34. FTIR Spectra Overlay, 131713-020 
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Figure E35. FTIR Spectra Overlay, 131713-021 

 

 
Figure E36. FTIR Spectra Overlay, 131713-022 
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Figure E37. FTIR Spectra Overlay, 131713-023 

 

 
Figure E38. FTIR Spectra Overlay, 131713-024 
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Figure E39. FTIR Spectra Overlay, 131713-025 

 

 
Figure E40. FTIR Spectra Overlay, 131713-026 
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Figure E41. FTIR Spectra Overlay, 131713-027 

 

 
Figure E42. FTIR Spectra Overlay, 131713-028 
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Figure E43. FTIR Spectra Overlay, 131713-029 

 

 
Figure E44. FTIR Spectra Overlay, 131713-030 
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Figure E45. FTIR Spectra Overlay, 131713-031 

 

 
Figure E46. FTIR Spectra Overlay, 131713-032 
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Figure E47. FTIR Spectra Overlay, 131713-033 

 

 
Figure E48. FTIR Spectra Overlay, 131713-034 
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Figure E49. FTIR Spectra Overlay, 131713-035 

 

 
Figure E50. FTIR Spectra Overlay, 131713-036 
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Figure E51. FTIR Spectra Overlay, 131713-037 

 

 
Figure E52. FTIR Spectra Overlay, 131713-038 
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Figure E53. FTIR Spectra Overlay, 131713-039 

 

 
Figure E54. FTIR Spectra Overlay, 131713-040 
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Figure E55. FTIR Spectra Overlay, 131713-041 

 

 
Figure E56. FTIR Spectra Overlay, 131713-042 
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Figure E57. FTIR Spectra Overlay, 131713-043 

 

 
Figure E58. FTIR Spectra Overlay, 131713-044 
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Figure E59. FTIR Spectra Overlay, 131713-045 

 

 
Figure E60. FTIR Spectra Overlay, 131713-046 
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Figure E61. FTIR Spectra Overlay, 131713-047 

 

 
Figure E62. FTIR Spectra Overlay, 131713-048 
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Figure E63. FTIR Spectra Overlay, 131713-049 

 

 
Figure E64. FTIR Spectra Overlay, 131713-050 
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Figure E65. FTIR Spectra Overlay, 131713-051 

 

 
Figure E66. FTIR Spectra Overlay, 131713-052 
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Figure E67. FTIR Spectra Overlay, 131713-053 

 

 
Figure E68. FTIR Spectra Overlay, 131713-054 
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Figure E69. FTIR Spectra Overlay, 131713-055 

 

 
Figure E70. FTIR Spectra Overlay, 131713-056 
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Figure E71. FTIR Spectra Overlay, 131713-057 

 

 
Figure E72. FTIR Spectra Overlay, 131713-058 

  



 

 DTPH5614H00001 Effects of Hydrocarbon Permeation on Plastic Pipe Strength and Fusion Performance   

Page 263 of 304 

 

 
Figure E73. FTIR Spectra Overlay, 131713-059 

 

 
Figure E74. FTIR Spectra Overlay, 131713-060 
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Figure E75. FTIR Spectra Overlay, 141231-001 

 

 
Figure E76. FTIR Spectra Overlay, 141231-002 
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Figure E77. FTIR Spectra Overlay, 141231-003 

 

 
Figure E78. FTIR Spectra Overlay, 141231-004 
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Figure E79. FTIR Spectra Overlay, 141231-005 

 

 
Figure E80. FTIR Spectra Overlay, 141231-006 
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Figure E81. FTIR Spectra Overlay, 141231-007 

 

 
Figure E82. FTIR Spectra Overlay, 141231-008 
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Figure E83. FTIR Spectra Overlay, 141231-009 

 

 
Figure E84. FTIR Spectra Overlay, 141231-010 
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Figure E85. FTIR Spectra Overlay, 141231-011 

 

 
Figure E86. FTIR Spectra Overlay, 141231-012 
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Figure E87. FTIR Spectra Overlay, 141231-013 

 

 
Figure E88. FTIR Spectra Overlay, 141231-014 
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Figure E89. FTIR Spectra Overlay, 141231-015 

 

 
Figure E90. FTIR Spectra Overlay, 141231-016 
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Figure E91. FTIR Spectra Overlay, 141231-017 

 

 
Figure E92. FTIR Spectra Overlay, 141231-018 
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Figure E93. FTIR Spectra Overlay, 141231-019 

 

 
Figure E94. FTIR Spectra Overlay, 141231-020 
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Figure E95. FTIR Spectra Overlay, 141231-021 

 

