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SUMMARY

"The University of Aston in Birmingham"

FLEXIBILITY AND STRESS INTENSIFICATION FACTORS OF GLASS REINFORCED
PLASTIC PIPE BENDS

Maan Abdul Karim KANONA
A thesis submitted for the degree of Doctor of Philosophy
1985

Straight pipes and bends made from Glass Reinforced Plastics (GRP)
were investigated under different types of short term loading under
laboratory conditions. The test components were made by five different
manufacturers, using a combination of Chopped Strand Mat (CSM), Woven
Rovings (WR), Unidirectional (UD), and Filament Wound (FW)
reinforcements.

Test results for 33 bend components obtained by in-plane bending
(closing and opening) and out-of-plane bending are presented as
flexibility factors (K) and stress intensification factors (SIF). The
results are discussed and compared with various pipe standards and bend
theories.

Isotropic bend theory was modified to accommodate bends having
different circumferential and longitudinal moduli and to include the
offect of such anisotropies on K and SIF. Both isotropic and
orthotropic bend theories have been represented by computer programmes
to generate theoretical results.

A few pressure tests were carried out on bends, and the results are
presented as Pressure Stress Multiplier (PSM) and are compared with
theory of thin shells.

Straight pipes manufactured similarly to the bends, were tested
under flexural, torsional and internal pressure loadings. The test
results are presented and compared with the predictions of thin shell
theory.

From failure tests, it could be shown that considerations should be
given to the interlaminar shear strength of composites in the design of
GRP bends. Local variability in the laminate thickness is shown to
induce local bending stresses when the pipe components are pressurised.

Reasonable agreement is found between experimentally determined
values of K and SIF of GRP bends and those predicted theoretically,
providing the average wall thickness is used.
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flexibility factor

in-plane flexibility factor

out-of-plane flexibility factor
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longitudinal to circumferential Poisson's
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glass density
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stress
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CHAPTER ONE

INTRODUCTION

1.1 Objectives

(a) To examine the performance of GRP pipe bends under conditions of

external loading.

(b) To analyse and express the performance in terms of generalised

flexibility and stress intensification factors.

1.2 General Introduction

Design, procurement and installation of pipework in materials such
as steel is based on codes which define; the materials, pipework
components, operating conditions for which they are suitable, methods of
designing the system, fabrication and inspection standards. Examples
are BS806 and ANSI B31.3. These codes are used directly and are also
the bases of computer systems for design, procurement and construction
purposes.

No comparable basis exists for GRP pipe systems. These systems
have however been used in process pipe systems for a number of years,
the rate of use having increased progressively as confidence 1in the
material has been gained. Most of this experience has been where the
material has technical advantages that Jjustify design effort
proportionately greater than is needed for conventional materials and
make uncertainties in the integrity of the design acceptable. The
absence of a recognised design code however, has limited its application
in such areas.

work within industry has led to the development of documents that

cover some design aspects, but this work has shown significant gaps

exist in the knowledge needed for a comprehensive design code. Very



little information is available on the distribution of stress and strain
in areas of complex geometry, which is essential for design of pipework
components such as bends, junctions or flanges and other joints, and on
the effect of complex loadings applied to pipe systems including these
components and straight pipes. Moreover, while there is a considerable
body of knowledge on material properties, most relates to simple
uniaxial stress conditions and relatively 1little of the existing
information can be used to assess the effect of complex stress or strain
situations on the behaviour and integrity of the material. Knowledge of
the distribution of stress and strain in a pipe system and of its
implications is a fundamental requirement for design of the system. The
experimental programme was designed to cover this aspect of the problem
and has taken into account existing information derived from the
relevant parts of other research programme.

Design methods for GRP vessels are covered in documents such as
BS4994 and these provide a basis for some pipework problems. Knowledge
of the strain distribution and its implications in complex situations in
equipment other than that is however inadequate, and this experimental
programme is relevant to the more general problem.

RAPRA as a research laboratory, provides a vital link in conveying
research work into viable industrial means and it has served the
plastics industry since the mid-fifties and the rubber industry since
its foundation in 1919. The facilities available within the Association
together with the considerable design experience in the polymer industry
were the main reasons that in the late seventies, RAPRA was requested by

a consortium of users, manufacturers, and raw material suppliers of

glass reinforced plastics, to carry out the pipe bend project. the

results of this project are to be incorporated in a future British

Standard Code of Practice for the GRP processing industry. The project



was executed under the terms and supervision of a design committee
representing the pipe consortium.

In carrying out a project of such nature, there are strong
commercial pressures which tend to limit the depth and rigour of any
investigation, resulting mainly from the competitive requirements of the
different companies.

It is thought that one detrimental effect of such commercial
pressures in the present program, was in the means used to reach the
required objectives in the form of a parametrical study, where a large
number of bends constructed by several fabricators were tested within
the elastic limit (0.2% strain) rather than using the highly detailed
analysis of fewer bends of standard construction.

In structures where the nature of the stress distribution is of a
complex nature such as bends, a design criterion would be considered
arbitrary if the cause of failure is pre-assumed or unknown. Therefore
the author found it necessary, within the limited time scale and budget
to test and analyse a limited number of pipe bend samples to failure
under different types of loading.

All experimental results are compared with prediction of the
existing isotropic bend theories and the specifications of the different
codes used for metallic bends. For bends having in-plane anisotropy,
the relevant theory has been modified from first principle of strain
energy formulation accommodating such in-plane anisotropies in the
analysis. The analytical work is reported in the Appendices.

1.3 Outline of the Thesis

Due to the fact that the samples tested are composite bends, it is
considered desirable to review the background and literature separately

for composites and bends. These are presented in Chapter 2 and Chapter

4 respectively.



Mechanical properties obtained from tests carried out on flat
sheets manufactured at the same time as the bend fittings are reported
in Chapter 3, together with test results obtained by pressurising the
straight pipes and bends.

The experimental procedures, bend manufacture and instrumentation
are essentially common for all bends, and are reported in Chapter 5.

Due to the different types of bend wall construction of the tested
samples, the results in the form of flexibility factors and
stress intensification factors are reported in Chapter 6 for smooth CSM
bends, Chapter 7 for smooth and mitred CSM/PVC lined bends, and Chapter
8 for smooth bends of orthotropic laminate properties, where the bends
walls are constructed from CSM, WR, UD, and FW reinforcements.

Discussion of the experimental results is presented in Chapter 9.

Conclusions and future work are presented in Chapter 10.
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CHAPTER TWO

COMPOSITE REVIEW

2.1 Introduction

For structural purposes, plastics are most commonly utilised as
composites. Of these, the reinforced plastics of fibrous composites are
the most widespread. In these composites,lthe plastic is strengthened
and stiffened by being combined with high-strength fibres, most commonly
glass. Fibres may range from extremely short to continuous filaments of
indefinite length. Because of the wide range of fibres and plastics,
numerous types of composites are reported in the literature(16).

This technology is applied extensively to both thermoplastics and
thermosetting materials. However, although fibre reinforced
thermoplastics have important applications, these are not generally
regarded as 'structural materials' and are rarely used to sustain
moderate loads. Thermoplastics exhibit relatively high melt
viscosities and therefore long fibres, or more precisely fibres of high
aspect ratio can not be effectively added to the polymer without damage.
Short fibre reinforced thermoplastics offer increased stiffness and heat
distortion temperature (HDT), but because of the stress concentration at
the fibres ends, impact and fatigue resistance can actually be reduced
by their presence.

This restriction does not apply to the reinforcement of
thermosetting resins. Such resins prior to cure are available as
low-viscosity syrups, and therefore moulding compounds with high content
of long fibres can be prepared. For thermosett resins, viscosity,
feactivity (degree of unsaturation), shrinkage and gel time are
important factors to be considered for ease of fabrication. End product
requirements including chemical resistance, rigidity, impact strength,
fire resistance, HDT and resistance to ultra violet light are optimized
oduct has been formed by the process of cure (Fig. 2.1).

when the pr

5



Property

Tensile strength

/ Chemical
resistance

Impact strength

Ultimate elongation
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Figure (2.1) Optimization of cure schedule for

thermosetting plastics.
Optimum properties occure at

point A.




