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The performance and causes of failure of 
polyethylene pipes subjected to constant 
and fluctuating internal pressure Ioadings 

M. B. B A R K E R * , J .  BOWMAN, M. BEVIS 
Department of Non-Metallic Materials, Brunel University, Uxbridge, Middlesex, UK 

Three different pipe-grade polyethylenes, in the form of one large and three small 
diameter pipe systems, have been tested at elevated temperatures, using constant and 
fluctuating internal pressure Ioadings that resulted in brittle fractures. The behaviour 
under fatigue of two of the three types of small diameter polyethylene pipes was sub- 
stantially described by a cumulative damage model, whilst the third exhibited a fatigue 
weakness, an observation not previously reported. The performance of the large diameter 
pipes under fatigue was dominated by the presence of large voids in the pipe wall that 
arose from incorrect processing and resulted in premature failure. The sites of crack 
initiation in one material grade of the small diameter systems were examined in detail. 
In particular the size, position and composition of particles initiating fracture were deter- 
mined. The maximum particle size on the fracture surface of the pipe was found to 
correlate reasonably well with a measure of pipe lifetime, as predicted by a fracture 
mechanics approach, and indicated that the lifetime of this one type of polyethylene pipe 
was dependent on the size of the inclusions initiating fracture. 

1. Introduction 
Low (LDPE), medium (MDPE) and high (HDPE) 
density polyethylenes are routinely processed into 
pipe and fittings for pressure pipeline systems that 
find ready application in the gas, water and 
chemical process industries. The available design 
data for these systems is basically in the form of 
stress-rupture curves [1], which identify the 
lifetimes of pipes loaded under static internal 
pressures at fixed and well defined temperatures. 
However, plastics pipeline systems are composed 
not only of extruded pipe, but normally also of 
injection moulded fittings and of joints made 
between pipe and pipe, and pipe and fittings. 
Further, the system in operation may be subjected 
to fluctuating internal pressure loadings in addition 
to static pressures [2]. Therefore, in order to 
characterize fully system performance, in respect 
of internal pressure loadings, it is perspicacious to 

examine the performance of the pipe, the fittings 
and the joints together under both static and 
fluctuating internal pressures. This paper presents 
the results of part of such a programme and reports 
the performance and causes of failure of medium 
and high density polyethylene pipe tested at 
elevated temperatures under constant and fluctu- 
ating internal pressures. The present results there- 
fore provide information on the performance of 
pipe which is to be compared, in subsequent 
publications [3], to the performance of pipe 
systems incorporating injection moulded fittings, 
mirror-plate butt welds and spigot and socket 
joints, loaded under constant and fluctuating 
internal pressure loadings. 

Three different non-crosslinked polyethylene 
materials, designed specifically for pipe appli- 
cations, have been tested as one large and three 
small diameter pipe systems. The three resins, 
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labelled PE1, PE2 and PE3 included both MDPE 
and HDPE with the material density within the 
range 935 to 965 kgmT 3. Pipes were supplied "off 
the shelf", and the density, crystalline melting 
temperature, and melt index of material cut from 
the pipes were determined and found to be within 
the material manufacturer's specification. 

In detail the work on these four pipe systems 
can be divided into three areas: 

(a) Small, 60 or 63 ram, diameter SDR11 (SDR, 
Standard Dimension Ratio, is the outside diameter 
of the pipe divided by its wall thickness) pipes 
extruded from the three PE resins, were tested 
without end restraint at 80 ~ C under constant and 
fluctuating internal pressures to give brittle frac- 
tures. (Subsequently constant pressure will be 
termed stress-rupture testing although the names 
creep and static fatigue [4] are sometimes applied; 
fluctuating pressure tests will be referred to as 
fatigue, although the terms dynamic fatigue and 
intermittant creep testing sometimes designate this 
mode of loading). Fatigue tests used a trapezoidal 
loading profile with the frequency within the range 
0.8 to 7.5 cycles per minute (cpm) (0.014 to 0.125 
Hz), with the internal pressure cycling between a 
set maximum and zero gauge pressure. The life. 
times of the pipes were recorded for the various 

internal pressures and loading profiles employed. 
(b) Fracture surfaces from selected small 

diameter pipe failures were examined. Photographs 
characterized the fracture surface "macrostruc- 
ture", while scanning electron microscopy (SEM) 
examined the shape, size and position of any 
particle initiating fracture. Energy dispersive X-ray 
analysis (EDX) techniques on the electron micro- 
scope identified the nature of the particle initiating 
fracture. Fracture surface shape is related to the 
loading profile, while the size and position of the 
particle initiating fracture is correlated with a 
measure of the pipe system lifetime. 

(c) Finally, the performance of the PE1 material 
in the large (160ram) diameter thick walled 
(SDRll)  pipe form has been ascertained under 
fatigue loading at 6 cpm at 80 ~ C. These tests are 
not as complete as the authors would wish; how- 
ever, they are included as they illustrate the influ- 
ence of voiding on pipe lifetimes. 

2. Stress-rupture testing of polyethylene 
pipe 

2.1. Modes of failure 
There is general agreement within Europe that 
stress-rupture curves for HDPE and MDPE pipe 
contain a "knee", see Fig. 1. Above the knee the 
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Figure 1 Stress-rupture curves typical of 
high and medium density polyethylene 
pressure pipe. The inital shallow incline of 
each curve gives way to a steeper section at 
longer times with the knee being the region 
where this change occurs. 



material deforms in a gross ductile manner with a 
significant local straining of the material prior to 
failure, while below the knee a brittle crack propa- 
gates through the wall of the pipe with little or no 
evidence of ductility and only small hoop strains in 
the pipe [1, 5, 6 ]. Fig. 1 illustrates that for realistic 
design lifetimes the likely mode of failure is by the 
propagation of a brittle crack through the pipe 
wall. Experience shows that these cracks nucleate 
at or near the inside wall of the pipe, where the 
hoop stresses are greatest (see Appendix), and 
propagate tttrough to the outside [7, 8]; the cracks 
lie parallel with the pipe extrusion direction and 
open in response to the larger stress, the hoop. 

