
EADIPS FGR DUCTILE IRON PIPE SYSTEMS 5624

Harald Hager and Joachim Albrecht

Calculation software helps with life-time estimation 
according to Arrhenius

Assessment of the long-term behaviour of new sealing materials

When it comes to new require- 
ments, for example for meeting the 
current “evaluation criteria for plas-
tics and other organic materials in 
contact with drinking water” [1] – 
abbreviated to “KTW-BWGL” – 
(previous designation “Elastomer 
Guideline” [2]), then it always also 
involves new or modified materials. 
However, the focus is not only on 
the new hygienic properties which 
have to be met but also, and quite 
naturally, on the maintenance of 
technical requirements. In the case 
of concealed gas and water pipes 
for domestic distribution systems 
or in the case of underground sup-
ply lines, the fact that the long-term 
properties of elastomer seals must 
not deteriorate makes things even 
more difficult. But how certain can 
one be that the new materials at 
least achieve the required life-time 
of the previous materials or, better 
still, exceed it? Before any change-
over, therefore, the new materials 
should be compared with the old 
ones and evaluated on the basis of 
reliable testing.

State of the art

In a first approximation, the life-
time of elastomer materials is esti-
mated in accordance with the laws 
of Arrhenius. The state of the art  
is described in ISO 11346 [3].

A brief description of the method
A number of material samples are 
stored at three elevated tempera-
tures at least and the times taken 
to reach the threshold value*) of 
a property relevant to function, 
e.g. compression set (CS), are 

measured and then subsequently 
represented in summary graph 
form (Fig. 1). 
 
The time-temperature value pairs 
obtained in this way at the thresh-
old value (in Fig. 1 this is the hori-
zontal red line at 70  %) are repre-
sented linearly using the Arrhenius 
equation and then extrapolated to 
the application temperature (e.g. 
25°  C) (Fig. 2).

The result of the extrapolation up 
to the application temperature in 
this example: at a constant 25  °C 
the limit CS of 70  % is reached after 
3,126,015 hours (= 358 years).

 
Comparability – 
the aim of a standard

In contrast to many other stand-
ards which are being used today in 
test laboratories and for which re-
peatability and comparability are of 
extreme importance, ISO 11346 [3] 
allows a surprisingly high degree 
of freedom. As a consequence, in 
many cases the calculation re-
sults are not comparable with each 
other.

The reason for this is explained in 
the following points:

a)	 The standard explains the prin-
ciple quite well. However, the 
precise calculation steps have 
to be worked out by each user 
himself. For this he requires 
knowledge about how to deal 
with relatively complex mathe-
matical correlations. 

	

	 	 This means that the stand-
ard cannot readily be trans-
posed by laboratory specialists, 
as would otherwise be the case.

b)	 The function threshold value 
and application temperature 
have to be determined by the 
client in each individual case. 

	 	 This inevitably leads to 
divergent results. Note: What 
does the user of one application 
temperature do if, in reality, cli-
mate-related temperature-time 
sequences are present?

	 	 A time-temperature col-
lective, which is derived e.g. 
from the climate, is significantly 
closer to reality.

c)	 There are usually optional tol-
erance specifications for meas-
urement ranges and for best-
fit curves. Meaning that each 
user makes his own decision 
about the quality and usabil-
ity of his measurement results 
for the subsequent Arrhenius 
calculation.

	 	 A laboratory specialist will 
perhaps see this differently from 
a mathematician or statistician.

d)	 Creating best-fit curves by hand 
(with ruler and pencil) has long 
since become a thing of the past 
and is more or less imprecise.

	 	 These days calculation pro-
grammes are used. They are in 
use practically everywhere and 
make a very much higher level 
of precision possible.

It is actually also possible, in coor-
dination with the client, to shorten 
the testing times in order to save 
time and costs. However, by so do-
ing test results are obtained which 
have not been determined in line 
with standards and so cannot be 
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*) The limit value is the maximum tolerable drop in the functionally relevant property.
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used as a basis for a qualified esti-
mation of life-time. So what is the 
value of a test result like this?