Thermoplastic pipes covering amorphous materials such as ABS, PVC,
Polysulfone and semi-crystalline materials such as Acetals,
Polybutylene, PE, PP and Nylons are usually extruded with no
reinforcements, do account for a high fraction of the total consumption.
Their resistance to a wide variety of chemicals and corrosive
environmental conditions make them favourable for long term services(l .
Nevertheless, their comparatively low strength and rigidity especi;lly
at elevated temperatures make their use restricted and limited in the
process industry.

Although GRP is less resistant to aqueous salts{ weak or strong
minerals, alkalis and oxidizing agents when compared to thermoplastics,

their superior strength and stiffness are balanced carefully. GRP
has been successfully used in severe environments such as the chemical

. 2 . . .
and the oil industrles( ) with a high level of cost effectiveness on

long term basis.

2.2 Resinsof Interest

Four thermosetting resins are mainly used for the manufacture of
fibre reinforced plastic pipes. These are listed in Table 2.1 together
with their general properties as composites reinforced with randomly
oriented glass fibres. The selection of one resin or the other is
mainly dependent on the environmental service conditions. Only the

polyesters and the epoxies are reviewed below:

2.2.1 Polyester resin

Polyesters are formed by the reaction of saturated acid with a

dihydric alcohol glycol and unsaturated acid, forming a solid

thermosetting polymer resin which will only have a commercial value when

dissolved in a polymerisable monomer (styrene is usually used) to form



a useful low viscosity liquid resin. The properties of a cured
unsaturated resin can be varied widely by changing the ratio of its
constituents as shown for example in Table 2.2. Glass reinforced
polyester resins are widely used for structures other than pipes and
tanks, and their general properties as composites are obtainable from

the different sources in the literature(2'6'36’49'6l).

2.2.2 Epoxy resin

Like polyesters, except they exhibit a lower shrinkage (1-2%) on
curing compared to polyesters (5-7%); they are more expensive; have a
better chemical resistance; and have a better bonding characteristic
to fibres and metals. They exhibit higher viscosity than polyesters and
hence, for ease of fibre wetting during the lamination process, heat

(150°C) is applied to reduce viscosity.

2.3 Cure and Post Cure

Cure is the cross-linking of the monomer (solvent) with the
unsaturation of the resin, and is initiated by the addition of an
organic peroxide and in order to effect a rapid cure at an ambient
temperature; an accelerator is used, and the time to cure is dependent
on the ratios used as demonstrated for example in Table 2.3 for curing
polyester resin.

Resin manufacturers recommend that laminates should be cured for at
least 24 h at room temperature (23°C) and then post cured for 3 h at

(6)

80°C or 15 h at 50°C . Post cure is advantageous in that a lower

(3)

safety factor is used, e.g., BS4994 recommends a safety factor of 1.1

for post-cured laminates compared with 1.5 for other curing methods.
One of the disadvantages that can be associated with post-curing is the

reduction of the strain to failure due to styrene evaporation or further
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TABLE 2.2 - Effect of Mixture Components on End Properties of

Polyester Resin
Unsat. acid Sat. acid
Glycol . { i i
P-L—ro = Maleic Phthalic  Reactiviey oemical pp  FlexibiliE
SIPRYESR® pnhydride  Anhydride Resistance g
3 1 2 High High 95°C  Low (1%)
3 1.5 1.5 Medium 75°C
3 2 1 Low Low 60°C High (> 2.5)
(40)

TABLE 2.3 - Laminate Cure Time of Atlac 382-05A Resin Mixes

6% cobalt 5% active MEKP Curing time
Room Temperature napthenate catalyst (mins)
(C°) cm3/kg cm3/kg
15 10.0 12.0 40 - 50
8.0 12.0 60 - 70
6.0 12.0 120 - 130
4.0 12.0 > 5 hrs
21 10.0 12.0 30 - 40
8.0 12.0 40 - 50
6.0 12.0 60 - 70
4.0 12.0 120 - 150
27 10.0 12.0 20 - 25
8.0 12.0 30 - 35
6.0 12.0 40 - 50
4.0 12.0 60 - 70

10



—1inki (10) .
cross-linking or both . Experimental results discussing the effects

of immediate and late post-cure are found in several references(2’6’10’

11-16, 49)

-

2.4 Fibrous Reinforcements

In general, the type of fibres used will dictate the mechanical
properties of the laminate. These could be natural or synthetic,

. . , , (20)
organlc or 1norganic as for example demonstrated in Table 2.4 . All
are used as reinforcements, but by far the most important in structural
application and in pipe manufacture in particular is fibrous glass, and
two types are commonly employed, E and C. Glass fibres such as S and R

. R 16
types are used in very specialised structures( ).

The wide variety of reinforcement products as shown in Fig. 2.2(7)
are only available with E glass grade. They are usually supplied to the
users as strands of numerous filaments, usually 204 of 8 ~ 15 um
diameter. Virgin glass fibre has about 3.5 kN/mm? tensile strength,
however, this value will drop to about 1.0 kN/mm? because of the
microcracks damage being formed on the surface of the fibre during their
passage through processing equipment.

out of the types of reinforcements shown in Fig. 2.2, only four
types are used in the manufacture of all the pipe components
investigated in the present programme. They are also widely used in
most GRP structural applications. These are summarised as the
following:

(i) Unidirectional rovings (UD): This type of reinforcement is used for

the filament winding process, as chopped rovings for spray deposition
and for the centrifugal casting process for pipes. Their use in the

hand lay-up process is limited except when directional stiffening is

For the latter process, the glass content tolerance and

(17)

laminate mechanical properties should meet BS3691 specifications.

required.

11



(ii) Woven roving (WR): These are cloth made from UD reinforcements.

The end product in the form of a laminate could have different uniaxial

strengths and stiffness by incorporating different amount of glass

rovings in the warp and the weft directions. Laminate made by the hand

lay-up process should have their mechanical properties and glass content
(18)

to comply with BS4749 specifications.

(1iii) Chopped Strand Mat (CSM): This form of glass reinforcements is

most widely used in the GRP production using the hand lay-up process.
It is made from strands 25-50 mm in length randomly distributed on a
. , . . . (16)
moving belt to form a mat which is held together with a binder .
Such a method of production may induce a slight bias orientation in the
machine direction. A finished laminate using CSM reinforcements is
assumed to exhibit in-plane isotropy, although similar to all other
reinforcements; it exhibits through-thickness anisotropy. CSM is

usually recommended to be used as an interlay when WR and UD

reinforcements are employed in the lamination process to improve the

. . 3,11,61 .

overall laminate resistance to delamlnatlon( e ). CSM laminates are
. . , . (19) o .
inspected for quality requirements by using BS3496 specifications.
(iv) 'c' Glass Veil: This is the only end product of glass

reinforcements that uses single filament. It is usually used to cover
the finished laminate; enclosing any protruded glass fibres, hence
preventing wicking(6). It does not enhance the stiffness of the
laminate, but it would have the additional advantage of reducing the
shrinkage of the gel coat to that of the main laminate. In severe

corrosive environments such as hydrofluoric acid (HF) a synthetic veil

(thermoplastic polyester) is usually used.