2 . 2 .  Theories of  stress-rupture failure t imes  ...... 
Two different approaches to calculate the lifetimes 
of plastics subject to a constant load or stress have 
been proposed, one based on the application of 
fracture mechanics [9] to slow stable crack growth, 
the other from the theory of activated rate pro- 
cesses developed by Eyring et  al. [10] and applied 
to plastics pipes by Barton and Cherry [11 ]. The 
results presented later in the paper are best 
explained using a fracture mechanics approach. 

Gray, Mallinson and Price [12] applied fracture 
mechanics to the case of slow stable crack growth 
in HDPE materials, and found the rate of crack 
growth, da/dt ,  could be given by 

da 
- -  = BKbc (1) 
dt 

where B and b are material constants and Kc, the 
stress intensification at the tip of the growing 
crack, is given by 

K~c = Y27ra(12 (2) 

where Y is a geometrical factor, o is the applied 
stress and a is the crack length. If it is assumed 
that a plastics pipe, of wall thickness h, fails by 
the propagation of a brittle crack from a defect 
of size ao lying close to the pipe bore, then by 
substituting Equation 2 in Equation 1 and 
integrating between the limits ao and h, the fife- 
time of the pipe, ~'sR is given by Equation 3 below 
(Y is assumed to be approximately constant for 
the major part of the crack growth). 

2 (Yazrl /z)  -b 
.rS R -- [a(oa-b/2)_hO-b/2)] 

b - - 2  B 

O) 

If h >> ao and b is not equal to 2, then the above 
equation may simplify to 

[2(Yanl/2)-b l .a(o,-b/2) 
7"SR = [ ~ - ~ - ~  -j (4) 

where the terms in the square bracket are constant 
for testing at both a given fixed temperature and 
pipe hoop stress. The lifetime of the pipe, assum- 
ing that the material obeys Equation 1, is then 
dependent on the size of the defect initiating 
fracture. 

For two unnotched HDPE pipes Gray et  al. 
[12] demonstrated that Equation 3 described 
lifetimes by assuming defect sizes between 10 and 
100gin (these HDPE resins obeyed Equation 1). 
However, one of the newer pipe materials (i.e. BP 
Chemicals Ltd. Rigidex 002-40 MDPE) failed to 
obey Equation 1; Equations 3 and 4 could not 
therefore be applied to identify the influence of 
defect size on lifetimes of pipes processed from 
this material. 

3. Fatigue of plastics 
Plastics components subjected to fatigue may fail 
by one of at least three modes; fatigue thermal 
melting, cumulative damage due to stress, and 
crack propagation due to the repeated application 
of stress. 

Failure by fatigue thermal melting is due to the 
hysteretic energy generated during each loading 
cycle [13-15] causing a rise in the temperature 
of the component which precipitates failure. High 
(> 10 Hz) loading frequencies, large stress ranges 
and low rates of cooling are usually required [15] 
to induce this mode of failure. 

3.1. Cumulative damage model 
The cumulative damage concept of fatigue failure 
assumes damage accumulates only during that time 
the part is subjected to stress, failure occurring 
when the accumulated damage reaches a critical 
value [16]. For simple loading profiles, such as a 
rectilinear wave form, the cumulative damage 
concept of fatigue failure can easily predict the 
number of cycles to failure, Nf, using an expression 
similar to that of Stapel [17, 18]: 

Nf = I r s ~  1 (5) 
Ltrr~x J T,o 

where fs~ is the stress-rupture lifetime and trmx is 
that time span in each cycle when the load is equal 
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to the set maximum. Equation 5 has no frequency 
dependence nor a restriction on tmax. Neither is 
there an allowance for damage recovery, so that it 
must be assumed that either the recovery or the 
time off load is negligible. 

3.2. Cycle dependent failure 
In cycle dependent failure the repeated application 
of stress, rather than the time for which the stress 
is applied, induces damage and causes a crack to 
propagate. The rate of crack propagation is in 
terms of the number of loading cycles, n, and is 
given most simply by [15, 19] 

da 
- -  = D ( A K )  a (6) 
dn 

D and d are material constants, and 2~K, the stress 
intensity factor range, is given by 

AK 2 =  Y2cra(Ao)  2 (7) 

where Y and a are as in Equation 2 and Ao is the 
applied stress range. For plastics, the frequency of 
loading can have a considerable influence on both 
material constants (/9 and d) [15, 20]. Equations 
6 and 7 may be integrated to give equations 
similar to Equations 3 and 4 but describing life- 
time in terms of the number of cycles to failure, 
N~, [211. 

The experimental evidence which identifies the 
applicability of the above mentioned analysis of 
fracture to the pipe materials studied, is presented 
below. 

4. Experimental details 
4.1. Pipe sample dimensions 
Stress-rupture and fatigue tests were conducted on 
the small diameter pipes using sample lengths of 
ten times the pipe outside diameter between end 
closures. Fatigue tests on the large diameter pipes 
used sample lengths in excess of one metre. 
Closure was effected by using either polypropylene 
end plugs retained by threaded caps screwed onto 
the pipe or welded on stub flanges with backing 
plates and retaining rings [22]. None of the pipe 
systems were end restrained during testing. Pipe 
systems were filled with tap water and tested, after 
conditioning, in a temperature controlled water 
bath at 79.5~ (+-0.5 ~ C). Pressures for testing 
were selected to give brittle failures. 

4.2. Stress- rupture  test ing 
Stress-rupture tests on small diameter pipes were 

conducted according to ASTM D1598 by top 
loading the pipes with compressed air. Failure 
was detected by an electrical current detection 
technique [23]; electrodes were inserted in the 
water internal and external to the pipe and a 
potential sustained between the two so that when 
failure occurred a small current passed which 
identified failure, stopped a timer, isolated the 
failed system from the compressed air and released 
the pressure within the pipe system. A schematic 
presentation of the testing system for the gener- 
ation of stress-rupture data is shown in Fig. 2a. 

4.3. Fatigue test ing 
Fatigue tests on the small and large diameter pipes 
were conducted at frequencies between 0.86 and 
7.5 cpm using a trapezoidal wave form of loading 
with a fixed pressure time-off of six seconds. 
Compressed air, top loading the systems, press- 
urised the samples. A three-way solenoid value, 
controlled by an electronic timer, directed the 
compressed air to and from the systems under 
test. When failure of a system occurred, the pipe 
failure detection unit (described above)activated 
the stop valve to isolate the system from the 
compressed air, see Fig. 2b. In all the fatigue tests 
reported here the internal pressure cycled between 
the set maximum and zero gauge; the stress ratio, 
R (=  amin/a=~,), was therefore equal to zero. 
The rate of pressure build-up was constant for all 
frequencies of testing at any one set maximum 
pressure; for 1 MPa maximum internal pressure the 
rate of build-up was approximately 1 MPa sec -1. 