 
Figure E96. FTIR Spectra Overlay, 141231-022 
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Figure E97. FTIR Spectra Overlay, 141231-023 

 

 
Figure E98. FTIR Spectra Overlay, 141231-024 
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Figure E99. FTIR Spectra Overlay, 141231-025 

 

 
Figure E100. FTIR Spectra Overlay, 141231-026 
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Figure E101. FTIR Spectra Overlay, 141231-027 

 

 
Figure E102. FTIR Spectra Overlay, 141231-028 
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Figure E103. FTIR Spectra Overlay, 141231-029 

 

 
Figure E104. FTIR Spectra Overlay, 141231-030 
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Butt-Fusion Evaluation Appendix F – Detailed Test Results of Burst and Tensile Tests 

Quick Burst 

1. Test Description: Minimum Hydrostatic Burst Pressure (Quick Burst) 
2. Procedure: A 
3. Temperature of Test: 73°F ± 3.6°F (23°C ± 2°C) 
4. Conditioning time at the test temperature: A minimum of 1 hour 
5. Type of end caps: Free end caps 
6. The test environment inside/outside the specimen: Water/Water 
7. Dates of Test: April 13, 2015 

 
Time-to-Failure/Stress Data: 

GTI 
Specimen ID 

tMin 

(inch) 
ODAvg 

(inch) 

Time to  
Failure  
(second) 

Burst 
Pressure 

(psig) 

Burst 
Stress 
(psi) 

Failure  
Mode 

152201-002 0.225 2.376 69 658 3143 

Ductile pipe wall 
failure away from 

the fusion 

152201-003 0.224 2.376 65 600 2883 

152201-004 0.224 2.376 60 594 2852 

152201-005 0.225 2.376 61 605 2894 

152201-006 0.224 2.376 65 628 3015 

152201-007 0.224 2.376 63 611 2934 
Legend: tMin = Minimum Wall Thickness; ODAvg = Average Outside Diameter 

 

 
Figure F1. Specimen 152201-002 Post Burst Test 

 

 
Figure F2. Specimen 152201-003 Post Burst Test 
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Figure F3. Specimen 152201-004 Post Burst Test 

 

 
Figure F4. Specimen 152201-005 Post Burst Test 

 

 
Figure F5. Specimen 152201-006 Post Burst Test 

 

 
Figure F6. Specimen 152201-007 Post Burst Test 
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Tensile Properties 

 

Tensile tests were performed by a GTI approved and ISO 17025 subcontract laboratory. 

 

1. Test Date: March 26, 2015 
2. Sample Type: Type I tensile bar die cut from pipe 
3. Cross-Head Speed: 2 in/min 
4. Test Conditions: 23°C ± 2°C 
5. Extensometer: 160% based on 50 mm gage length.  Meets minimum requirements for Practice E83: 

Modulus (Class B-2)/Elongation (Class C) 
6. Conditioning: > 40 hours at 23°C ± 2°C and 50% ± 10% RH 
7. Test Conditions: 23°C ± 2°C and 50% ± 10% RH 
8. Significance: ASTM D638 specifies that strength and modulus be reported to three significant 

figures, elongation and standard deviation be reported to two significant figures. 
 

Test Number Tensile Load 
at Yield (lb) 

Elongation at 
Yield (%) 

Tensile Load 
at Break (lbf) 

Elongation at 
Break (%) 

Failure 
Location 

T1 285 12 215 250 Weld 

T2 283 14 212 210 Weld 

T3 285 13 192 230 Weld 

T4 281 13 199 280 Weld 

T5 290 13 --- > 440 --- 

T6 282 15 211 250 Weld 

Average 284 13 209 > 240  

Std. Dev. 3.2 1.0 9.8 -  
---: Elongation exceeded the limits of the test frame 
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Butt-Fusion Evaluation Appendix G – Fusion Bead Width Measurements 

 

 

Double Bead Width Measurement of Bend-back Specimens
3 o'clock 6 o'clock 9 o'clock 12 o'clock Average Bead

Run Fusion Ambient Temp. Width Width Width Width Width
No. No. (°F) (Inch) (Inch) (Inch) (Inch) (Inch)

1 M43-18 32 0.1940 0.2055 0.1995 0.1985 0.1994
2 M42-7 32 0.2065 0.2190 0.2100 0.2070 0.2106
3 M43-14 32 0.2065 0.2155 0.2145 0.2130 0.2124
4 M41-23-24 32 0.1980 0.2130 0.2075 0.2100 0.2071
5 M41-23 32 0.2195 0.2250 0.2240 0.2175 0.2215
6 M41-7 32 0.2130 0.2260 0.2215 0.2215 0.2205
7 M42-18 32 0.2100 0.2235 0.2230 0.2255 0.2205
8 M41-16 32 0.2140 0.2285 0.2255 0.2170 0.2213
9 M41-18 32 0.2120 0.2280 0.2305 0.2330 0.2259

