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Abstract – Infrastructure applications require
solutions that are cost competitive and durable. For the
infrastructure engineer, if the price is good the question
of durability is next. Over the years the composites
industry has done well in cutting costs and improving its
competitive position. The issue of durability is still
lagging and has been addressed empirically by pointing
out to many successful proven in use applications. The
engineering community is still looking for a quantitative
model based on test results and a solid theoretical
foundation to predict the structural life of composites
subjected to multiple loadings. This paper introduces a
new equation to predict the long-term structural life of
composite pipes subjected to tensile, flexural and cyclic
loadings and used in water and wastewater transmission.

Three types of lives - The durability of
composites can be addressed based on cosmetic, service
and structural aspects.

1 – The cosmetic life emphasizes the looks of the
structure and is determined by the “eyes of the
beholder”. The cosmetic life will not be addressed in this
paper.

2 – The service life is concerned with the fitness for
use of a structurally sound composite. In industrial
applications the service life is determined by the
destruction of the corrosion barrier. The issue of service
life is addressed in reference 1.

3 – The structural life of pipes carrying aqueous
solutions is defined by either rupture or weeping. The
structural life marks the ultimate durability of any
composite. This paper will develop a mathematical
equation to predict the structural life of composite pipes
subjected to static or cyclic loadings.

Three aggressive media - We define aggressive
medium as any agent that lessens the ability of
composites to perform. The aggressive media can be
grouped in three categories.

1- The non-penetrating agents act only on the
surface of the laminates. Examples of such media are the
UV radiation and the abrasive action of some materials,
which wear away the surface of the composite while
leaving the inner layers undisturbed. The non-penetrating
media cause cosmetic surface damage and have no effect
on the service or the structural life.

2- The semi-penetrating agents can affect the layers
next to the surface. Their small penetrating power,
however, limit their effect to the just the layers next to
the surface. Examples of such media are the many
chemicals found in industrial applications. The
interaction of these media with the resins and the glass
fibers determines the service life of the composite.

3-The penetrating  media pervade the whole
laminate and reach all layers. Examples of such agents
are some solvents, especially water, temperature and
mechanical loadings. The structural life of the composite
is determined by the penetrating agents.

The semi-penetrating chemicals do not go very
deep into the composite. Their diffusion is slow and
whatever little penetration they have results from a
progressive destruction of the material that is near the
exposed surface. The effect of the semi-penetrating
chemicals can be delayed by the construction of
sacrificial corrosion barriers that would keep the inner
structural layers intact. If the destroyed corrosion barrier
is replaced periodically, the chemicals have no effect on
the structural life. The structural life of composites is
determined exclusively by the penetrating agents.

A special solvent – The corrosion of metals is a
non-penetrating process in which the corroded material
ceases to play any structural role and the rest of the metal
keeps its properties intact. Metal structures lose load
capacity in corrosive environments not because they lose
mechanical properties, but because they lose thickness. A
similar process occurs with composites in semi-
penetrating media. The material that is penetrated by the
chemical loses its mechanical properties and, as in the
case of metal corrosion, reduces the effective thickness
of the composite. The non penetrated material, again like
in the case of metals, maintains its original properties
intact. This statement is not obvious. The conventional
interpretation of the chemical attack on composites takes
exactly the opposite view. The ASTM C 581 test method
assumes that the chemicals (a) penetrate and deteriorate
the properties of the laminate while (b) maintaining its
thickness unchanged.

Unlike the semi-penetrating chemicals just
mentioned, the solvents can fully penetrate the laminate.
The solvents, however, are generally not reactive with
the resin or the glass fibers and would not destroy the
thickness of the composite. Their swelling effect is
mostly reversible and the impact that they have on the
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durability is not a major concern. The damage done by
the solvents is (a) non-progressive and (b) can be
evaluated within a short time of exposure. The structural
life of composites in solvents is a go no-go situation in
which destruction takes place within a short time or not
at all.