12



aueany ‘Axods ‘1918947104

SL°T 0gg—-s¢E? 9°¢-1°¢ uoqae)d
oTuebaout
otTousayd ‘sueang . R . oT39Yyauks
‘Axods ‘183584104 96°¢ 9L =69 9'e-v°¢ SSeTO
otuebaout
STLousyd s'c OLT~-GET ¥ 1-L°0 SO3S8(SY Texn3eN
S IeTady otTuebio
Axoda ‘x93s3AT10d SPT bZT1~665 Syre-v6°¢C ( @ME@MW 5T38Y3UAS /
. i . o906 oTuURbIO
- 9°'T - L°0-€°0 3300 TeIn3EN
XTI1e XdwATod A31089 ¢ Ut/ NX U/ N 2x1qTJd adA1 oTxdU8D
’ o13103ds SNTNPOW 3TTSU3] ’

yzbusizs aTTSUIL

seaqtd

putozojutey 3o soTtaxadoxg 1eoTdAL - p°7 1YL

13



MOUEN
GLASS
draw,cool,
Y apply size
SURFACE VEIL | apply CONTINUQUS
R = et
OR TISSUE bincler FILAMENTS
combine 204
l parattel
filaments
YARN twist STRANDS |
combine
de-size Yweave ¥ parailel
strands
CLOTH FABRIC
OR ROVINGS
TAPE
weave j chop
WOVEN CHOPPED
ROVINGS ROVINGS -

SWIRL MAT

¥ chop

NEEDLE -
MAT

¥

apply emulsion or
powder binder

CHOPPED
STRAND
MAT

Figure(2.2) Glass fibre products for reinforcement.



2.5 Manufacturing Processes

There are many different methods for producing GRP components. The
following listed processes are the principle manufacturing methods used

for GRP pipes and vessels.

2.5.1 Low pressure contact moulding

It is a labour intensive process, requiring low capital investment
and suitable for low rate of production.

2.5.1.1. Hand lay-up process

For the manufacture of pipes, it could be 100% manual process as
shown in Fig. 2.3a or could be semi-automated for straight pipes
production by feeding 100 mm wide CSM tapes on the rotating mandrel
whilst pouring the required amount of resin as shown schematically in
Fig. 2.3b. Pipes investigated under the present programme were
manufactured using that presented in Fig. 2.3a.

It is a low pressure process and hence suitable for low volume
production of large and small complicated shapes. CSM, WR and sometimes
UD rovings are added if required. The process starts by applying the
corrosion barrier onto a clean mandrel which has been already coated or
covered by a release agent, such as, wax, PVA or Melinex film of 0.1 mm
minimum thickness(s). When the gel coat starts to gel, the required
amount of glass and resin is applied successively. It is usually

(3,4,5)

recommended to lay two layers of 600 g/m? CSM straight after the

gel coat, to act as a backing layer. For pipe components tested in the
present programme, wax was used for some, and Melinex film was used for
others with accordance to the manufacturer's practice.

Effective brushing and rolling is essential to remove any entrapped
air between the layers of the reinforcements. Entrapped air bubbles

would cause blistering of the gel coat if they happen to occur nearer to
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e - R

(6)

the surface + apart from being a stress raiser. Fig. 2.4 shows
entrapped air bubbles in a specimen obtained from well laminated flat

sheet tested in the present project. No air voids are allowed on the

gelcoat surface (pits), and void sizes vary between 1.5-3.0 mm dia. from

(5,9)

the inside to the outside surface of the pipe laminate Void

content by volume was found to vary between 0.1-0.6% in well laminated
flat sheets using the hand lay-up process(21'22).

A typical construction, using hand lay-up process, incorporating
the different reinforcements is shown in Fig. 2.5. It should be
emphasised that the gel coat should be always backed up by CsM
reinforcement. Using WR instead, proved to reduce the gel coat strain
to failure considerably(ll).

The low pressure employed by the process enables high ratios of
resin to be incorporated into the reinforcements. CSM reinforcements
which are associated with high resin content, are usually considered (in
comparison with WR and UD) to exhibit relatively higher chemical
resistant characteristics. However, due to the manual nature employed,
repeatability of the finished product is often very low. Such low
repeatability is mainly associated with thickness variation of the
laminate.

In highly corrosive environments, a thermoplastic liner is used.
Unplasticised polyvinyl chloride (uPVC) and polypropylene (PP) are
recommended to be used(3'4). The liner in effect would replace the gel
coat, and also is used as the mandrel to build up the wall of the pipe.

The thickness of the uPVC liner is specified to be between 2 to
4.5 mm(4). No method of inspection is suggested, however, a specimen

failing under 70-80% of the failure pressure of the seamless tube would

be rejected. To ensure adequate bonding between the uPVC liner and the

main GRP laminates, the lap shear strength between the two-should be at

(3,4)
least 5 N/mm? .
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Figure (2-4) Entrapped air voids in a
laid - up laminate
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No particular mention in any of the standards used for uPVC lined

(3,4)

pipes and vessels of the problem of embrittlement of the uPVC by

the presence of the polyester resin(24'25’26'27). Short term testing to

failure of flat sheets and bend samples showed that such liners could

fail in a brittle manner.

2.5.1.2 Spray-up process

This method offers an alternative to hand lay-up technique, when
higher rates of production are desired. Catalyst, pre-accelerated
resins and chopped glass rovings are simultaneously sprayed on the mould
surface until a layer of the required thickness is built up. As with
hand lay-up mouldings, thickness variations are expected. In this
process, a resin with low styrene emission is used because of the larger
areas exposed to the air, thus ensuring an efficient curing of the

6)

laminate( . Pipe ducting, boats, large surface mouldings, etc., are

usually the common product produced by such process.

2.5.2 Filament winding

This technique is based on the idea of Ulrik Poulson from Denmark,
and was developed mechanically by Dorostholm Products(34). Pipes up to
3500 mm in diameter and vessels up to a capacity of 150 m3® can be
manufactured by this method using epoxy resins, as well as polyesters.
It is a fully automated process, with high capital cost and suitable for
high rate of production.

The laminate is made on a rotating mandrel. First a release film
(usually thermoplstic polyester film) is wound onto the mandrel. This
is followed by a dry C-glass surface veil, then continuous rovings

passing through a bath of resin are wound on to the mandrel to the

required winding angle suitable for the service requirements. The
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filaments are usually loosely wound to increase the resin content (40%
by mass), whilst 15% by mass of chopped rovings are added intermittently
to increase longitudinal stiffness. Fig. 2.6 shows the laminate

I X (34)
composition used for Vera pipes .

Fittings such as flanges are usually made using compression
moulding process where long fibres - epoxy paste (dough moulding
compound, DMC) is being compressed under temperature. Any bonding
process of fittings to the main pipe line should be carried out using a

(36)

compatible resin usually epoxy . Filament wound (FW) pipes have

minimal thickness variation, with smooth inside and outside surface.

2.5.3 Centrifugal casting

This method was developed by Hobas in Switzerland. The pipe wall
is built up by dropping chopped fovings, resin and sand (when required)
from the inside. The process is, fully automated, using high capitable
investment and having high rate of production. The aﬁility of these
pipes to accommodate different loading conditions (e.g. flexural and
pressure) can be designed into them by rearranging the layers of glass
rovings, and sand about the pipe wall centrodial axis.

Longitudinal and circumferential moduli are varied by altering the
orientation of the chopped glass rovings. This is done by controlling
the mass rate of two air jets directing compressed air into the
circumferential and the longitudinal direction. Minimal air voids and
thickness variation are found in these pipes due to the centrifugal
force which condense the fibre into the resin in a uniform manner. The
corrosion barrier (on the inside) consists of a flexible, high chemical

8)

resistant vinyl ester resin
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2.6 Mechanical Properties of GRP

2.6.1 Modelling of a composite element

This considers the composite as being equivalent to a combination
of elementary blocks of the component materials. The two blocks
representing the matrix and the fibre are assumed to be in a parallel
loaded arrangement under an applied force (Pcp) as shown in Fig. 2.7.
Assuming constant strain throughout the whole cross-section, then it

could be shown that(35):

A A
= ——-+ —
E E A1 E2 Az (2.1)

Because the blocks are parallel sided, their cross-sectional areas Al
and Az,are proportional to their volumes Vl and V2. Therefore the area
fractions in Eq. (2.1) above must be equal to the volume fractions Vl

and V2, i.e.

_ _ 2.
Ecp Elvl + E2 (1 vl) (2.2)

(29,31,45) UD laminates have shown to be

experimental results
comparable to the prediction of Eq. (2.2). The transverse youngs modulus

could be predicted with less accuracy, by using the block model in

(35)

series rather than in parallel incorporating a lower and an upper
.., (29,31) . .
limit » where experimental results shown to be comparable with
1,45
the lower limit(3 ! ).