10 M41-17 32 0.2290 0.2390 0.2285 0.2285 0.2313
21 M41-12 120 0.2520 0.2465 0.2395 0.2490 0.2468
22 M42-17 120 0.2405 0.2260 0.2245 0.2465 0.2344
23 M42-11 120 0.2370 0.2285 0.2280 0.2315 0.2313
24 M41-22 120 0.2510 0.2475 0.2420 0.2315 0.2430
25 M41-22 120 0.2515 0.2480 0.2465 0.2435 0.2474
26 M42-13 120 0.2575 0.2475 0.2500 0.2495 0.2511
27 M41-20 120 0.2680 0.2575 0.2505 0.2645 0.2601
28 M41-21 120 0.2935 0.2775 0.2775 0.2935 0.2855
29 M41-14 120 0.2590 0.2655 0.2575 0.2545 0.2591
30 M41-19 120 0.2690 0.2635 0.2655 0.2690 0.2668
1 M83-22 32 0.3490 0.3295 0.3165 0.3120 0.3268
2 M83-18B 32 0.3485 0.3515 0.3315 0.3155 0.3368
3 M83-19 32 0.3520 0.3425 0.3135 0.3355 0.3359
4 M83-19B 32 0.3575 0.3460 0.3150 0.3245 0.3358
5 M83-4A 32 0.3395 0.3500 0.3155 0.3245 0.3324
6 M82-12-21 32 0.3490 0.3540 0.3290 0.3245 0.3391
7 M83-18A 32 0.3620 0.3555 0.3225 0.3270 0.3418
8 M81-5A 32 0.3595 0.3610 0.3280 0.3215 0.3425
9 M83-23 32 0.3850 0.3770 0.3585 0.3575 0.3695

10 M83-22A 32 0.3835 0.3825 0.3400 0.3400 0.3615
21 M82-13-14 120 0.3925 0.3880 0.3435 0.3615 0.3714
22 M82-15-16 120 0.3530 0.3580 0.3660 0.3680 0.3613
23 M82-17-18 120 0.3930 0.3525 0.3645 0.4375 0.3869
24 M82-19-20 120 0.3740 0.3300 0.3030 0.3755 0.3456
25 M84-15-16 120 0.3640 0.3880 0.3845 0.3490 0.3714
26 M84-13-14 120 0.3810 0.3895 0.3425 0.3675 0.3701
27 M84-11-12 120 0.3985 0.3985 0.3705 0.3595 0.3818
28 M83-21B 120 0.3855 0.3895 0.3665 0.3575 0.3748
29 M83-20A 120 0.4045 0.4090 0.4000 0.3805 0.3985
30 M83-20B 120 0.4015 0.4060 0.3705 0.3810 0.3898
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3 o'clock 6 o'clock 9 o'clock 12 o'clock Average Bead
Run Fusion Ambient Temp. Width Width Width Width Width
No. No. (°F) (Inch) (Inch) (Inch) (Inch) (Inch)

1 M22-21 32 0.1515 0.1515 0.1505 0.1415 0.1488
2 M22-15 32 0.1515 0.1500 0.1540 0.1555 0.1528
3 M22-14 32 0.1755 0.1720 0.1580 0.1750 0.1701
4 M22-17 32 0.1550 0.1640 0.1490 0.1730 0.1603
5 M22-13 32 0.1715 0.1775 0.1660 0.1740 0.1723

11 M22-19 120 0.1870 0.1690 0.1665 0.1760 0.1746
12 M22-16 120 0.1690 0.1640 0.1765 0.1645 0.1685
13 M22-20 120 0.1650 0.1635 0.1705 0.1715 0.1676
14 M22-18 120 0.1855 0.1860 0.1730 0.1840 0.1821
15 M22-12 120 0.1880 0.1855 0.1775 0.1875 0.1846
1 M31-20 32 0.1815 0.1545 0.1530 0.1770 0.1665
2 M31-24 32 0.1855 0.1730 0.1735 0.1850 0.1793
3 M31-21 32 0.1955 0.1890 0.1750 0.2020 0.1904
4 M31-23 32 0.2050 0.1820 0.1800 0.2050 0.1930
5 M31-19 32 0.2000 0.2000 0.1965 0.1890 0.1964