The pressure of the compressed air for stress- 
rupture and fatigue testing was tested using a 
linear displacement pressure transducer. Typical 
pressure profiles for low and high frequency 
fatigue tests are shown in Fig. 3. The time under 
maximum load, tmax, for any one loading cycle 
was computed using the time when the pressure 
of the gas within the system had attained 95% of 
the set value. 

4.4. Fracture surface analysis 
Failed pipes were cut to isolate and reveal the 
fracture surface, which was photographed and the 
ratio 2c /h  determined, where h is the pipe wall 
thickness and 2c is the maximum extent of the 
brittle fracture along the pipe direction, see Fig. 4. 
Specimens were then coated with Au-Pd (care was 
taken to avoid local heating) and two features of 
the fracture surfaces were examined using a SEM. 
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First, the shape, size and position (with respect 
to the inside wall of the pipe) of any particle 
initiating fracture were ascertained and secondly, 
the elemental composition of these particles was 
determined using the EDX technique. 

5. Experimental results 
5.1. Measurement of the performance of 

plastics pipes 
The performance of the plastics pipes subjected to 
constant and fluctuating internal pressure loading 
is presented in three ways. 

First, as the time under maximum load. For 
stress-rupture testing this is simply rSR, while for 
fatigue the corresponding parameter is TFATrOUE, 
given by 

n=N~ 

7"sATiolJ~ = Z (t,,,~),, (s) 
n = l  

with tmax, n and Nf as described in Sections 3.2 
and 4.3. 7"FATIGUE may be termed the pseudo 

stress-rupture lifetime, and is a concept previously 
utilized to allow comparisons to be made between 
stress-rupture and fatigue data [24]. The trap- 
ezoidal fatigue loading profile used in this study 
had a fixed rate of pressurization, implying a 
near constant rate of loading to reduce effects 
associated with rate of straining [9], and a fixed 
time-off load and hence recovery time. This form 
of loading profile should allow comparisons to be 
made between rSR and rFaTmVE at different 
frequencies, as only tma ~ is being varied. If 
rsR ~ 7-FATIOUE at all frequencies, then for those 
testing conditions the plastics pipe exhibits no 
substantial weakness under fatigue. If, however, 
7-SR >~ "/'FATIGUE, the reverse is true. 

Secondly, pipe performance was defined by 
the total testing time, 7"WEST. Clearly, for stress- 
rupture testing, 7"sR = 7"TEST. For fatigue, 

7"TEST = Z (tcycle)n (9) 
r t = l  

(a) 
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Figure 2 Schematic representation of the 
arrangements for pressurizing and detecting 
failure of the polyethylene pipe systems 
subjected to a constant (a) or an alter- 
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where tcycl e is the time required for one complete 
loading cycle. Since tma x must be less than teyele, 
then rTEST> rFATmU~, for fatigue loading. In 
addition, for a pipe loaded under fatigue rTEST 
may exceed TSR especially if the time-off load is 
large. In the field, it is rTEST that is recorded, 
rather than TFATIGUE, although the latter is the 
more fundamental measure of pipe performance. 

Thirdly, and finally, the performance of the 
plastics pipes loaded under fatigue is measured 
by the number of cycles to failure. The data for 
stress-rupture testing cannot meaningfully be 
presented here. Note that as the frequency is 
varied only the time under maximum load, tmax, 
is changing. Rate of pressurization and time-off 
load are both constant. 

For simplicity the mean values for ~'s~t, 
TFATmUE, 7TEST and N~ are presented and plotted 
in Figs. 5, 6 and 7. The distribution of lifetimes 
was assumed normal and the sample standard 
deviation calculated and inserted to indicate the 

1 1 0 0  

spread in the values of lifetimes. The authors note 
that for certain pipes the distribution of the stress- 
rupture lifetimes has been shown to be logarithmic- 
normal [1, 25]. Calculation of the sample standard 
deviation from the lifetime better indicates the 
range of values recorded. 

5.2. Mechanical performance of the small 
diameter pipes 

For all three small diameter PE pipes the influence 
of frequency of loading on pipe performance is 
shown in Figs. 5, 6 and 7. I n Fig. 5 pipe perform- 
ance is expressed by rSR and rFATmUE- All fail- 
ures of pipe for the data in Fig. 5 were brittle, 
occurred at a distance greater than one pipe 
diameter from the end closure, and lay parallel 
with the extrusion direction. Increasing the fre- 
quency of loading (reducing tmax) in all cases 
reduced TFATIGU E below TSR. However, only for 
PE2 was ZFATmUE reduced substantially to 
indicate a potential fatigue weakness. 
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Figure 3 The recorded internal pressure variations in fatigue loaded pipe systems, using frequencies of 7.5 (a) and 
2.72 cpm (b). 

In Fig. 6 pipe performance is expressed by 
rTEST. Clearly, for a pipe which does not exhibit 
a marked fatigue weakness, testing under fatigue 
prolongs the time of  the test substantially. If, 
however, the pipe does exhibit a fatigue weakness, 
rTEST can be reduced to a value below rsR, 
depending, of  course, on the time-off load. This 
latter case was observed for the PE2 pipes. 

In Fig. 7, as the frequency was increased, the 
number of  cycles to failure for the PE1 and PE3 
increased markedly. This behaviour is expected 
from the data presented for these pipes in Fig. 5, 

where "/'FATIGUE is of  the same order as rSR, So 
that by  reducing tma x (that is increasing the fre- 
quency of  loading)Nf must be increased. For the 
PE2 pipes only one fatigue test was undertaken, 
due to the protracted testing time. However, a 
large number of  samples were tested at this high 
frequency to confirm the weakness under fatigue. 

5.3. Fracture surface characterization from 
s m a l l  diameter pipes 

5.3. 1. Macro-features 
Figs. 4a, b, c and d, e, f are photographs of  fracture 
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surfaces from pipe stress-rupture and fatigue 
tested, respectively. They illustrate the overall 
features common to and characteristic of the two 
loading modes and the different polyethylene pipe 
materials. 