For WR laminates , the modulus could be predicted by using Eq.

(2.2) and assuming alternate plies 1lying perpendicular to each

7,48
other(4 148)

For the tensile modulus of CSM laminates, the model is further
modified to consider a quasi-isotropic orientation of the fibres

. ., (35,39,54,55)
together with the effect of the fibre aspect ratio A .
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Figure(2.7) Homogeneous strain model for two
component composite material
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Predicting the strength of UD laminates, a similar model is used to
that of Eq. (2.2), but with less accuracy, since strain compatibility is
invalidated once debonding takes place. Also, the model does not take
into consideration factors relating to fibre/resin bonding, stress
concentrations, presence of voids, and the difference of strain to
failure of both the resin and the fibre . For GRP, where the polyester
resin and the glass fibre have similar strain to failure, the
theoretical model is reasonably adequate(42’43’56’57’58).

The dominating factor that assesses the strength level of the
composite is the volume of the fibres employed. The minimum of such
volume is determined such that the composite will have a higher strength
than the matrix on its own, i.e.

* * *

o = {0 V 4+ 0 (1-v)] >0 (2.3)
cp g g r g r

here, cr is the stress in the resin when the stress in the fibres equals
* * *

to Or » and for high volume percentage of the fibres, then ch = Og .

2.6.2 Rule of mixture

The short term strength and modulus of glass/epoxy and
glass/polyester composites could be predicted with reasonable accuracy

B E V 4+ E (1-V) (2.4b)
m g g r g

i

modulus E
cp

z efficiency factors

pos]

~

™
1]

1.0 for UD reinforced laminates

0.5 for WR reinforced laminates

0.33-0.375 for CSM reinforced laminates

0.20 for 3D randomly distributed fibres
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The comparison of collected experimental data and the prediction of the

rule of mixture is shown in Fig. 2.8a and b for both modulus and

strength prediction respectively,

2.6.3 Shear properties of GRP

2.6.3.1 In-plane shear of GRP (Fig 2.9)

In-plane shear properties of GRP are seldom available in the
literature. 1In-plane shear stiffness and strength are dependent on both
the type of reinforcement and the direction of loading. For example,
the weakest in-plane shear strength for UD laminate (Fig. 2.%a) is when
the shear stress produce a sliding deformation of the fibres. While for
CSM (Fig. 2.9c), the strength properties display in-plane isotropy
because of the approximate in-plane isotropy of the randomly oriented
fibres.

Prediction of the in-plane shear stiffness using theoretical models
is well documented in the literature(29’31’32’47’48). Experimental
results for CSM and FW pipes are also reported in the

38,40,41,51
literature( ! ).

2.6.3.2 Interlaminar shear properties of GRP

Interlaminar shear strength and similarly through thickness tensile
strength are the weakest among any reinforced composite due to the
absence of reinforcements in the direction of the thickness. Their
measured values are quoted(3'49'68) to be in the region of 7-25 N/mm?2,
and shear strength magnitude could be also influenced by the stacking

. (64)
sequence of the constitutent layers of reinforcements .

The interlaminar shear modulus (G') for GRP is quoted in the

literature(45) to be of similar value to that of the resin, and

(37)

experimental results obtained for CSM confirm it . Limited
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. . 40
experiments by Klrk( ) showed that G' could be in the range of 0.1-1.0

kN/mm? based on flexural loading of CSM strips.

2.6.4 Thickness Prediction

Thickness prediction of a laminate could be achieved with the
knowledge of the physical properties of the resin and the glass used

together with their mass content, i.e.

M M
t = — 4+ —L (2.5a)
P P
g r
or as thickness per unit glass mass per unit area (t')
M. /M
e o= _;31 - % + ___.ré 9 (2.5b)
g g r

t/Mg as predicted by Eg. (2.5b) is plotted versus BS4994 specification
in Fig. 2.10. It is often that glass content is given by volume rather
than mass percentage, and the relation between the two quantities is as

follows:

vV p .
Mg _ g9

M+M  Vp + (1-V) p (2-6)
g r g g g r

2.7 Elastic Stress-Strain Relationship of Composites

Composite laminate behaviour under load, up to the stage of
irreversible damage, could be predicted based on the principles of the

(29,31,32,66). The

Generalised Hooke's law for orthotropic materials
stress-strain relationship with reference to the element shown in Fig.

2.11 in matrix form is as follows:

—11— 611 Cip G5 0 0 0 | €11
S5 C22 C23 0 0 0 €55
0., c,j; 0 0 0 €15
T4 - SYMM Cha 0 0 Y13
Tos Cs5 O Y23
0 _ c66J LYI%J (2.7a)
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where [C] is the stiffness matrix. The stress-strain relationship could

be also defined in terms of the compliance matrix, i.e.

where [S]

"
a

(2.7b)

the constants of the compliance matrix are defined in terms of the

mechanical constants of the composite to be:

T 1/E,, —\)lz/Eﬂ —\)13/Eﬂ 0 0 0 ]
—\)21/1322 1/E22 --\)23/E22 0 0 0
[s] = ~v31/E33 -v32/E33 1/E33 0 0 0
0 0 0 1/G,, O 0
0 0 0 0 l/G13 0
0 0 0 0 0 l/G12 (2.7¢c)

For UD type of composites, assuming axis X. in Fig. 2.11 to be in

1
the fibre direction, then for the purpose of stress analysis; El; E2.
E3; G12 = G23; G13 and vij for i,j3 = 1,3,3 should be either
. . . . (50,66)
theoretically predicted or experimentally determined or both .
For WR type of composites, Ell = E22; E33; G13 = G23; Glz; v21 _
v . \
: ; ; hould be similarly obtained.
21; vl3, v23, v23 sho vy
For CSM type of composites, where in-plane isotropy is assumed,
. = = : i ; = = G'
then: E Ell E22, E33 (through thickness modulus) G13 G23
(interlaminar shear modulus); Vv = v12 = vzl; v23 = vl3; v32 = v3l, and
G 5 = E/2 (1 + v) should be similarly obtained.
1

For thin plates and cylinders, 'plane stress' condition is

assumed(44), i.e. the stress components acting perpendicular to the

e laminate is assumed to be negligible (o, = 0). This

(66

assumption will decouple the compliance matrix of Eq. (2.7c¢c) to:

plane of th
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-4 -
€ 1/E -V B
11 /Eqq 12/ 11 0 o,
€ =|=-V E 1/E
22 217857 /s 0 922
Yo, i 0 0 1/6,, T,
p— — -
a
and \Yy3| | 1/64 0 13
Y5 0 1/G,, Toa (2.74)
L B L

The prediction of the mechanical constants for UD reinforced
composite is based on the knowledge of the physical properties of both
the resin and the fibres. Mechanical constants predicted for other
types of reinforcements, e.g. CSM, WR, are based on the UD Model.
Theories encountered in the literature are generally based on the

following assumptions:

a - the matrix and the reinforcements conform to the Hooke's law;

b - the fibres have a constant cross-section and are regularly spaced;

¢ ~ the laminate is free of voids;

d - the two components are homogeneous, isotropic and are perfectly
bonded.

Micromechanical analytical procedure for the prediction of elastic
constants are well documented in the literature(29’3l’32’45'48). For FW
pipes the network analysis is also employed. 1In this case the presence
of the matrix is ignored for the purpose of analysis, where under closed
end pressure loading, the direction of the fibres are predicted to be

oriented by * 55° from the longitudinal direction, but such an analysis

could prove to be misleading when loading other than closed-end pressure

are applied(
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The applicability of plane stress condition for design purposes can
not be considered justified for thick GRP structures under loading. 1In
this instance, curved laminates of thick sections undergoing constant or
variable gradient of bending moment, will experience through thickness
tensile loading. Since the through tensile strength of GRP is about
7-10 N/mm2?, then the corresponding stress should be checked.

Similarly, under variable bending moment loading, such laminates
can experience high level of interlaminar shear deformation, and failure

can be fully attributed to interlaminar shear stress(40’158) , €.9.,

(33
three-point bending of short beam.)