11 M31-6AB 120 0.1935 0.1920 0.1845 0.1850 0.1888
12 M31-2AB 120 0.1895 0.1945 0.1850 0.1875 0.1891
13 M31-6A 120 0.1810 0.1935 0.1930 0.2100 0.1944
14 M31-2A 120 0.1970 0.2005 0.2050 0.2040 0.2016
15 M31-2B 120 0.2070 0.2020 0.2070 0.2130 0.2073
1 M62-3B 32 0.3005 0.2980 0.3165 0.2850 0.3000
2 M61-9-13 32 0.3100 0.3070 0.2805 0.2805 0.2945
3 M62-3 32 0.3040 0.3080 0.3150 0.2845 0.3029
4 M61-5B 32 0.3095 0.3075 0.3185 0.2860 0.3054
5 M62-13 32 0.3360 0.3080 0.3020 0.3435 0.3224

11 M61-9 120 0.3345 0.311 0.2905 0.3030 0.3098
12 M61-13 120 0.3360 0.2920 0.2990 0.3370 0.3160
13 M61-5A 120 0.3890 0.3440 0.3535 0.3725 0.3648
14 M62-11 120 0.3480 0.3475 0.3390 0.3430 0.3444
15 M62-12 120 0.3500 0.3455 0.3380 0.3450 0.3446
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Appendix H – Utility Practices for PE Fusions and Hydrocarbon Permeation 

The use of polyethylene (PE) piping systems for gas distribution has been a big success. PE pipe and 
fittings have become the first choice for distribution gas systems, solving the corrosion and reliability 
issues of steel and cast iron piping systems. 

PE has a well-documented inertness to both the external soil environment and to natural gas. Extensive 
testing and over 45 years of successful field experience confirm that the long-term strength of PE is 
mostly unaffected by natural gas and its common constituents. 

The attraction of PE pipe and fittings in the natural gas industry is primarily due to its corrosion resistance 
but also ease of handling and the potential use of trenchless technology for installing the flexible pipe, 
which can be delivered to site in long coils reducing the number of joints required. Another significant 
advantage of PE pipe and fittings is that the fusion welded joints provide a robust means of joining, 
avoiding the reliability issue of mechanical fittings with elastomeric seals. 

Heat fusion is the preferred method for joining PE pipe to pipe or pipe to fittings. When done properly, 
heat fusion creates a monolithic piping system. 

Quality fusion requires using all of the required tools and equipment, and following all of the steps in the 
procedure in the correct sequence. Faulty fusion is caused by improper or defective equipment, omitting 
steps or doing things out of sequence, and not having clean fusion surfaces.  

Typically, utilities face contaminated fusion surfaces due to dirt, oil, soapy water, or other contaminants 
that may be present during the fusion operation.  However, another form of contamination that can impact 
the quality of a fusion is liquid hydrocarbon that has permeated into the PE pipe wall.  This is a factor that 
utility crews installing and fusing PE pipe must be aware of.  Liquid hydrocarbon permeation may occur 
when:  

• Liquid hydrocarbons are present in the pipe; where soil surrounding the pipe is contaminated with 
liquid hydrocarbons; or 

• Where liquid hydrocarbon condensates can form in gas pipelines. 

Liquid hydrocarbon exposure may cause swelling of the pipe and this absorption may reduce the long-
term strength of the PE pipe materials. Some utilities do not allow PE pipe to be heat fused once it has 
been permeated with liquid hydrocarbons. This is because the hydrocarbons can leach out during the 
heating process and possibly contaminate the fusion joint.  

Natural gas utilities have been dealing with this issue for a number of years, but typically it is caused by 
soil surrounding the PE pipe that was contaminated by liquid hydrocarbons (could be caused by fuel spills 
and other industrial ground contamination).  However, more and more utilities are now finding PE pipe 
permeated with liquid hydrocarbon from “drop out” from the natural gas being transported inside of the 
pipe.  Years ago it was common practice in natural gas systems to try to remove as many of these liquids 
as possible before they entered the distribution piping system by way of "drips" or drip pots.  However, 
this practice is typically not performed due to issues handling and transporting the potentially hazardous 
liquids that are collected in these drip pots. 

 

As a result, utilities must take precautions to ensure that these unwanted liquids are not present in the 
distribution system prior to performing typical operations such as heat fusions on PE pipe and fittings.  
Many utilities have implemented practices and trained their employees to be aware of and identify signs 
of possible hydrocarbon contamination.  Utilities will typically look for signs of external forms of 
contamination by the discoloration of soil or a fuel odor in the soil.  In addition, they may also be trained 
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to look for discoloration of the surface of the PE pipe; as this may also be a sign of external hydrocarbon 
contamination.   