For all pipe systems (all materials and both 

small and large diameter pipes) the overall shape 
of the fracture surface reflected the imposed 
loading mode. For fatigue loaded pipe systems the 
fracture tended to propagate preferentially along 
the pipe axis, Fig. 4, with increasing frequency of 
loading extending the fracture along the inside 

Figure 4 Low magnification optical photomicrographs of fracture surfaces from stress-rupture ((a), (b) and (e)) and 
fatigue ((d), (e) and (f)) tested pipe. PE1 pipe failures are (a) and (d), PE2 (b) and (e) and PE3 (c) and (f). 
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Figure 4 Continued. 

wall of the pipe parallel with the pipe axis, Fig. 8. 
Fatigue loading is expected to introduce "beach 
markings" [15], but low magnification stereo 
light microscopy of PE1 and PE3 pipe fracture 
surfaces revealed no such markings. There were, 
however, clear beach markings on the fracture 
surfaces of the PE2 pipe fatigue tested and some 
evidence for pipe stress-rupture tested. For all pipe 
materials, but only on some fracture surfaces, was 
there evidence of the extrusion process used t o  
manufacture the pipe. Lines running parallel with 
the extrusion direction were discernible for both 
stress-rupture and fatigue testing. In addition, 
lines in a radial direction, that is lying perpendicu- 
lar to the crack growth front, emanate from the 
source of fracture in some cases, Fig. 4. 

The site of fracture initiation appeared to be 
material and loading mode specific. In PE1 at both 
pressures under both loading modes, and in PE2 
pipe under fatigue loading only, failure initiated at 
or near the inside wall of the pipe, Fig. 4. The few 
exceptions to this rule occurred where fracture 

was initiated by large or fibrous inclusions (only 
two failures in over a hundred tests initiated from 
this type of defect) which lay towards the centre 
of the pipe wall. In the limited number of stress- 
rupture tests undertaken on PE2 pipe, and in the 
PE3 pipe under both loading modes, failure was 
as likely to occur towards the middle of the pipe 
wall, Fig. 4. 

5.3.2. Fracture initiation in PE I pipes 
Examination of fracture surfaces of stess-rupture 
and fatigue tested PE1 pipe revealed over 95% of 
failures clearly initiating from particles, examples 
of which are shown in Fig. 9. No failures in the 
small diameter pipes were observed to initiate 
from macro-voids (see Section 5.4). The distri- 
bution of the maximum extent, on the fracture 
surface, of the initiating particles is illustrated in 
Fig. 10a, which shows "particle size" predomi- 
nantly below 700/~m. The majority of particles 
initiating fracture in the PE1 pipe lay close to the 
inside wall of the pipe, Fig. 10b. 
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Figure5 The stress-rupture (rSR) or 
pseudo stress-rupture (rFATIGUE), (see 
Equation 8) lifetimes of the various 
polyethylene pipe systems as a function 
of frequency of loading. The bars indi- 
cate the standard deviation calculated 
from the lifetimes. 

The elements present in the particle initiating 
fracture were investigated using the EDX tech- 
nique. Pairs of EDX spectra, for the initiating 
particle and the same fracture surface but remote 
from the initiation site, are presented in Fig. 11. 
Lines due to palladium and gold are from the 
coating process. Three types of particle have been 
observed to initiate fracture in PE1 pipe, the 
calcium rich, the metallic and particles where no 
elements were detected: 52% initiated from 
particles where no elements could be detected, 
16% from calcium rich and the remainder from 
iron or titanium based particles. 

5.4. Mechanical performance of large 
diameter pipes 

160ram SDRll  pipe, produced from the same 
material (but not necessarily the same batch) a s  
used for the small diameter PE1 pipe, was tested 
only under fatigue at a fixed loading frequency 
of 6 cpm (0.1 Hz), a maximum internal pressure 
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of 1 MPa and at 80 ~ C. Five failures were recorded, 
four of which initiated from macro-voids in the 
pipe wall, Fig. 12. The pseudo stress-rupture life- 
times of pipes failing from such defects were 
between 3 and 6 h (mean lifetime 4.8 h). The fifth 
failure initiated from a small particle, similar in 
size to those initiating fracture in the small 
diameter pipes. The pseudo stress-rupture lifetime 
for this failure was in excess of 50h, a similar 
lifetime being recorded, for identical testing con- 
ditions, on the small diameter SDR11 PE1 pipes, 
Fig. 5. 

6. Discussion 
6.1. The mechanical performance of the 

small diameter pipes 
The performance of the small diameter polyethyl- 
ene pipes loaded under constant and fluctuating 
internal pressure loadings is described by ZSR and 
rFATIGUE, respectively. For testing at the same 
temperature and maximum hoop stress, Fig. 5 
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shows that, when rSR is compared to TFATIGUE, 
a clear distinction can be made between the PE2 
and the PE1 and PE3 pipes. The PE2 pipes 
exhibited a pronounced fatigue weakness, not 
evident for the PE1 and PE3 pipes. The two cases 
are therefore discussed separately. 

6. 1. 1. The fatigue performance of  the PE1 
and PE3 pipes 

Neglecting fatigue thermal melting, which at these 
low loading frequencies (<0.2 Hz) and stresses 
is not observed, the failure of a plastics pipe sub- 
jected to a fluctuating internal pressure loading 
is due either to the accumulated damage from the 
stress acting, or from the action of applying the 
stress. If the pipe fails by the former mechanism, 
the use of trapezoidal loading profile allows a 
prediction of the number of cycles required to 
cause failure, by use of Equation 5 and the 
measured value of rSR. For the PE3 pipes and the 
PE1 pipes at both maximum internal pressures, 

a value of Nf, calculated via Equation 5, is com- 
pared with the experimental results and presented 
in Fig. 13. 

Considering first the performance of the PE1 
pipe at the higher stress; Figs. 5, 7 and 13 allow 
the following conclusions to be drawn: 

(a) TFATIGU E ~ TSR for the range of loading 
frequencies employed. 

(b) N~ depended critically on tmax (loading 
,frequency). For instance, the mean value of N~ 
was increased by a factor of approximately 23 as 
the frequency increased from 0.86 to 6 cpm. 