2.8 Modes of Failure

Although fibre reinforcements when combined with resin matrix
formulate a stiffland strong composite , they will have a diverse effect
on the level of the strains causing both damage and failure of the
composite. This is mainly attributed to the fibres acting as stress

(42’43). Also, the structural integrity can largely depend

raisers
. . ._(75)
on the bonding strength between the fibres and the resin . In
design, these facts are reflected on the magnitude of design strains
(72) .
recommended for GRP structures, e.g. ASTM 3299 recommends a design
strain of ¢ 0.1% for FW vessels, while a design strain of € 0.2% 1is

3
specified for GRP tanks and vessels by BS4994( ).

Test results reported(60'76'82'89'92'93'95) of experiments
carried out on large number of GRP samples in the form of plates and
cylinders suggested that, first damage of an irreversible nature
occurred at about 0.3% strain (v 20-30% UTS). For CSM laminates for
example, this was observed to commence by debonding fibres lying

perpendicular to the applied load. On increasing the load further;

fibres lying at smaller angles to the load started to debond with
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progressive resin cracking. At about 60-70% UTS complete debonding was
nearly achieved with resin cracking continued in an intensive manner,
and no load was carried by the resin at that stage. Finally
localised fibre breakage occurred, leading to complete failure of the
laminate with the fracture surface showing broken and pulled out fibres.

Part or all stages to failure have been also reported to be influenced

84 .
by factors such as glass mass percentage( ), type of re51n(6o’76{ fibre
(73) . . .
surface treatment , and waviness of fibres such as cross-overs in
7
WR( 6).

Failures induced under compressive type of loading parallel to the
fibres may occur by one form of buckling or shearing between the matrix
and the fibres. Buckling failures may be due to individual fibre
buckling, with and without matrix failure or debonding, or due to
buckling of plies often accompanied by transverse splitting. Under
transverse compression, failure may occur by either matrix compressive
failure or matrix shear failure, possibly with fibre

debonding(4o'45’66'87'128). Compressive failure test results reported

by Owen et al(89) for CSM laminates, suggested the absence of debonding;
with resin cracking taking place at about 80-90% UTS.

Similar forms of failures have been observed and suggested under
flexural and torsional type of loadings(4o'83’85).

GRP pipes and pipe fittings often experience biaxial state of
stress if not multiaxial. The prediction of failure envelopes under
such type of loading is considered important in unde?standing the
loading capabilities of such components. These failure envelopes will

enable the identification of the load-carrying capacity of a material

under multiaxial state, by employing the material strengths obtained

from simple type of loading.
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Failure theories used for traditional materials have been
considered by the different researchers for the development of failure
envelopes for GRP. Theories that are usually used for a brittle
material such as, the maximum princip stress theory and the maximum

princip strain theory, were considered. Also theories such as, the

maximum shear stress theory (Tesca) and the maximum shear strainen@gythem

(von Mises), usually used for ductile materials were equally considered.
Utilization of all the theories was based on a semi-empirical approach,
where, the inhomogenity and strength anisotropies of GRP were
considered.

For a number of amorphous and semi-crystalline polymers, a modified
version of von Mises theory has reasonably described the biaxial state
of failure by taking the ratio of the compressive strength to the
tensile strength to be 1.3(92).

Owen and Found(89) investigated experimentally half of the failure
envelope using CSM tubes, and varying ratios of the principal stresses
from - ® to + ®. The envelope was constructed for the debonding stage,
resin cracking stage and on complete failure. The biaxial rupture
strength fell well inside the maximum stress theory with debonding
stress being approximately 1/5th of the ultimate values. The tension -
tension biaxial state of stress was found in general more damaging than
the compressive - tension state_of stress. The experimental results
were reasonably described by complex form of failure models which
require complex set of strength data.

For fabric reinforced tubes(76), half of the failure envelope was
similarly constructed, with compression - tension state of stress shown
to be more damaging than the tension - tension quarter. Pure
compressive strengths being lower than pure tensile strengths.

Experimental results indicated that only those theories modified from
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von Mises version, which allow for the interaction between direct and

shear stresses and require complex stress data, provided a reasonable
., (93,95
flt( ! ).
. (77,78) )
Earlier work by Hull confirmed the dependence of the biaxial
. . (87) .
strength of FW pipes on the winding angle . The failure was
developed in two stages, firstly; the initiation of damage in the form
of streaks running parallel to the fibres already debonded from the
resin due to shear failure of the latter, and secondly; final failure
of the pipe in a bursting mode having the pipe relined with a rubber
liner to prevent weepage. Streaks started on the inside plies and
. . (88)
occurred successively up to the outside surface .
(79) N .
Eckold reported that biaxial test results obtained from FW
pipes were in reasonable correlation with the prediction of a modified
version of the maximum stress failure criterion. Biaxial test results

0)

reported by Soden(8 for similar pipes were shown to be favourably
described using a semi-empijrical criterion based on Puppo—Everson(94)
modified version of von Mises model. He also confirmed the dependence
of the biaxial strength on the winding angle, and reported that failure
strengths could vary by a factor of ten in magnitude accordingly.
Inherent defects such as voids and flaws could greatly influence

the failure of GRP structures. In this instance, a fracture mechanics
approach is relevant to investigate for example crack propagation under

(93,95)
relatively low level of stress .

2.9 Viscoelastic Behaviour

all plastics exhibit an attenuation of strength with time under an
applied load. Creep and relaxation effects are less obvious in GRP than
in thermoplastics, but the effect is very significant and has a major

influence in determining the acceptable design stress for a laminated
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structure. Mathematical models describing such viscoelastic behaviour
represented in the form of spring-dashpot systems is documented in the
literature(46’103).

During the determination of the short term mechanical properties of

plastics, the creep effect is minimised by adjusting the rate of

deformation or specifying the time of testing. For GRP as an example,

. . . (3

specimens are usually tested in the range of 1-10 mm/mln( 3). Tensile
and flexural test results obtained under strain rates of 10”3 - 103§4and
cross~head speeds of 10_6 - 10 m/s respectively, have shown that tensile

and flexural strengths doubled in magnitude. Minimal ghange of strength
was reported under low ranges of strain rates indicating a minimal
effect of creep(lo4'105).

Under long term static loading service conditions, design stress
for GRP pipes is usually taken to be half of the creep rupture strength
at 30 or 50 years(115’116). Strength under such durations are estimated
by extrapolating strength data measured over few months or years plotted
versus time (log scale). Obtaining such data could prove expensive, and
in this case time-temperature superposition technique is usually used as
an alternative. This is achieved by plotting short term modulus or
strength measured under different levels of temperatures. By shifting
and overlapping the high temperature curves along the time axis as shown
in Fig. 2.12a, the long term creep curve at ambient temperature is
approximated. Tensile modulus versus time predicted using such a
technigue is shown in Fig. 2.12b for CSM and WR laminates. The data of
Fig. 2.12b were originally developed by creep tests for about two weeks.

(108)
Creep test results reported elsewhere , have shown that percentage

reduction of in-plane shear modulus for CSM laminates with time, was

equal to that of the youngémodulus. At the same time, Poisson's ratios

experienced negligible effects.
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Creep rate of GRP is increased when the temperature is increased
(Fig. 2.12b). For GRP structures undergoing thermal cycling, it has
been observed that the rate of increase of strain was dominated by the

. . (108)
creep rate experienced at the maximum temperature .

Other viscoelastic effects such as creep recovery, which will occur

upon removal of the load, have been discussed by the different

(49,103,106

authors . Its implication in design is also considered.

2.10 Fatigue of GRP

Fatigue is the ultimate failure of a component by the application
of a varying load whose maximum amplitude, if continuously applied,
would be insufficient to cause failure.

In metals, 90% of the fatigue life is occupied by crack initiation
because of the plastic deformation, propagation of a single crack
consumes the remaining period before catatrophic failure occurs. For
GRP, fatigue cracks occur throughout the stressed material and are often
well developed at an early stage of fatigue life(gl'gs).