However, there is one kind of solvent that is
reactive and capable of causing progressive long term
damage to composites. That special solvent is water.
Water can be harmful in two ways. First, like all
solvents, it swells the laminate and causes a reversible
decrease in mechanical properties. Also, water
progressively dissolves and destroys the glass fibers that
are subjected to strains, in a process known as “strain
corrosion”. The swelling effect is reversible and easy to
quantify. The slow and continued “strain corrosion”,
however, is irreversible and ruptures the composite in the
long term.

The foregoing justifies the two following
hypothesis.

1st hypothesis - The semi-penetrating chemicals
have no effect on the mechanical properties. The surface
damage that they do causes loss of thickness. They
determine the service life and have no effect on the
structural life.

2nd hypothesis - Water is the only agent that
penetrates and degrades the mechanical properties of
laminates. The structural life of the composite is
determined by water.

The above hypothesis separate the short-term
service life – determined by the chemicals - from the
long-term structural life – determined by water. The
service life is useful to schedule shutdowns for
maintenance. The structural life is useful to design long-
term infrastructure applications. The recognition that
water is the only agent affecting the structural life is a
tremendous simplification to this otherwise intractable
problem.

This paper addresses the long-term structural life of
composites. The short-term service life is addressed
elsewhere (reference 1).

The regression lines - This section is focused on
the significance of the regression lines used to assess the
long-term structural lives of composites. The structural
failure of glass reinforced composites is caused by the
attack of water primarily on the glass fibers and
secondarily on the resin-fiber interface. Water attack on
the resin itself is small and can be ignored. The long term
rupture of the composite results primarily from the
deterioration of the glass fibers. The attack on the glass-
resin interface explains the slow loss of modulus

observed in the ageing of composites and provides an
interesting explanation to the phenomenon of “sudden-
death” (reference 2). The “sudden-death” phenomenon is
beyond the scope of this paper.

According to the theory of fracture mechanics the
long-term rupture of homogeneous materials results from
the slow growth of cracks that increase in size to a
critical length. The rate of crack growth is governed by a
differential equation of the form

( )BaA
dt

da
××= ε (1)

Where

“a” is the initial size of the crack.
“_” is the initial strain.
“A” is a material constant.
“B” is a constant related to the rate of attack.

Equation (1) shows that the rate of crack growth
depends on the initial strain “_” and on the initial size
“a” of the crack. The crack growth is accelerated towards
the end of the process, when both the crack size and the
local strain grow. The crack grows to a critical length
that causes failure. Equation (1) can be integrated to link
the initial strain with the time to failure.
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Where (_f, tf) and (_0, t0) are pairs of failure points
and K is a constant that depends on the ability of the
glass to resist the attack by water. Equation (2) is
expressed on log – log space as
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The above equations were derived for
homogeneous materials, like glass fibers, but are also
applicable to non-homogeneous materials like
composites. They provide the theoretical basis for the
regression lines linking the initial strain “_f” to the
corresponding time to failure “tf”. The coefficients “C”
and “K” are determined experimentally by regression
methods. The regression lines predict the times to failure
when the initial strains are known, or conversely the
initial strains when the times to failure are given.
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Equations (2), (2A) and (2B) are different forms of the
same relation.  The pipe manufacturers and the ASTM
standards prefer form (2B). In this study we will make
use of form (2).

We have used the adjective “initial” in connection
with the strains. In the context of this paper, “initial”
refers to the actual strain that takes place immediately
upon application of the loading. The “initial” strain
slowly increases in response to the gradual failure of the
fibers and of the resin-glass interface. The process goes
on until a critical strain is reached and the laminate fails.
For composite pipes used to carry liquids, failure is
defined as the strain at weep. Should the pipe have an
impermeable liner that would not weep, then failure
could be defined as the strain at break.

Figure 1 shows the regression lines for the two
failure criterion (weep or rupture). The two lines merge
in the long term as a result of the phenomenon of
sudden-death. Figure 1 makes it clear that the “initial”
strains grow until they reach the failure strains. The
reader should understand that equation (2) requires the
“initial” strains that are induced on the composite
immediately upon loading.