(c) The measured values of N~ agree well with 
those calculated from Equation 5. 

The above points taken together indicate that 
~the cumulative damage model can be applied to 
identify the number of loading cycles required to 
cause failure under fatigue. Thus the decreasing 
number of cycles to failure with decreasing fre- 
quency simply reflects the increased value of t m a  x . 

The significant damage and brittle crack propa- 
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gation, from the initiating defect, then occurred 
during that section of the loading cycle when the 
pressure, and stress, were acting. Application of 
the "Paris Law", Equation 6, would be of very 
limited value. 

For the PE3 pipes and the lower pressure tested 
PE1 pipes, the experimental and calculated values 
for N~ begin to differ, Fig. 13. Concomitant with 
the changes in Nf was the increased divergence 
between TSR and TFATI6U E as the frequency was 
increased, Fig. 5. This implies a deviation in behav- 
iour from the cumulative damage model. This may 
be accounted for by proposing that at these lower 
stresses cracks propagated by a mixed mode, with 
both the application of the stress (Equation 6) and 
the time for which the stress acted (Equation 1) 
contributing significantly to crack growth. At high 
frequencies of loading it would be the application 
of the stress which would introduce most damage. 
Since B and b (Equation 1) and D and d (Equation 
6) are material constants, and not necessarily equal, 
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then the divergence between rsR and "/'FATIGUE 
for the PE3 and PE1 pipes at the lower stresses 
and higher frequencies may be accounted for. It 
would be expected, however, that rFATmUE would 
tend towards rsR at the lower frequencies, as 
indeed it did, as the cumulative damage mechanism 
of crack propagation exerted the major effect. 

However, it should be noted that at the lower 
stresses, and for the PE1 pipes in particular, the 
testing times (TTEST) increased markedly with 
increasing frequency, Fig. 6. The peak melting 
temperature and the crystallinity (from the area 
under the endotherm melting curve but neglecting 
the effect of additives) of these pipe materials 
were determined [22], and both changed during 
the course of a test, Figs. 14 and 15. In addition, 
the application of stress accelerated this change. 
Therefore, since measureable, and possible signifi- 
cant changes in the structure of the material 
occurred between 10 and 100 h at 80 ~ C, the lower 
stress tested material may have been essentially 
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different from the higher stress tested PE1 pipe, 
and this may account for the divergence between 

TFATIGU E and rSR. 

6. 1.2. The fatigue performance of the 
PE2 pipes 

The response of  the PE2 pipes to fatigue was 
completely different from that of  the PE1 and 

PE3 pipes, rSR and ~'FATmUE differed markedly,  
Fig. 5, so that,  for individual pipes, the ratio of  

Figure 8 The aspect ratio of the fracture 
surface from the various pipes as a function 
of loading frequency. Each point is the 
result of measurements of the fracture 
surfaces of several pipes tested under the 
same conditions. 

TFATIGUE/~SR ranged from 0.06 to 0.18. In 
addit ion,  the reduction in performance of  the PE2 
pipes under fatigue was such that all values for 

rrATiatrE, when plot ted onto the material manu- 
facturer 's stress-rupture curve, fell markedly to 
the left. The same did not  apply to the PE1 and 
PE3 pipes loaded under fatigue. 

The behaviour of  the PE2 pipes under fatigue 
cannot reasonably be described by  a cumulative 

damage model. Using the measured value of  TSR 

Figure 9 Scanning electron micrographs 
from selected failed PE1 pipes high- 
lighting the particles at the source of 
fracture initiation. (a) and (b) are frac- 
ture initiating particles in which, on EDX 
analysis, no elements were detected, 
(c) is a calcium rich particle and (d) an 
iron based particle (see Fig. 11). 
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Figure 9 Continued. 
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and Equation 5, the value of  the calculated num- 
ber o f  cycles to failure is of  the order of  3 x 106, 
whereas for certain individual pipes Nf  was less 
than 2 x 1 0  s. These polyethylene pipes thus 
exhibited a clear fatigue weakness. Previous 
investigations into the response of  polyethylene 
pipes to fatigue or "'intermittant creep" loadings 
found no weakness. However, the study of  Lortsch 
[26] used testing conditions (stress and tempera- 

ture) that would produce, under constant pressure, 
a ductile failure. Work by ourselves has indicated 
that i f  a pipe system, containing a known weak- 
ness under fatigue, is tested in both the ductile 
and brittle regions of  the stress-rupture curve, then 
only those conditions that would produce a brittle 
fracture will cause the fatigue weakness to be 
made apparent. Therefore, the results of  the work 
of  Lortsch are not surprising, in that no fatigue 
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Figure 12 (a) and (b) Low magnification optical photomicrographs of fracture surfaces of the large diameter pipe when 
failure initiated from large voids. In all cases these lay close to the bore of the pipe, 

weakness was identified. In the other study on the 
response of polyethylene (HDPE) pipes to fatigue, 
the combination of the testing temperature (20 ~ C) 
and maximum hoop stress (17.5 to 21 MPa) would 
give rise to ductile failure [27]. The system life- 
time, TFATIGUE, calculated approximately from 
the value of N~, showed no weakness, as would be 
expected, from the statement above. 

Eleven fatigue tests and ten failures were 
recorded in the PE2 pipes, to confirm that a poly- 
ethylene pipe could exhibit a fatigue weakness. 
This relatively large number of tests also allowed 
an examination to be made of the most appro- 
priate distribution of lifetimes. The best distri- 
bution was a three parameter Weibull distribution, 
with lifetime expressed as ( ' / 'FATIGUE - -  P ) ,  where 
/2 = 51.6 h [28]. 

The cause of the premature failure of the 
fatigue loaded PE2 pipes was either by a true 
fatigue failure, or due to a tendency for the crack 
growth to start early in fatigue, or to some com- 
bination o f  these effects. Crazed or damaged 
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material is known to exist ahead of a crack [15, 
20, 29]. The action of fatigue unloading may lead 
to the collapse and buckling of this material. On 
reloading the ability of the crazed material to 
resist crack growth is reduced, hence the increased 
rate of crack growth under fatigue or intermittant 
loading [20]. Increasing the regularity of the col- 
lapsing and buckling of material then accelerates 
crack growth [20]. With this mode of failure 
Equation 6 defines crack growth rates, which are 
in terms of da/dn, so that the number of cycles 
to failure, N~, should change little with changes 
i n  tma x (assuming tma x stays within reasonable 
limits). 