The energy absorbed by a GRP fatigue specimen is dependent upon the
level of the stress amplitude and the frequency used. Unlike metals,
when high level of input energy is applied, for GRP the state of
equilibrium cannot be reached between the energy input and the heat
dissipated due to its good thermal properties. Hence, when high level
of stress amplitude is used, the specimgn will relieve the energy by
cracking. However, when high frequencies are used for the same energy
input, (i.e. low level of stress amplitude), specimens usually fail by
thermal softening(96'97'98) and the fatigue characteristics cannot be
investigated. A frequency of 2 Hz was reported to be suitable to reach

5)

the state of equilibrium(9 , whilst for metals up to 30 Hz is usually

used(96).
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Stages of damage to failure of CSM specimens up to 100 cycles

starts by debonding of the transverse fibres up to 0.5 cycle ratio with
relatively low level of resin cracking. This becomes more progressive
after 0,5 cycle ratio accompanied with debonding of the aligned fibres,

leading to sharp reduction of strength, followed by complete rupture of

ot (82,98,99,100)

the specimen and fibre pull . Similar stages were

(76,101)

observed for WR laminates, and cross-plied non-woven laminates
The failure curve for CSM of failure stress versus number of cycle could
be described as a straight line in the range of 103 to 107 cycles,

appearing to extrapolate to zero stress (i.e. no endurance limit)

somewhere between 10° and 1011(95).

In GRP piping systems especially those used to carry corrosive

3)

environments, the design is based upon the prevention of debonding( or

115,116 . . . .
gel coat cracking( ). During the service life of the pipe, once a

crack is initiated, the pipe's structural integrity will deteriorate due
to the glass fibre being attacked by the environment. Hence, fatigue

effect has been correlated on the basis of strain debonding occurring at

about 0.14% after 106 cycles(3'95). The different level of fatigue

. . . 82
damage occurring in a CSM laminate is shown in Fig. 2.l3a( ).

Different glass fibre reinforcements would have different strength

reduction under fatigue as shown in Fig. 2.13b where the higher the

. (119)
anisotropy, the higher the strength reduction .

Fatigue performance of GRP could be influenced by many factors such

as type of loading, reinforcements and manufacture. Using flexible

(60)

resins lead to a delay in debonding . Using fillers reduced the

. . 2)
fatigue performance and resin cracking appeared to start earlier .
Glass percentage variation might have an effect on the static strength
(82)

but has no influence on the fatigue performance . Chopped strand mat

(CsM) samples having a pbutt-joint, experienced a higher level of
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strength reduction under fatigue compared with sample having no joint.
While with fabric reinforcements samples having lap-joint, the strength
reduction under fatigue was comparable with samples having no over-lap
joints(ll7). Cyclic flexural loading caused 'gel coat' cracking strain
to be reduced by 65% at 106 cycles and first damage was believed to have
started by debonding the gel coat from the main body laminate(83).

Under biaxial mode of fatigue loading on chopped strand mat (CSM)
and fabric reinforcement samples, the tension ~tension (I guadrant) type
of loading was found to be more damaging than under tension -

(67,89)

compression (IV quadrant) mode of load . Fatigue strength at 10

cycles of cylinders under uniaxial circumferential stress was found to

7)

. . 6
be approximately half of that of corresponding flat coupons( .
. . (187)

Experimental results obtained by Owen have shown that GRP
would experience larger reduction of strength under fatigue loading in
comparison to creep loading. This is shown in Fig. 2.13c, where the
fatigue duration has been obtained by knowing the frequency and the
number of cycles to failure. This is expected of a brittle material
such as GRP, and it is thought that similar magnitudes of strength
reduction may well be found for example for concrete and clay

(71)

components. The work reported by Gotham for uPVC pipes has shown a

dramatic reduction in strength under fatigue loading in comparison to

creep loading.

2.11 Environmental Stress Cracking (ESC)

Effect of chemical attack on GRP usually takes the form of
deterioration of mechanical properties when in contact with a corrosive
Chemical attack has been well documented by the resin

(120) .
manufacturers using test methods, such as ASTM cs81 , to determine

environment.

the loss in laminate modulus and strength with immersion. However, the
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combination of load and exposure to corrosive environment has been
observed to displace creep rupture curves for GRP to a lower stress
level in comparison to that in air, and failure is attributed to
environmental stress failure mechanism, as illustrated by the diagram

shown in Fig. 2.l4a(109’110)

The mechanism by which ESC has been observed<109'llo) is of two

stages, firstly debonding of the laminate due to pure mechanical stress
and secondly, the initiation of a crack which would allow direct attack
of the glass by the environment, followed shortly by failure of the
laminate. It is envisaged that the second stage where ECS has the major
influence. Such failure procedure has been also reported
elsewhere(lll’llz). ESC cracking is believed to be more aggressive
under fatigue than creep (Fig. 2.14a, b) due to the progressive nature
of resin cracking in the former. There 1is experimental evidence
although limited, that debonding strain could be also effected due to
increased rate of diffusion of environment through the gel coat(ll3).

Present methods of detecting environmental strain corrosion are
provided by ASTM 3262(115) and BSS480(116) by which a pipe ring immersed
in one normality sulphuric acid is of acceptable quality if no obvious
signs of damage, that is, pitting or stress cracking are apparent under
the following combination of strain and time.

ASTM 3262 0.7% after 100 hour

0.6% after 1000 hour

BS5480 0.70% after 100 hour

» 0.64% after 1000 hour
These conditions are of equal severity and are equivalenp to 0.53%
strain imposed for 100,000 hours or to 0.49% to 40 yeaééf) No tests have
been suggested to determine the environmental effect under constant load
which is believed to be of severer nature due to increased strain with

time (creep).

4?2




-2

Stress N-mm

160+ '
120+
1004 o ?
®
- o o
LO' "K:L 4 «'0-6
o= o~ 40-4
i @
0-2
0 r o ' lklar?'OYe‘ars
2 4 6 8
10 10%{5) 10 10
(10
Figure(2-14a) Creep rupture of CSM laminate
60 T T T I
'E 5o T~
PAG]
v
D 30F5%HCI  \O1%H; SO, 404
- .3
-0-2
10 o
0 I 1 1 L .
o) 10% 0% 10t 107 10

F;gure(z.mb)gnviromera)ful fatigue of CSM

43

Cycles to failure

laminate

(%) uiDS |DIHIU]

(%) UIDI}S DI U]

3}



2.12 Design Procedures and Standards for GRP Components

Although many standards such as ASTM 3262(115), 885840(116)

72 3
53299( ), BS4994( ) and P815—69(9) are specified for GRP straight pipes

r

and vessels made by different processes and used for the different
loading conditions, no comparable standards are available for GRP
fittings such as bends and tees.

Large sector of the chemical industry in the UK, uses pipes and

pipe fittings designed with accordance to few available in-house

standards such as B2O2B(4), B201B(5) and 8220(122). These standards are

mainly based on design procedures for GRP vessels and tanks (BS4994)(3)
. L (123)

and those of metallic fittings such as BS806 . Manufacturers tend

to use these standards as guidelines, and their in-house code of
practice is based upon past experience such as failures, case histories
and limited research data. Similarly, procedures for quality inspection
of the finished product do not exist. Destructive tests prove to be
expensive, thus, non-destructive testing procedures such as acoustic
emission(l25) has been suggested, but not yet established as an
inspection procedure, certainly not in the UK.

P815-69(”9) was the first voluntary code of practice developed for
the chemically-resistant hand lay-up reinforced polyester process
equipment. It specifies pressure rating of pipes and vessels using a
safety factor of 10 on tensile strength of the laminate up to 82°C
service temperature, with minimum laminate thickness of 1/8 inch.
Dimensional tolerances of flanges and butt joints are also specified.

(3)

Design procedure of BS4994 is summarised as presented by
PD643O(69) in Fig. 2.15a,b. That of Fig. 2.15a summarises the
derivation of design procedures used to determine design stress based on

strength or strain to failure, hence: 'load limited' or 'strain limited’

respectively. The smaller value out of the two is used as the design

L4
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stress. That in Fig. 2.15b outlines design calculations for vessels and
tanks experiencing membrane type of loading.