It is not surprising therefore that 
calculation results – depending 
on the test laboratory and the cli-
ent’s specifications – on one and 
the same material can differ sig-
nificantly from each other, even 
though tested in accordance with 
ISO 11346 [3]. It is expected of a 
standard here that all test param-
eters are described as precisely as 
possible so that everyone obtains 
comparable results.

Other standards relating to life-
time estimation, improvement 
potential for practical applica-
tion

Estimation of life-time, among 
other things, is also described in 
EN 549 [4]. It also refers to the 
principle according to ISO 11346, 
but it specifies a range of calcula-
tion parameters very much more 
precisely. However, for one thing 
this standard is specially designed 
for static sealing materials, there-
fore the focus lies on the com-
pression set as the test parameter, 

and for another thing the expla-
nation of the calculation method is 
not represented in a way which is 
more transparent. However: with 
very good expert knowledge and by 
spending a great deal of time, it is 
possible to conflate the calculation 
parameters described in EN 549 [4], 
such as the statistical tolerances for 
the measurement ranges and best-
fit curves and the mathematical 
correlations for example, into a cal-
culation programme and develop a 
piece of software.

Basically, the function threshold 
value and application temperature 
are product-specific parameters 
which, of course, each client de-
termines individually – regardless 
of the specific conditions of appli-
cation. It is not possible to regulate 
this by means of a standard. These 
specifications therefore have to re-
main variable. Comparability can 
nevertheless be established pro-
vided that the tests on the material 
to be compared are performed up 
to the same threshold value as the 
reference. Calculating the results at 
the application temperature is then 
merely a mathematical exercise.

A realistic life-time estimation is 
then achieved if, instead of assum-
ing a constant temperature for the 
calculation, reference is made to 
a specific climate. After all, a con-
stant temperature over the course 
of a year only exists in extremely 
special cases in practice. For exam-
ple, the time-temperature collec-
tive for a gas pipeline in the open 
and exposed to direct sunlight, 
such as in Seville, differs consider-
ably from a drinking water pipeline 
laid 1.20 m below ground. Depend-
ing on the application, therefore, 
the time-temperature collectives 
can turn out to be extremely di-
verse. Therefore calculations should 
be based on climate profiles which 
are acquired on the basis of sound 
practical measurements taken over 
the course of a year. They should be 
as close as possible to reality.

Fig. 1: Measurement results at 3 temperatures, CS = f (time).

Fig. 2: Arrhenius plot, ln (1/time) = f (1/temperature), with extrapolation up to 25  °C.
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These days there is an increasing 
tendency to describe practical time- 
temperature collectives for the most 
widely varying application scenar-
ios, such as for example

	 for gas pipelines laid above 
ground in a hot climate: 

	 EN 549 [4] (Annex C, Table C.1)
	 for pipelines laid underground: 

see [5]
	 for hot water installations: 

	 ISO 10508 [6] (Table 1 Note a 
and Annex A)

The combination of the proven Ar-
rhenius method with a realistic cli-
mate profile places a high degree of 
significance on the result and helps 
the practitioner when it comes to 
selecting the correct material.

Requirements concerning 
a user-friendly calculation 
programme

A calculation programme should 
offer the best possible convenience 
and reduce the risk of a defective 
calculation to a minimum. Even so, 
the user is still not spared the task 
of familiarising himself with the 
essential features and the require-
ments of ISO 11346 [3]. After all, 
the specifications must be thought 
about and taken into account be-
fore starting to carry out the tests. 
Because the first phase includes 
some very time-consuming tests, 
at the end of which no-one would 
like to find out that a further and 
even longer test cycle needs to be 
started.