Turning to the possibility of crack growth 
starting early in fatigue, there is some evidence for 
this from an examination of the fracture surfaces. 
The site of fracture initiation under fatigue and 
stress-rupture testing differed for the PE2 pipes; 
the fatigue fractures initiated in the highest 
stressed region, near the pipe bore (see Appendix), 
while under constant pressure the cracks often 
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initiated near the centre of the pipe wall, see 
Fig. 4. Since pipes have internal stresses from 
processing, and these exaggerate the difference 
between the bore and outside wall stress [30] to 
further favour fracture initiation at or near the 
pipe bore, then the initiation of the brittle fractures 
from particles at or towards the centre of the pipe 
wall, when testing under constant pressure, 
supports the notion that crack growth was delayed 
until the internal stresses were reduced by anneal- 
ing, The short lifetime of the fatigue tested pipe 
may then be simply put down to early crack 
propagation. 

6.2. Macro-features of the fracture surfaces 
of the small diameter pipes 

Figs. 4 and 8 show that for all the small diameter 
polyethylene pipes tested, the overall shape of the 
brittle fracture surface was characteristic of the 
imposed loading mode. Stress-rupture testing gave 
rise to a fracture surface which was nearly sym- 
metrical about the middle of the pipe wall, and 
similar in shape to those previously reported [7, 8]. 
Under fatigue the crack propagated preferentially 
along the pipe bore. This shape is similar to that 
observed for fatigue failures in uPVC (unplasticized 
poly(vinylchloride)) pipe [21]; there is no readily 
available evidence for fracture surface shapes in 
fatigue loaded polyethylene pipe. The preferential 
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pinning of the crack at the pipe bore, when loaded 
under constant pressure, may be related to changes 
from plane stress to plane strain in going from the 
pipe bore to the middle of the pipe wall [31]. 
Such pinning did not occur under fatigue, Fig. 4. 
This preferential growth of the crack along the 
pipe bore occurred with the fatigue weak PE2 
pipes and the more fatigue resistant PE1 and PE3 
pipes. Therefore, it is not related to the material 
but is a function of the loading mode. From the 
large (160mm) diameter thick (14.5 ram) walled 
pipe that was fatigue tested, the fracture surface 
shape was similar to the fatigue tested small 
diameter pipe. 

The change in fracture shape when going from 
stress-rupture to fatigue loading has two possible 
consequences. First, the fracture surface of a 
failed polyethylene pipe may aid in identifying 
the loading mode that caused fracture. All three 
small diameter pipes (PE1, PE2 and PE3) displayed 
the same change in fracture surface shape with 
change in loading mode. In addition other poly- 
ethylene resins and pipe sizes, tested but not 
reported here, displayed a similar trend. Secondly, 
the stress intensification at the tip of a growing 
crack is a (complex) function of many variables. 
Following Irwin [32], the influence of the shape 
of the crack, in terms of depth to length, on the 
stress intensification has been widely recognised 



[33, 34]. As the crack shape changes from semi- 
circular (the ratio of the crack depth to the crack 
length, along the pipe, is equal to 0.5) to that 
characteristic of fatigue (the above ratio is less 
than 0.5), with this change the stress intensifi- 
cation is greater, and therefore the lifetimes of 
pipes having elongated fracture surfaces should be 
less than the semicircular. This may, in part, 
account for the small reduction in performance of. 
the PE1 and PE3 pipes loaded under fatigue. 

If, however, crack shape is to influence life- 
time, the differences in shape observed after final 
rupture of the pipe must also be present as the 
crack grows. Evidence from some part ruptured 
fatigue and stress-rupture tested pipe, and discon- 
tinuous crack growth bands on some fatigue failed 
pipe, Fig. 4, support the contention that for 
significant fractions of the total wall thickness 
of the pipe, the fracture surface shape of the 
growing crack was characteristic of the loading 
profile. It must be noted, however, that the 
greatest fraction of the lifetime is spent when the 
crack is small, the region where there is little 
information on the shape of the growing crack. 
Further there was no evidence that the particles 
initiating fracture in the fatigue tested pipe were 
different in position, size or shape from those 
found in the stress-rupture tested pipe. Therefore, 
the initial shape of the growing fractures must be 
similar under both loading modes, so that the frac- 
ture surface shape may not have a major influence 
on pipe lifetime as data in Fig. 5 shows for the 
PE1 and PE3 pipe materials. 

6.3. The initiation of the brittle fracture of 
polyethylene pipes 

6.3. 1. The influence o f  particle size on the 
lifetimes o f  the PE1 pipes 

Fig. 9 clearly shows that brittle fractures in fatigue 
and stress-rupture tested PE1 polyethylene pipes 
were initiated at particles. Figs. 10a and b show, 
respectively, that there was a range of particle 
sizes and positions, with respect to the inside wall 
of pipe. In Section 3.2 it was indicated, Equation 
4, that the size of the particle initiating fracture 
controlled the lifetime of plastics pipes, assuming 
crack growth is described by an equation of the 
form as Equation 1. A correlation, therefore, was 
sought between the size of the particle initiating 
fracture and a measure of the lifetime of the pipe. 
Since only a limited number of stress-rupture tests 
were undertaken, the data from the fatigue tests 

was incorporated. In Section 6.1.1 the perform- 
ance of the PE1 pipes under fatigue was shown to 
be described by the cumulative damage model, 
allowing the incorporation of this data with the 
stress-rupture data. However, there was a small 
fall-off in performance with increasing frequency 
for the PE1 pipes, see Fig. 5. To allow for this fall- 
off, the lifetime of a given pipe is expressed in 
relation to the mean lifetime of that test (con- 
ducted at a given pressure, and with the same 
loading form and frequency) of which it was a 
part: thus, as r/f, where f is the mean lifetime of 
the group of the pipe samples of which r is the 
lifetime of one, and r / f  is known as the reduced 
lifetime. 