The subscript “f” in equation (2) denotes failure
and “_f” is the initial strain that grows to failure at the
time “tf”. The subscript “0” designates any pair of strain
and time satisfying equation (2).  The coefficients “C”
and “K” are determined experimentally by accepted test
methods. Once these coefficients are known, the
regression line can be used to predict any pair of failure
points. In this paper we use the following definitions:

_0 = _50 is the initial strain that fails the pipe in t50

= 50 years.
t0 = t50 is the failure time of 50 years.
_f is the initial strain that grows to failure at the
time tf.
tf  is the time to failure under the initial strain _f.

The initial strain that results in long-term (usually
50 years) failure is known as the Hydrostatic Design
Basis, or HDB. In this paper the HDB is represented by
the symbol “S”. The structural life of composite pipes is
defined by three HDB’s.

1 – Sc or cyclic HDB. This is a cyclic pressure test
performed in accordance with ASTM D2992 procedure
A, to give a regression line linking the initial hoop strains
to the number of cycles to failure. The pipes are tested
filled with water and the failure criterion is weep. On log
x log space the regression line takes the form of equation
(3) where, to facilitate the comparison with the other
HDB’s, the number of cycles has been converted into
time.
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In equation (3) Kc is the slope of the cyclic
regression line and (_c)t and (_c)0 are the initial cyclic
hoop strains that fail the pipe at the times “t” and “t0”
respectively. Usually “t0” is taken as 50 years which is
the same as 438 000 hours. The initial strain that fails the
pipe in 50 years is the 50 years cyclic HDB.

Therefore, entering 50500 == tt years, and
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Note that the generic coefficient “K” in equation (2)
has been changed to “Kc” to denote failure by cyclic
loading. The above equation can be written as

cK

c

c

St

1

50








=

ε
(3A)

2 – Ss or static tensile HDB. This is a static pressure
test done in accordance with ASTM D2992 procedure B
to give a regression line linking the initial static hoop
tensile strain to the time of failure. The pipe is tested
filled with water and the failure criterion is weep. On log
x log space the regression line takes the form.
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Ks is the slope of the static regression line. The
above can be written as
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3 – Sb or static flexural HDB. This is a flexural
static test done in accordance with ASTM D5365. This
test method specifies is similar to the preceding ones,
except that the pipes are subjected to bending rather than
tensile strains. The failure criterion is a sudden loss of
modulus, which indicates a near rupture condition. The
regression line for bending has the forms
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Equations (3), (4) and (5) predict the times to
failure when the loadings act alone. The question is how
they can be combined when the three loadings act
together. The resulting combined equation is the
governing equation of failure.

The combined equation - The derivation of the
combined equation is very simple. In fact this derivation
has already been done. Equations (3A), (4A) and (5A)
express the fractions of the total lifetime for each loading
taking as reference the period of 50 years. To understand
this, assume we have the following lives for a certain
pipe:

•  500 years lifetime when subjected to
cyclic loading. Therefore 50 years corresponds

to 10,0
500

50
=  or 10% of the cyclic lifetime.

•  200 years when subjected to static
tensile loading. By the same reasoning, 50 years

correspond to 40,0
200

50
= or 40% of the static

lifetime.
•  250 years when subjected to static

flexural loading. Again, this is equal to

20,0
250

50
=  or 20% of the lifetime.

The question that we ask is the following. Would
the above three loadings fail the pipe in 50 years if they
acted simultaneously? According to the principle of
superposition, if acting together for 50 years the three
loadings would consume 40% + 10% + 20% = 70% of
the pipe’s lifetime. Therefore the pipe would not fail if
subjected to the simultaneous action of the above three
loadings for a period of 50 years.

Based on the above, the combined loading that
would fail the pipe after 50 years of continuous use is
obtained when the three lifetime fractions add up to
100%, or
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Which, in view of equations (3A), (4A) and (5A) is
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In equation (6) the three K’s are the slopes of the
regression lines, the three _’s are the initial strains acting
on the pipe and the three S’s are the HDB’s that fail the
pipe in the long term (say 50 years).