The optimum programme helps 
the user from the outset, in other 
words during the current series of 
measurement results to be entered, 
in the following way:

Phase 1
a) 	Once the first 3 to 4 measure- 

ment points are present, it im-
mediately allows a projection 
to be made on the test time to 
be expected so that, if neces-
sary, corrective action can be 
taken at this early phase. This is 
of importance for the measure-
ment series at the lowest test 
temperature.

b) It constantly checks the meas-
urement results to be entered 
and indicates whether all test 
values are trustworthy with 
reference to the measurement 
ranges and so are usable.

c) Because of the error monitoring 
and the calculation parameters 
specified, the programme man-
ages with only three test tem-
peratures – an important cost 
consideration.

Phase 2 (Arrhenius calculation)
d)	 This allows an assessment of the 

trustworthiness and quality of 
the best-fit curve and it checks/
verifies the applicability of the 
Arrhenius method.

Phase 3
e)	 After entering the time-tempera- 

ture values for the application 
climate selected, or the appli-
cation temperature, the pro-
gramme calculates the life-time.

Long before the publication of the 
current version of EN 549 [4], Woco 
Pipe System Components (PSC) de-
veloped a calculation software pro-
gramme based on the Arrhenius 
method and is offering this on a 
commercial basis. It has proved its 
worth many times over for the dif-
ferent materials and applications.

The software has been refined for 
years and is constantly adjusted to 
meet the current requirements of 
the relevant standards – such as 
ISO 11346 [3].

A practical example

The working stages described 
above can be illustrated as fol-
lows on the basis of a specific ex-
ample with the aid of the Woco 
Pipe System Components (PSC) 
programme:

The assignment is estimating the 
life-time of a Tyton® sealing mate-
rial for drinking water supply. The 
pipeline is buried at a depth of ap-
prox. 1.20 m. The sealing function 
is considered to be assured if, with 
a realistic time-temperature pro-
file, the compression set (CS) is 
less than 55% after 150 years*).

The underlying time-temperature 
collective is to be determined with 
great care.

The application-specific 
time-temperature profile
The basis of the time-temperature 
profile specific to the application is 
the work of BÖHME & BÖTTCHER 
(2011) [7]. Figure 1 in this publica-
tion is represented here by Fig. 3.

The data from Figure 3 have been 
prepared for the temperature dis-
tribution at a soil depth of 1 m (see 
Table 1).

As the time-temperature collec-
tive for the assignment presented 
above, the temperature distribu-
tion over one year in Table 1 is to 
be used.

Preparation of the calculation 
concept
For the procedure for estimating 
life-time according to Arrhenius it 
is necessary first of all to clarify the 
most important boundary condi-
tions, such as:

*) Federal and state audit offices require a depreciation period of at least 50 years for public construction projects.
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	 The life-time to be expected: De-
termination of the test time un-
til the threshold value is reached 
for the lowest test temperature. 
In our example: For an expected 
life-time of > 150 years the test 
time is at least 9 months.

	 Selection of the function crite-
rion: In the example, this is the 
compression set (CS). Note: Ac-
cording to [3], CS measurements 
should preferably be determined 
on the same test specimens. This 
results in a considerable reduc-
tion of testing effort and testing 
costs.

	 The function threshold value 
as the pass-fail criterion for the 
maximum decrease of the func-
tional characteristic. In the ex-
ample, this is a CS value of maxi-
mum 55  %.

	 The temperature load at which 
the life-time is to be calculated. 
In each case, a practical time- 
temperature profile is to be pre- 
ferred over a constant tempera- 
ture. In the example:

	 687 hours / 0°C
	 2672 hours / 5°C
	 1493 hours / 10°C
	 1669 hours / 15°C
	 2240 hours / 20°C (Table 1).

	 Note: The measurement pro-
gramme is to be designed so that 
further application potential can 
be developed. This means not 
stopping the measurements as 
from a CS of > 55  %, as allowed 
by the specific application case, 
but at the earliest as from 70  %. 
Reason: For static seals, thresh-
old value with a CS of < 70  % are 
permissible. The programme al-
lows the life-time estimation 
with optional function thresh-
old values, as long as one moves 
within the measurement value 
range with the three tempera-
tures (interpolation). In the pos-
itive case, therefore, sealing sys-
tems with a permissible CS of up 
to max. 70  % could also be pro-
duced from the same material 
without further tests.