Various plots were made of reduced lifetime 
against the size of the inclusions leading to frac- 
ture, (ao), using different measures of particle 
dimensions (for example, maximum size, extent 
of the particle along and perpendicular to the pipe 
axis, etc.). The best fit was obtained on a log (r/f) 
against log (ao) plot, where ao is the maximum 
inclusion size in the plane of the fracture surface 
irrespective of direction. The data is presented in 
Fig. 16 where the sample size of 22 gave a corre- 
lation coefficient o f - - 0 . 4 9 .  The preferred log 
(r/f) against log (ao) relationship infers that the 
measured individual lifetimes of the PE1 pipes can 
best be predicted by using the fracture mechanics 
approach as proposed by Gray and co-workers 
[5, 12], with the lifetimes, TFATIGUE, of the 
fatigue tested PE1 pipes included as they failed 
according to cumulative damage principles. The 
negative correlation coefficient confirms the 
dependence of pipe lifetime on initiating particle 
size as described by Equations 3 and 4, increasing 
initiating particle size reducing pipe lifetime. In 
addition, particle size was predominantly within 
the range 200 to 1000pm, which for a pipe hoop 
stress of 4.93 MPa gave values for K e (0.14 to 
0.31 MN m-3/2) for which measurable crack 
growth occurs for similar polyethylenes [5]. 

The log (r/f) against log (ao) plot of Fig. 16 
allows the constant b (see Equation 1) to be calcu- 
lated from the slope of the curve; the value comes 
out at approximately 2.36, close to values recorded 
by Gray and co-workers [12, 35] on similar poly- 
ethylene materials from crack propagation studies. 
However, if the value for h, typical values of ao, 
and the approximate value for b from Fig. 16 are 
inserted into the square brackets of Equation 3, 
the approximation 
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Figure 16 A double logarithmic 
plot of reduced lifetime against 
the size of the particle initiating 
fracture. This data was obtained 
from stress-rupture and fatigue 
testing the PE1 pipes at 80 ~ C. 

a~o 1-b/~) - h ~  = a~ ~-b/2) (10) 

does not hold. The use of Equation 4 to describe 
the influence of initiating particle size on pipe 
lifetime is therefore approximate for values of b 
close to 2 with the size of defects observed in this 
study. An equation of the form of 3 must be used. 
However, both Equations 3 and 4, and the data in 
Fig. 16, indicate that for these PE1 pipes, lifetime 
will depend upon the size and concentration of 
included defects. A similar lifetime-particle size 
relationship may not apply to other polyethylene 
pipe materials. 

One difference exists between our work and 
the calculations of Gray, Mallinson and Price on 
the fracture of polyethylene pipe; the size of the 
particles initiating fracture. In the calculations of 
Gray et  al. [12], the particle size was calculated 
to be within the range 10 to 100/lm, whereas this 
present work (see Fig. 10) found the particles to 
be considerably larger, in the range 100 to 600pm. 
The difference may be due to either a delay in the 
start of crack growth, an incubation period, or in 
the value of the geometrical parameter Y (see 
Equation 2). Gray et  al. assumed the shape of the 
growing crack to be semi-elliptical [35]. Figs. 4a, b 
and c and [7] and [81, show that for stress- 
ruptured small diameter pipe, this is not the case. 
If Y had a smaller value, or therewas an incubation 
period, then the particle size required to initiate 
fracture may have to be put at a higher value and 
the difference may be accounted for. 
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6.3.2. The nature and origin of initiating 
particles 

Three major types of particles were identified; 
particles where no elements were detected, iron 
based particles and calcium rich particles. The 
impurities associated with base polymer produc- 
tion and compounding were largely accounted for 
by the calcium rich particles, presumed to be 
calcium stearate, and high molecular weight poly- 
mer or gels for which no elements were detectable 
by the EDX technique. The particles associated 
with pipe manufacture were the iron based par- 
ticles, including 316 stainless steel, and were 
associated with plastics processing equipment wear 
or damage. The fibrous impurities arose from 
materials handling including the packaging of the 
feedstock. An example of a fibrous inclusion 
initiating fracture is shown in Fig. 17. 

Methods for improving the performance of 
polyethylene pipes may, therefore, be directed 
to either, or both, a reduction in the size and 
concentration of defects likely to initiate fracture, 
or to improving the material by either slowing 
down the rate, or delaying the start, of crack 
growth. The former route is the more straight- 
forward, and for a given pipe material the reduc- 
tion of the size and concentration of defects in 
the pipe wall can be realized by the informed use 
of currently available melt filtration units at the 
compounding or profile extrusion stages of manu- 
facture [36, 37]. Filtration to 50pm particle size 
should be realizable for pipe applications and 



Figure 17 Fibrous inclusion 
which initiated the fracture of a 
fatigue tested PE1 pipe. Note 
that when fracture is initiated 
by such an inclusion the aspect 
ratio of the fracture surface 
does not conform to that pre- 
dicted by Fig. 8. 

would lead to improvements in the performance 
of certain, if not all, polyethylene pipes. If the 
plastics material obeys a crack growth relationship 
of the form of Equation 1 (for stress-rupture 
testing) or Equation 6 (for fatigue testing), then 
reducing the size of particles within the pipe wall 
will, as Equation 4 and Fig. 16 indicate, improve 
the performance of the pipe. 

6.4. Fatigue behaviour of the large 
diameter thick walled pipes 

160mm outside diameter SDR11 pipe, produced 
from the PE1 material, contained massive voids 
in the wall of the pipe, Fig. 12. The voids gave 
rise to a major intensification of stress, so that 
fracture would be expected to initiate from the 
voids. Failure progressed from such voids and 
seriously weakened the pipe, reducing perform- 
ance by, typically, an order of magnitude. 

For some pipes produced in the United 
Kingdom and used for the distribution of gas, 
this possibility of voiding has been appreciated 
and anticipated. Ultrasonic techniques, primarily 
developed for wall thickness control, may also be 
used to identify if voids are present [38]. Thus 
non-destructive techniques are available to identify 
such defects, so that void-free polyethylene pipe 
Can be produced and can be shown to be so. 