Once liquid hydrocarbon contamination is suspected, additional steps are typically taken by utility crews 
to determine if the PE pipe is permeated.  These additional steps may include placing the butt fusion 
and/or sidewall fusion equipment heater iron briefly on the surface of the pipe.  Once the heater iron is 
removed the operator is trained to validate the presence of hydrocarbon contamination by a bubbly, pot 
marked or sandpaper like surface on the PE pipe. When this condition is observed on the PE pipe then the 
utility may instruct their pipe installers to use mechanical type fittings instead of joining with heat.   

When the liquid hydrocarbon contamination is a result of “drop out” from the natural gas stream (internal 
contamination), utility crews cannot use the above described indicators to identify the possible 
contamination of the PE pipe.  In this case utility crews are typically trained to look for bubbly, pot 
marked, or sandpaper like surfaces on the PE pipe when the heater iron is removed.  As above, if this 
condition is observed on the surface of the PE pipe, then the utility may instruct their pipe installers to use 
mechanical type fittings instead of joining with heat. 

A select few natural gas distribution systems in the US have a more severe problem with “drop out” of 
liquid hydrocarbon.  In these select few distribution systems or areas the utility operator may declare 
systems as “permeated” and require only mechanical fittings to be used instead of heat fusion joining.  
Typically new PE pipe in these systems will be heat fused (butt or saddle) only if the PE pipe as not been 
in natural gas operation.  However, once the PE pipe in these declared permeated systems have natural 
gas flowing in it they cannot be heat fused. 

In summary, practices used by natural gas local distribution companies include: 

• Recognizing when the pipe has absorbed an unsuitable level of hydrocarbon contamination from 
whatever source, before joining PE pipe and fittings.  Possible identifiers include: 

o Discoloration of soil  
o Fuel odor in the soil 
o Discoloration on the surface of the PE pipe 

• If no "bubbling" on the PE pipe surface and/or weld bead, the operator may continue with using 
heat fusion practices. 

• If hydrocarbon permeation is confirmed then typically utilities require the use of mechanical 
fittings to join the pipe and fittings. 

• In the event that the extent of the contamination of liquid hydrocarbon is very likely in certain 
distribution systems utilities may elect to only allow mechanical joining of the in-service PE pipe.  

 

  



 

 DTPH5614H00001 Effects of Hydrocarbon Permeation on Plastic Pipe Strength and Fusion Performance   

Page 286 of 304 

 

Appendix I – How to build Data Distributions from Collected Data 

Background Information on Beta Distributions 

Kruschke (Kruschke, 2011) pages 77-85 provides a good explanation of how to use a "Bernoulli prior" 
together with the Beta distribution to arrive at a simple and elegant Bayesian updating scheme in sampled 
data with binomial outcomes, see Equation 7. 

 

𝒑(𝜽|𝒛,𝑵) = 𝒑(𝒛,𝑵|𝜽)𝒑(𝜽)
𝒑(𝒛,𝑵)

= 𝜽𝒛(𝟏−𝜽)𝑵−𝒛𝜽𝒂−𝟏(𝟏−𝜽)𝒃−𝟏

𝑩(𝒂,𝒃)𝒑(𝒛,𝑵)
= 𝜽𝒛+𝒂−𝟏(𝟏−𝜽)𝑵−𝒛+𝒃−𝟏

𝑩(𝒛+𝒂,𝑵−𝒛+𝒃)
  Equation 7 

 

In other words for a prior distribution given by Beta(θ|a,b) the posterior distribution becomes 
Beta(θ|z+a,N-z+b) where: 

 

z – number of samples with the desired outcome  

θ – The probability of the desired outcome 

N – total number of samples in the sample set -> N-z is the number of samples without the desired 
outcome (1-θ) 

a – Beta distribution parameter 

b – Beta distribution parameter 

 

Updating the expected proportion for a particular data category becomes a simple matter of counting how 
many samples, z out of a sample set, N fall in the data category (z/N is the actual proportion in the sample 
set) and using the distribution Beta(θ|z+a,N-z+b) to calculate confidence levels for the expected mean. 