The first phase:
The measurement programme
This consists of the CS measure-
ments with a graphic representa-
tion of the value drop until the 
threshold value is reached at three 
different temperatures.

Fig. 3: Development of soil temperature over time at various depths in the year 2005 as an example of the general course of soil temperatures at 
different depths. From: [7]

Soil temperature (°C) Temperature range (°C) Time collective (h)

0 0 – 2,5 687

5 2,5 – 7,5 2.672

10 7,5 – 12,5 1.493

15 12,5 – 17,5 1.669

20 17,5 – 22,5 2.240

25 22,5 – 27,5 0

Table 1: Temperature distribution over one year at a measurement depth of 1 m.
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These temperatures should differ by 
approx. 20  °C in each case. Figure 4 
shows the measurement sequence 
of  T2 (80  °C) in our example.

Note: The test time at the lowest 
temperature is the time-determin-
ing factor (higher test tempera-
tures result in shorter test times). 
Therefore it makes sense to start 
with this test. The programme ex-
trapolates the time until the func-
tion threshold value is expected 
to be reached. After reaching the 
4th measurement point it should 

be checked whether the thresh- 
old value – as specified (in our ex-
ample > 9 months) – is exceeded 
within the permitted test time. If 
that is the case then testing is con-
tinued. However, if the test time is 
not reached, a new series of tests 
with adjusted temperature must be 
started.

Continual checking of the coeffi-
cient of determination shows up 
any possible measurement outliers. 
This enables the user to take cor-
rective action even at a very early 

stage. Because it is only at the end 
of measurement (> 9 months) that it 
can be established whether reliable 
application according to the law of 
Arrhenius is possible. Hence, with 
this value monitoring, the quality 
and dependability of the measure-
ment values are significantly raised 
and no nasty surprises are experi-
enced after nine months.

The second phase:
The Arrhenius calculation
Once the three measurement se-
quences are concluded, the pro-
gramme independently calculates 
applicability according to the law 
of Arrhenius, once again by means 
of the coefficient of determination 
(R² > 0.98). Only if this condition is 
met can further computations be 
carried out reliably with the exist-
ing data material (Fig. 5).

The third phase:
Estimation of life-time 
There now follows the inputting  
of the time-temperature profile 
(Table 2) or the constant appli- 
cation temperature. In this way 
the programme calculates the life-
time to be expected. The output 
takes place with a specification  
of the function threshold value 
and the time-temperature profile.

Fig. 4: Representation of the CS drop after conclusion of the measurements at temperature T2 (80  °C)

Fig. 5: Arrhenius plot and verification of Arrhenius applicability by calculating R2 and comparing it 
with the R² target value.
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Fig. 6: Summary representation of all relevant data in the programme navigator.
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The result of the estimation of life-
time is presented in the programme 
navigator block 3 (Fig. 6).

The results output in block 3 means 
that, with the “Potsdam” time-tem-
perature collective at 1 m depth for 
the sealing material, after approx. 
375 years a CS value of 55  % will  
be reached.

Summary

With the Woco Pipe System Com-
ponents (PSC) programme, the user 
has a tool available which enables 
him, for a fraction of the costs of  
a test laboratory, to perform a life-
time estimation in accordance with 
[3](Arrhenius) independently and 
with simple means.

The costs of carrying out one’s own 
tests, using normal laboratory meth- 
ods (e.g. CS) are manageable. Spec-
imen calculation and references 
simplify the often so arduous path 
on the way to obtaining the results.

Should the end client require a 
test certificate from an accredited 
test laboratory, the user has signif-
icantly improved the prospects of 
a positive result. This is not merely 
a gain in terms of time, but it also 
represents a reduction in costs.
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Climate area Potsdam depth 1 m

Temperature °C Time (hours)

-5

0 687

5 2.672

10 1.493

15 1.669

20 2.240

25

30

35

Summation 8.761

Table 2: Climate profile input.
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