The origin of the voiding in pipe is associated 
with two effects. First, in the production of pipe 

rapid cooling from the outside can cause con- 
siderable stresses to be frozen into the pipe. The 
general distribution of the stresses is such that 
the outside of the pipe is in compression, while 
close to the pipe bore the material suffers a tensile 
stress [30]. This may give rise to voiding [39]. 
Secondly, polyethylene materials shrink sub- 
stantially in going from the liquid to the solid 
phase [40]. If the bore and outside of a pipe are 
first cooled, then the material in towards the 
middle of the pipe, being at a higher temperature 
and therefore lower modulus, cannot deform the 
lower temperature material either side to com- 
pensate for the shrinkage. Voiding is then the 
result. Clearly, both shrinkage and internal 
stresses may operate together to create voiding. 

Voiding is, therefore, more likely to occur with 
the higher density polyethylene materials, which, 
having a high crystallinity, will shrink to a greater 
extent than a medium density material. Secondly, 
control of processing conditions, including the 
temperature of the water bath, is also critical in 
determining whether voiding is present. 

7. Conclusions 
In the introduction three distinct areas of work 
were identified. The conclusions from the work 
undertaken on these three areas are: 

(a) Small diameter polyethylene pipes sub- 
jected to a fluctuating internal pressure loading 
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may or may not exhibit a fatigue weakness. The 
tendency towards a fatigue weakness is material 
specific. For those materials not exhibiting a major 
fatigue weakness the number of cycles to failure, 
Nr, may be indicated using the stress-rupture 
lifetime, rsR , and the time under maximum load, 
as indicated by Equation 5 from Stapel [17, 18]. 

Pipes exhibiting a fatigue weakness have a 
low value of rFAaaGUE/~SR, and in some cases 
rFATmU~, may lie to the left of the material manu- 
facturer's stress-rupture curve. However, rTEST 
may be equal to or greater than ~sR, due to the 
time off-load. In this case the user of the pipe will 
not notice any weakness in fatigue. It is our 
opinion that the ratio of  rFATmUE/fStt must be 
lower than that recorded for the PE2 pipe for a 
fatigue weakness to become apparent for pipes 
used in the field. This is provided that the user of 
the pipe is aware of the maximum pulse pressure, 
which may differ from the static case. Design must 
then centre on the highest stress. These comments 
may not apply if the pipe is poorly processed or 
badly installed. 

(b) Fig. 16 established that the presence of 
large included particles in pipe reduced pipe per- 
formance. The data presented in the figure relates 
to one relatively short lifetime pipe material. The 
same conclusions may not apply to other pipe 
materials, particularly if there is a substantial 
incubation period prior to crack growth. However, 
for polyethylene pipe materials similar to the PE1, 
pipe performance may be improved by filtration 
of the melt, at the pipe extrusion stage, to reduce 
the size and concentration of defects. An analysis 
of uPVC pipe failures by Kirby [41] highlighted 
included particles as a major cause of premature 
pipe failure, accounting for in excess of 11% of 
the 300+ failures examined. This field experience 
with uPVC then agrees with our laboratory studies 
with the PE1 pipe. 

The presence of particles, such as those ident- 
ified in Figs. 9, 10 and 11, can be traced to several 
sources, including base polymer manufacture, 
materials handling, including the container used, 
and to defects introduced during processing. 
Attention must be directed to all stages of the 
production of a finished article if performance 
is to be enhanced. We would expect included par- 
ticles to affect the performance of other profiles 
and injection moulded artefacts. 

(c) Thick walled large bore pipe is more expen- 
sive and difficult to test. However, it is evident 

that problems exist with large bore pipe which 
are not found in the smaller diameters. This relates 
particularly to the possibility of large (mm in 
dimensions) voids forming in the wall of the pipe. 
There is no information to hand to suggest that 
such defects would not reduce stress-rupture life- 
times as well as '/'FATIGUE- Care must be taken in 
the processing of large diameter pipes to avoid 
such problems. Tests have been conducted on 
other thick walled (125 mm SDR11 and 180 mn) 
SDR17) polyethylene pipe with no evidence of 
substantial fatigue weaknesses arising from voiding 
in the wall of the pipe. 

Finally, we conclude this paper with the follow- 
ing general points: 

(i) All three small diameter polyethylene pipes 
were within the material manufacturer's specifi- 
cation, both in terms of the material melt index, 
density and melting temperature, and in the 
measured stress-rupture lifetime, short-term burst 
strength and material tensile strength (the last two 
properties were determined but are not recorded 
here). 

(ii) The existing specifications and standards for 
polyethylene pipe seldom take into account the 
possibility of cyclic internal pressure loading. 
Published data [21, 24] for uPVC pipes clearly 
indicate that thermoplastic pipe materials can 
exhibit a weakness under fatigue, so that the uPVC 
pipe is down-rated if it is to be subjected to fatigue 
[42]. These present results, and more recent but 
incomplete data obtained within our laboratories 
on polyethylene pipe, indicate the possibility of 
a fatigue weakness in polyethylene pipe materials. 
For certain uses of pipe new standards, incorpor- 
ating a fatigue test, may be desirable. 

(iii) The weaknesses identified to date in poly- 
ethylene pipe are not dramatic (TFATIGUE is, at 
worst, half the material manufacturer's specified 
stress-rupture lifetime for that temperature and 
hoop stress). However, the authors and others have 
already indicated, by presenting some preliminary 
results [43, 44], the possibility of severe weaknesses 
arising in certain polyethylene pipeline systems 
when loaded under fatigue. Failure occurs in the 
injection moulded fitting and the ratio of ~FATmUE/ 
rsrt may be of the order of 0.005, so that system 
performance is reduced by in excess of two decades 
(using the material manufacturer's stress-rupture 
data). These results on the influence of injection 
moulded fittings on pipe system performance are 
to be presented in future publications [3]. 
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Appendix 
The hoop stress in the pipe (OH) is calculated using 

"Barlow's formula" 

e i  (c lod - -  h)  
(A1) 

aH - 2h 

where Pi is the internal gauge pressure, (clOD -- h) 
the mean pipe diameter and h the wall thickness. 

For SDRl l  pipe, which is relatively thick 

walled, the pipe wall hoop stress varies with 

distance from the pipe axis (r) as 

PiR~D [r 2 + R~D] (A2) 

(aH)~ = R~ooD--R~I) r ~ ] 

where RID and ROD are the internal and external 
pipe radii. For SDR11 pipe the ratio of the hoop 

stress at the pipe bore to hoop stress at the outside 
wall is approximately 1.25. Residual stresses can 

further exaggerate this difference. 
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