The initial values for a and b reflect the strength of one's certainty in the prior distribution; higher values 
indicate a stronger belief in the prior and demand more data to shift the posterior distribution. The 
absolute values of symmetric a and b values impact the Beta distribution as shown in Figure 194 below. 
Values of a=b=1 reflect a univariate distribution with no prior assumptions about the distribution of the 
data – any value is equally likely, see Figure 195 to Figure 199. As the value of a and b increase the Beta 
distribution begins to reflect a Gaussian distribution with decreasing variance. A value of 0.1 for a and b 
is interesting in that it reflects equal likelihood of all results being clumped at either end of the 
distribution. 
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Figure 194. Beta(a,b) a=b=0.1 
 

 

• MLE – Most Likely Estimate 
• lcl – Lower confidence Limit 
• ucl – Upper Confidence Limit 
• Top plot – PDF – Probability Density Function 
• Center plot – CDF – Cumulative Density 

Function 
• Bottom plot – Histogram of bootstrap of 

10,000 samples from the PDF 
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Figure 195. Beta(a,b) a=b=1 
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Figure 196. Beta(a,b) a=b=2 
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Figure 197. Beta(a,b) a=b=3 
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Figure 198. Beta(a,b) a=b=4 
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Figure 199. Beta(a,b) a=b=5 
 

Equation 8 describes the posterior mean as a weighted average of the data and prior mean. This equation 
allows us to understand the impact of the values of a and b and of the population size on the relative 
importance of the prior vs. the data. 

 
𝒛+𝒂
𝑵+𝒂+𝒃

{𝑷𝑷𝑷𝒕𝒕𝒕𝑷𝑷𝒕}

= 𝒛
𝑵

{𝑫𝒂𝒕𝒂}

𝑵
𝑵+𝒂+𝒃

{𝑾𝒕𝑷𝒆𝑾𝒕}

+ 𝒂
𝒂+𝒃

{𝑷𝒕𝑷𝑷𝒕}

𝒂+𝒃
𝑵+𝒂+𝒃

{𝑾𝒕𝑷𝒆𝑾𝒕}

  Equation 8 
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Practical Application of the Beta Distribution in Data Collection 

A compelling reason to develop a Beta distribution around collected data is its shear simplicity, the 
elegance of the Bayesian updating scheme and the tremendous power of the distribution in quantifying 
the likelihood of the unexpected in addition to the pure proportions it is intended to provide. 

The Beta distribution is intimately related to the Binomial distribution that completely describes the 
likelihood of encountering a particular occurrence with known probability.  

 

The Binomial Distribution 

Figure 200 and Figure 201 show the Binomial distribution for the expected number of times that we 
would encounter and event in 5 and 50 samplings respectively, that has a probability of 0.3 of occurring. 
The event either occurs or does not occur (the condition either exists, or does not exist). Many common 
sampling scenarios can be represented as a Binomial event that either occurs or does not occur. When we 
sample a pipeline, for example, that has potentially ten different grades of steel used in its construction we 
define eleven buckets; one for each possible grade of steel and one for a steel that does not match any of 
the recognized grades (weakest link for example). Each time we sample the line we are looking at eleven 
different binomial choices and the result will simultaneously update eleven beta distributions – one for 
each bucket. A single sampling will provide a large amount of information due to the proper structuring 
of the sampling scheme. 

 
Figure 200. Binomial distribution for 5 samples with p(event) = 0.3 
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Figure 201. Binomial distribution for 50 samples with p(event) = 0.3 

 
Beta Distribution 
Let us now show how to use the Beta distribution in conjunction with Bayesian updating to sample a 
system with a p(event) = 0.3. Table 29 below contains fifty randomly generated T/F (True/False) values 
in the second column. These values were generated from a Binomial distribution as described in Figure 
201 above. Exactly 15 true values were generated (p = 15/50 = 0.3). The sequence of occurrence of 
random variables is not uniform over a range of samples. In this particular simulation the first nine 
samplings are False. There are several instances of two consecutive True values being generated. This is 
typical behavior for random events. 

The probability of occurrence is not known a priori so we assign an ignorant prior to the Beta distribution 
that reflects a uniform distribution. This is achieved by setting a = b =1. The expected p(event) is 0.5 for 
the ignorant prior as shown in Figure 202 below. 
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Figure 202. Beta distribution for ignorant prior a = b = 1 (p(event) = 0.5 ) 

 

When the sampling begins, if a sample yields the expected result (the sample falls in a particular category 
that was pre-defined), then “a” in Beta(a,b) is incremented by one (column 3 in Table 29). If the sample 
does not yield the expected result then “b” in Beta(a,b) is incremented by one (column 4 in Table 29).  

 

It is important to note that in this method even a non-result (the expected result was not found) is turned 
into useful information. The Beta distribution is developed incrementally from each sample with new 
information becoming available to the analyst at each step. 