Short term mechanical properties of GRP laminate are expressed as

extensibility (Ext.) and ultimate tensile unit strength (UTUS)(B).

These are defined as the following:

. -1
Failure load per unit width N mm
UTUS = b . —_— (2.7a)
Glass mass per unit area -
kg m 1
Load per unit width at 0.2% strain N mm
EXT. - _ (2.7b)
Glass content per unit area kg o

In normal engineering terms, UTUS replaces the strength and
extensibility replaces modulus. This approach is being adopted to

overcome the manufacturing problems of thickness variation in particular

(70)

for hand lay-up laminates
Service conditions in BS4994 are represented via safety factors
coping for each service condition individually. They are all then

presented as a design factor. These are related as the following:
D.F. = 3 x K, x K, x K, xK, xK

D.F. = Design factor
3 = Standard safety factor

K = Factor relating to method of manufacture, Kl = 1.6 for hand lay-

up against 1.1 for filament winding

~

K = Factor relating to long term behaviour (1.2 = 2.00). May prove

to be underestimated when compared with creep rupture test

. (7
results reported by Wright .

K = Factor relating to service temperature, where a minimum of 20°C

is recommended to be sustained between HDT of resin and service

(3)
temperature .
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X = Factor relating to cyclic loading. It is of minimum value of 1.1
for normal service conditions such as filling and emptying up to
1000 cycles, thereafter it increases to 2.0 for 10° cycles on a

liner-lcg scale. The factor could be reviewed based on Robert's

work(llo).

K5 = Factor relating to curing procedure. The importance of post

curing is declared by using a lower safety factor.

Mechanical properties specified by BS4994 are lower than what can
actually be obtained in practice. This is shown in Fig. 2.1l6a,b,c for
CSM laminates in comparison with the rule of mixture. In this instance
a conservative value of the design stress is obtained using BS4994
specification. But for piping systems, using a lower value of the
modulus will lead to an underestimation of anchor loads, which may cause
over-stressing either of the pipes or any attached vessel or both. In
general, the design procedures outlined by BS4994 could be considered
for the purpose of future GRP piping standards, with further

modifications.

L7
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CHAPTER THREE

FLAT SHEET AND PRESSURE TEST RESULTS

3.1 General Introduction

This chapter presents experimental test results obtained from flat
sheet laminates having similar nominal glass content to the straight
pipes and bends samples, and ~, experimental results obtained from
pressurising such pipes and bends.

A reasonable understanding of the material mechanical behaviour
could be obtained from testing simple shapes, e.g.: flat specimens;
under simple type of loading, e.g.: tensile testing. The mechanical
behaviour of dual composite laminates could be similarly investigated
and compared with theory of composite strips.

Straight pipes and fittings used in the chemical industry are
usually designed to sustain a certain level of service pressure. Thus,
they are often identified by their pressure ratings. Straight pipes and
bends have been tested under incremental pressure loading and results in

the form of measured strains and stresses are presented and discussed.

3.2 Flat Sheet Test Results

3.2.1 Introduction

Testing of coupons constructed similar to the finished product is a
common practice in the chemical industry to ensure both the manufacturer

and the user of the quality of the product in question. Such procedure

(3)

is laid down in standards such as BS4994 . The test samples are

preferably chosen from waste areas on the finished product where

they could represent exactly the main laminate. Where this procedure is

impractical, then test samples should be laid by the same operator at

the same time, with the same material and in the same manner as the item

they represent, and under the same conditions as the main laminates.

L9




The main differences found between flat GRP sheets and curved GRP
structure such as pipes, is that the pipe laminate will have
overlaps(4'5), residual strains(llg), and will have less controlled
dispersion of resin and glass leading to wider thickness variability.
Test results obtained from pipe strips shown to have 60-70% of the
strength measured on flat sheet strips.

The test results of four types of GRP flat sheet construction are
reported in comparison with BS4994 specifications and the rule of mixture

prediction. The average thickness and glass content for four

constructions are presented in Table 3.1.

3.2.2 Test methods

Tensile, flexural and shear tests were carried out with accordance

to BS2782(33). The shape of the tensile specimen was chosen of that

specified by BS4994(3) for cast resin as shown in Fig. 3.1. The main
reasons for such preference, is the relative ease of routing specimen in
Fig. 3.la, and more importantly is the occurrence of failure near to the
grips on testing the sample of Fig. 3.1b apart from adhesion problems
of the end pieces. Limited number of test specimens were strain gauged
for the determination of Poisson's ratio, and to monitor the strain

versus force applied. All tests have been carried out on 10 Tons

tensile testing machine (INSTRON) using an optical extensometers for

tensile testing.

3.2.3 Tensile test results

The experimentally determined mechanical properties of the four
types of GRP flat sheet laminates are presented in Table 3.2. The level

of variability of the measured properties is almost equal in severity

The average values of the test results are

. . (21,22,49,127)
able compared with those reported in the literature .

among the four types.

reason
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L4l <
™ r'
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l 50£0.25
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180

(3)
(a) Specimen type of BS.4S994

idth = 25:0.5 /12.520.5

e a——

End-piece Thickness between
JA\ l 1to 10 =
\ E
b I | 1
45 l 110 ( min) | s
|

L (33)

(b) Specimen type of BS 2782, method 320E

Figure(3.1) Tensile test specimen

e+ All dimensions are in lmm)
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TABLE 3.1 - Thickness and glass content of flat GRP sheets used

for mechanical testing

t (mm) glass content
nominal measured
nominul(3) measured
Mg | Mg, Mg Mg_,
% kg.m % kg.m
3.96 4,61 30 1.8 29 1.75 £ 0.3
CSM
7.92 8.5 30 3.6 30 3.53 £ 0.11
PVC 4 - - = =
*
PVC /CSM
CSM 3.96 3.26 30 1.8 30 1.57 £ 0.15
. 0. -
WR 2.50 2.51 ) ;18:.(:3:) 1 :; E::;
WR/CSM : )
CSM - 2.50 - 15.8 1.17

* PVC = rigid, fw = fine weave, cw = coarse weave

TABLE 3.2 - Average test results obtained from tensile testing of

flat sheets

CSM .
laminate = "y CSM/PVC CSM/WR
1.8 kg.m 3.6 kg.m (10 sp.) (6 sp.)
(12 sp.) (11 sp.)
Mech.
Properties min, min. min. min,
av. av. av, av,
max. max. max. max.
€at 0.30 0.26 0.17
0.37 ‘ 0.31 : 0.25 - 0.2 )
(%) 3 1 ouse| 23| o.so 81 o.us
Gnl 20 21 30
- 2 28 16 - 40
(N.mm 2) 8 39 31 60
€¢ 1.31 1.75 1.65 1.3
. ' 1.96 : 1.86 ’ 1.81 ’
(%) 1.62 1 g2 2.03 2.10 2.43
& 97 87 114 102 7% 65 162 134
(N.mm ) 108 133 87 182
E 6.51 7.56 4,14 9.81
- . .18 4,64 12.8
(kN .mm 2) 7.9 10.3 8 8.84 5.14 15.9
. 17.2 18.4 13.4
S ST 19.8 16.3 19.8 21 17.7
(kN.mm ~/kg.m ) 29.8 21.5 26 22
S 202 200 296 192
- - 271 345 229
(N.mm ~/kg.m 2) 262 267 310 402 249

* WR fibres deviate 13°

52
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A typical stress-strain relation measured during loading are shown
in Fig. 3.2a,b for CSM laminate, and in Fig. 3.3 for dual CSM/PVC
laminate. For the CSM laminate, failure was observed to start with
audible resin cracking followed by the appearance of visual transverse
cracks on the gel coat at the non-linearity region, and complete failure
occurred with fibre pull out and fibre breakage similar to those
reported by Owen(81). The CSM/PVC laminates followed a similar path to
failure with the PVC showing a brittle fracture surface and no yielding
in the form of whitening has been detected. This embrittlement of the
PVC is believed to be caused when in contact with the polyester resin.