Equation (6) predicts the structural lifetime of
composite pipes when the three ladings act
simultaneously. It was derived from the principle of
superposition and the regression lines of pipes in water.
This, however, does not affect its generality since water
is the only agent that affects the structural life of
c o m p o s i t e s .  Equation (6) is neat and simple
mathematical expression to predict the structural life of
any fiber dominated composite in any medium and
subjected to multiple loadings.

The numerical values of the coefficients required in
equation (6) are listed in table 1. The values of Ks, Kb, Ss

and Sb have been taken from the regression lines
published by Flowtite. The value of Sc was taken from
publications by Ameron. The value of Kc was suggested
by the work of Professor F. Mandell.

Worked example - We use equation (6) and the
coefficients in table 1 to calculate the safety factor for a
composite pipeline used to carry water under the
following initial conditions.

Static initial tensile elongation _s = 0,30%
Static initial flexural elongation _b = 0,40%
Cyclic initial tensile elongation _c = 0,10%

By definition, the factor of safety SF is a multiplier
that would bring the above system of strains to failure. It
is calculated as
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Which gives SF = 1,96. The interpretation for this
safety factor is the following. The loading stated in the
problem does not fail the pipe in 50 years. For failure to
occur in 50 years the strains should be 1,96 times higher.
Therefore SF = 1,96. Introducing this safety factor in (7)
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we can have an idea of the effects of each loading on the
durability of the pipes.
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0,16     +        0,82           +         0,00         ≈1,00

The static loading consumes 16% of the 50 years
lifetime, versus 82% for the cyclic loading. The bending
loading is irrelevant to durability. The surprising
conclusions are (a) the irrelevance of the bending loading
and (b) the overwhelming importance of the cyclic
loading. This is so because of the slopes of the
corresponding regression lines. The high slope Kc =
0,100 explains the major role played by the cyclic
loadings. The bending loadings, with a small slope Kb =
0,039, play a minor role and could be ignored in the
analysis of durability.

Conclusion - We have derived an equation to
predict the structural life of composite pipes subjected to
a variety of loadings acting simultaneously. This
equation was derived from the regression lines and the
principle of superposition.

The American Water Works Association in its
AWWA C 950 standard (reference 4) proposes a
different equation to assess the 50 years lifetime of
composite pipes used in water transmission. Equation (8)
is a simplified version of the AWWA criterion.
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Equation (8) ignores the important cyclic loadings
and makes no explicit reference to the slopes of the
regression lines. Note the suggested safety factors SF =
1,8 and SF = 1,5 respectively for the tensile and flexural
loadings.

The two failure criteria lead to conflicting results.
The pipes operating under the conditions stated in the
worked example would pass the exact criterion with a
safety factor of 1,96. The same pipes, under the same
conditions, would not pass the AWWA criterion.
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       0,83      +       0,46     =  1,29

The question may arise as to which criterion is best.
The AWWA equation (8) has been in use for many
years, while equation (6) has no history. However, the
reader will recall that equation (6) is not a “rule of

thumb” or empirical relation. Rather, it has been derived
from the principle of superposition and the regression
lines and deserves at least the same degree of confidence
as the regression lines themselves.
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Figure - 1
The initial strains grow to fail the pipe when they reach the critical values. Note the fast growth as the ultimate strain
is approached. Note also the merge of the weep and rupture regression lines.

Parameter Suggested value Source

Ss – static tensile HDB for 50
years

0,65% Flowtite

Sb – static flexural HDB for
50 years

1,30% Flowtite

Sc – cyclic tensile HDB for
50 years

0,20% Ameron

Ks – slope of the static tensile
regression line for water

0,055 Flowtite

Kb –slope of  the static
flexural regression line for water

0,039 Flowtite

Kc – slope of the cyclic
tensile regression line

0,100 F. Mandell

Table-1
 Suggested values for the coefficients required by the failure equation.