 

This method provides the following information from a and b: 

𝐸(𝜃) = 𝑎
𝑎+𝑏

  The expected value or mean of the distribution is the pure proportion of 
the event occurrence calculated from the data (column 6 in Table 29) 

𝑚𝑚𝑚𝑚(𝜃) =  𝑎−1
𝑎+𝑏−2

        The mode of the distribution is also the Most Likely Estimate (MLE) for 
the proportion based on the data (column 8 in Table 29) 

𝑛 = 𝑎 + 𝑏 – (aprior + bprior) The number of samples drawn – n = a+b-2 in this example (column 1 in 
Table 29) 
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The Lower Confidence Limit (LCL) and Upper Confidence Limit (UCL) of the estimate of the mean can 
be calculated directly from the cumulative density function (CDF) of the Beta distribution. The 95% 
confidence interval is used in these examples (columns 5 and 7 respectively in Table 29). 
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Table 29. Simulation of Random Sampling from Population N=1000, p(event)=0.3 

 

Sample # T/F a b lcl
Expected 

Value 
(mean)

ucl
MLE 

median
(ucl-lcl) / 

mean

1 0 1 2 0.013 0.333 0.842 0.000 2.488
2 0 1 3 0.008 0.250 0.708 0.000 2.797
3 0 1 4 0.006 0.200 0.602 0.000 2.980
4 0 1 5 0.005 0.167 0.522 0.000 3.101
5 0 1 6 0.004 0.143 0.459 0.000 3.185
6 0 1 7 0.004 0.125 0.410 0.000 3.248
7 0 1 8 0.003 0.111 0.369 0.000 3.296
8 0 1 9 0.003 0.100 0.336 0.000 3.335
9 1 2 9 0.025 0.182 0.445 0.111 2.309
10 0 2 10 0.023 0.167 0.413 0.100 2.340
11 0 2 11 0.021 0.154 0.385 0.091 2.366
12 1 3 11 0.050 0.214 0.454 0.167 1.886
13 1 4 11 0.084 0.267 0.508 0.231 1.590
14 0 4 12 0.078 0.250 0.481 0.214 1.612
15 0 4 13 0.073 0.235 0.456 0.200 1.631
16 0 4 14 0.068 0.222 0.434 0.188 1.648
17 0 4 15 0.064 0.211 0.414 0.176 1.663
18 1 5 15 0.091 0.250 0.456 0.222 1.457
19 1 6 15 0.119 0.286 0.491 0.263 1.302
20 0 6 16 0.113 0.273 0.472 0.250 1.316
21 0 6 17 0.107 0.261 0.454 0.238 1.328
22 0 6 18 0.102 0.250 0.437 0.227 1.339
23 1 7 18 0.126 0.280 0.467 0.261 1.218
24 0 7 19 0.121 0.269 0.451 0.250 1.228
25 1 8 19 0.143 0.296 0.478 0.280 1.129
26 0 8 20 0.138 0.286 0.463 0.269 1.139
27 1 9 20 0.159 0.310 0.487 0.296 1.057
28 1 10 20 0.179 0.333 0.508 0.321 0.987
29 0 10 21 0.173 0.323 0.494 0.310 0.995
30 0 10 22 0.167 0.313 0.480 0.300 1.003
31 0 10 23 0.161 0.303 0.467 0.290 1.011
32 0 10 24 0.156 0.294 0.455 0.281 1.018
33 0 10 25 0.151 0.286 0.444 0.273 1.024
34 0 10 26 0.146 0.278 0.433 0.265 1.030
35 0 10 27 0.142 0.270 0.422 0.257 1.036
36 0 10 28 0.138 0.263 0.412 0.250 1.042
37 1 11 28 0.154 0.282 0.431 0.270 0.981
38 1 12 28 0.170 0.300 0.449 0.289 0.928
39 0 12 29 0.166 0.293 0.439 0.282 0.934
40 0 12 30 0.161 0.286 0.429 0.275 0.939
41 0 12 31 0.157 0.279 0.420 0.268 0.943
42 0 12 32 0.153 0.273 0.412 0.262 0.948
43 0 12 33 0.150 0.267 0.403 0.256 0.952
44 0 12 34 0.146 0.261 0.395 0.250 0.956
45 0 12 35 0.143 0.255 0.388 0.244 0.960
46 1 13 35 0.156 0.271 0.403 0.261 0.913
47 1 14 35 0.170 0.286 0.418 0.277 0.871
48 0 14 36 0.166 0.280 0.411 0.271 0.875
49 0 14 37 0.162 0.275 0.403 0.265 0.878
50 1 15 37 0.175 0.288 0.417 0.280 0.841
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Figure 203. Histogram of 1000 random simulations of the expected proportion in the population 

calculated from a sample size of 50 out of a population of 1000 (5% sampling) 
 

Figure  shows that the LCL and UCL calculated directly from the Beta distribution is in excellent 
agreement with a full Monte Carlo simulation of 1000 random samples. In essence tabulating the data 
collected correctly provides as much information as a full Monte Carlo based on distributions with the 
estimated proportion.  

 

Figure 204 below is the cumulative distribution for the simulation with values shown for 1%, 2.5%, 10%, 
50%, 90%, 97.5% and 99% for reference. The simulated tolerance interval shows that 99% of estimated 
proportions lie between 0.1751 and 0.442 and that 95% lie between 0.1923 and 0.4231. The Beta 
distribution immediately yields 0.175 and 0.417 for the 95% confidence limits. 
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Figure 204. Cumulative distribution for the simulated sampling 

 

Figure 205 below shows six consecutive random samples from a population of 1000 and proportion = 
0.3.  

The actual proportion is depicted by the horizontal red line (0.3). Four vertical lines demark the 5%, 10%, 
15% and 20% sampling rate points. A maximum sampling rate of 25% of the population is shown in each 
plot. 

The plots illustrate the inherent variability in a random sampling process and the implications of a 95% 
confidence interval. A 95% confidence interval is the interval in which the true mean of the population 
will fall 95% of the time. In the six examples shown we fell upon one instance – the lower right plot – 
where the true mean does not fall in the 95% confidence interval. This is an expected result and does not 
indicate any flaw in the process. There are also two instances where the mean does coincide with the 
upper or lower confidence value (fourth and fifth plots). 
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Figure 205. Six consecutive random samplings showing development of the estimate for the mean, 

lcl and ucl based on 50 samples from a population of 1000 and proportion = 0.3 
 

Increasing the tolerance interval to 99.8% or approximately 3 standard deviations on either side of the 
estimate is better practice as only 2 out of 1000 samplings will not capture the true mean or proportion 
being estimated. Figure 206 below shows an example of this expanded confidence interval for a 
problematic sampling run. 
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Figure 206. Random Sampling with 99.8% confidence interval shown (~3σ on either side of 

estimated mean) 
 

It is extremely important to recognize the variance inherent in any sampling process.  Figure 207 shows 
the evolution of the distribution and the narrowing confidence limits as sample size increases. Basing all 
probability calculations on the full distributions developed at each stage of data collection will ensure that 
all uncertainty is properly reflected and rolled up into the final calculations. Taking this approach will 
ensure that any potential “fat tails” in the distribution or peaks at low probability values will be properly 
reflected. This is the first step in avoiding future catastrophic “Black Swan” events that can be missed if 
only the mean expected value is used in calculations.  
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Figure 207. The evolution of the beta distribution with increasing sample number n. Red – first 

sample, Green – 10 samples, Purple – 20 samples, Orange – 30 samples, Light Green – 40 samples, 
and Blue – 50 samples. 

 

How likely is the event you have not yet encountered 

We can draw 237 samples from a pipeline, measure yield strength and find no weakest link. On the one 
hand we have a tremendous sample size that will give us high confidence in the mean strength of the 
pipeline, but on the other hand how do we address the question that is sometimes asked: 

 

“What is the likelihood that the next sample will be the weakest link?” 

 

This is an extremely important question for a pipeline as the ultimate strength of the pipeline, in direct 
analogy to a chain link, is determined by the weakest link that will fail at a low pressure (as opposed to a 
braided cable where the weakest link does not fully compromise the load bearing capacity – in this case 
the mean strength is important). 
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It is a simple matter to construct an experiment that will answer this question directly by Monte Carlo 
simulation. We construct the experiment by generating a series of distributions that have 237 random 
strength values that are valid and then add a single non-valid strength in the first distribution, two in 
second and so on and so forth. We then run 10,000 simulations where we draw 237 random samples from 
the base distributions seeded with weakest links and measure the number of times we come up with a 
sample set of 237 with no weakest links. An actual result was 3717 samplings out of 10,000 that equates 
to a 37.17% likelihood of drawing a sample with no weakest link when we know for sure that a single 
weakest link exists. 

 

 
Figure 208. Monte Carlo simulation Cumulative Density Plot for number of defects drawn in 

random resampling with replacement in experiment with 237 non-defects and 1 defect 
 

Using an ignorant prior in the generation of the Beta distribution in essence places a single defect in the 
distribution from the outset (a=1). Every time we do not find a defect we increment b by one. At the end 
of 237 samplings with no defect found, b will be equal to 238. It is instructive to look at the probability of 
this Beta distribution having p = 1/238 = 0.0042. The expected probability of a single defect existing on 
the basis of our not finding a single defect in 237 consecutive samplings is 0.6327. The complement of 
this probability is 0.367, which is 1.2% of the Monte Carlo simulation result.  

From this exercise we learn that the information encoded in the Beta distribution is equivalent to 
running Monte Carlo simulations for sampling from distributions with a known proportion of 
defects. 
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