As for the CSM/WR dual laminate, failure started with intensive
resin cracking of the CSM layer at the non-linearity region leading to
fibre breakage and fibre pull-out, leaving the WR layer to carry out the
total load. At this stage, delamination of the CSM from the WR has
taken place before complete failure of the WR has occurred.

The debonding strains of the fibres from the resin matrix could not
be evaluated from the above described tests due to the microscopic
nature of damage(8l'93'95). It was reported to occur at about 0.3%
strain for CSM laminates and as low as 0.19% for fabric
reinforcements(76). The debonding strain was also reported to occur
below the resin cracking stage (0.6-0.7% strain) for the different
laminates. The average non-linearity strains observed from the present
tests 1is around " O.3+% which is half the resin-cracking strains
reported before. Comparison of the level of strain to failure of the
different laminates reported in Table 3.2 suggest no significant
differerce. Experimentally measured strain to failure reported in the
literature(93) for CSM laminates is 1.72%. Strain to failure as

interpreted from BS4994 are 1.57% for CSM laminates and 1.88% for WR.
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Table 3.3 presents the comparison between the average experimental
results and theoretical prediction using the rule of mixture and those
specified by BS4994. The modulus and extensibility were calculated

using Egs. (3.1) and (3.2) respectively.

1
Ext. = Mg T (Ext.)i (Mg)i (3.2)

and the strength and UTUS were similarly calculated using Egs. (3.3) and

(3.4):
o, = ¢ oyt + 0, -z-; £,] (3.3)
UTUS = %g [(UTUS), (Mg), + (UTUS), % (Mg) ) (3.4)
where
E = modulus of laminate; Ext. = Extensibility of laminate
ti = thickness of individual layer; t = thickness of laminate
(Mg)i= glass mass of individual layer; Mg = glass mass of laminate
of = strength of laminate;
Ol = gtrength of layer 1; 02 = strength of layer 2;
El = failure strain of layer 1
€2 = failure strain of layer 2

Of and UTUS of Egs. (3.3) and (3.4) were calculated assuming €, = €,

If however El z €2 then for the purpose of design, the thickness of the

two layers should be balanced to produce a dual laminate which will have
a strength value greater than the strength of the weaker
. (35)
constituent .
Poisson's ratios measured, were on average to be 0.32 for CSM

(average of four specimens), and 0.39 for the PVC (average of three

specimens) . For the CSM laminates, modulus and strength values measured
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TABLE 3.3 - Theoretical and experimental comparison of tensile test

results of flat sheet

*
Property Reference CSM CSM/PVC CSM/WR
+

c BS4994 3.87/7.77 3.45/+ 4 5.34
(mrm) Rule of mix. - - -
Exp. 4.41/8.5 3.26/+ 4 5.1
- BS4994 5.7 5.7 5.4
(KN o %) Rule of mix. 7.4 5.2 11.5
: Exp. 7.96 4.64 12.8
Ext_:l BS4994 12.7 12.7 13.7
(kN.mIE2 / Rule of mix. 16.8 - 16.0
kg.m ) EXp. 19.8 21 17.7
Gf BS4994 90 90 167
( %) Rule of mix. 115 69 180
ne Exp. 105 74 162
UTU BS4994 200 200 242
(N.mm_z/ Rule of mix. 282 - 260
kg.m ) EXp. 256 345 229

* WR fibres deviate13° from direction of loading, theoretical

prediction was modified with accordance to Fig. 3.4.

+ Ref (3)
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C CSM/polyester (25% glass by mass)
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in directions other than the longitudinal and the transverse directions

gives justification of the in-plane isotropy assumption.

3.2.4 Flexural test results

The mechanical properties measured under three point bending are

(131)
presented in Table 3.4. The force-deflection relation for small

deflection is represented by Eqg. (3.5).

= +
centre Abending Ashear (3.5a)
PL3 1.2 PL
= + ——— p—
48EI AG' 4 (3.5b)
= PL2 ey th t test) (3.5
* Jgpp (for the present tes .5¢)

For CSM laminates, the average flexural»modulus of 5.5 kN.mm_2 is
32% lower than the tensile modulus of 7.96 kN.mm_z. Such differenceis
attributed to the contribution of the interlaminar shear deflection
chear of Eg. (3.5)) which is ignored in the calculation for the

modulus. This shear deformation is usually ignored for long homogeneous

isotropic beams, but for GRP it could have some influence on deformation

due to the low value of G'. This is expressed mathematically as in Eq.
(3.6).
A h 1.2 E t
snhear - . = (~)2 (3.6)
A . G L
bending

The value of G' for CSM laminates has been reported to be similar to

7) ~

that of the resin matrix(3 , i.e. for polyester resin then G' 2 1.0
-2 ., (40) -2
kN.mm . It was also reported by Kirk to be as low as 0.1 kN.mm .
By decreasing the ratio of t/L (Eg. (3.6)), it can be seen that the
effect of E/G' will be of a second order, and the shear deflection
contribution is reduced, i.e. the flexural modulus will approach that of
the tensile modulus. The flexural modulus obtained from four point

bending tests listed in Table 3.5 are of similar values to the tensile

modulus. In this case, the shear deformation is negligible.
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TABLE 3.4 - Flexural test results obtained from three point
bending of flat sheets

CSM CSH )
-2 -2 CSM
1.8 kg.m 3.6 kg.m /pve CSM/uR
7 . .
(12 sp.) (9 sp.) (7 sp ) (6 sp.)
min. min, min. min,
av, av., av. av,
max., max. max. max.,
L/t 16 - 16 - 20 - 16 -
£ L.4é ' 4,86 3.9 7.66
-2 5.51 5.49 4,34 .
(kN.om ) 6.3 6.30 4,92 8.35 8.77
* | 122
a
£ - 149 122 145 130 126 130 235
(N.mm ) 177 167 4= = === = =~ e
: 91 - 170
Ext. 10.8 11.7 20 10.7
-1
(kN.mm_z/ 12.7 13.3 21 11.5
kg.m ) 15.0 15.6 25 12.0
+ A84L @
U'IU§l 278 304 ] 569 613 260
(N.mm _/ 34s 313 - °
-2 401 416 == -|m == m—
kg.m ) :
428 310
LEI R . R . 1.77 1.5 1.12 0.91
(MN mm?) : 1.89 ) 1.42

* CSM layer is under tension

TABLE 3.5 - Flexural Test Results of Mono-CSM Laminates under three point
and four point bending using the same specimen

. . 3-pt 4-pt (N.:mi)
(mm) (mm) L L L/3 ;. ]
(mm) (mm) pe | 4-pt
8.04 16.51 152 180 60 7080 8060
7.88 18.49 240 240 80 7360 7230
8.19 19.86 330 330 110 7130 2150
4.85 13.42 152 180 60 6300 7400
5.28 10.5 102 102 34 5780 7190
5.18 10.38 102 102 34 5080 7320
\ 5.38 10.53 102 102 34 5760 7370
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The average experimental flexural strength for CSM is 150 N.mm-2

14

2

which is 30% higher than the tensile strength of 105 N.mm . The

difference is attributed to the stress pattern induced under each type
of loading. Under flexural type of loading, the maximum stresses and
strains lie at the outer most surface of the laminate, thus, less
susceptible to laminate imperfections and stress raisors.

Average flexural extensibility experimentally determined for CSM is
13 kN.mm_‘/kg.m_2, which is comparable with 554994 ) specification, and
less than the tensile extensibility of 19.8 k.mm_1/kg.m_2. This
difference is directly related to the relatively lower value of the
flexural modulus. The experimentally measured flexural UTUS of 350
N.mm_‘/kg.m-2 for CSM, is higher than the tensile UTUS of 260
N.mmﬂ/kg.m_2 due to the higher flexural strength. Failure always
started by the formation of a crack of the gel coat on the tension
surface, propagating through the laminate thickness to complete failure
by fibre breakage and fibre pull-out, similar to the failure patterns
reported by Raymond(2o'2l). |

Typical load versus strain to failure for CSM/PVC and CSM/WR dual
laminates under four point bending are shown in Figs. 3.5 and 3.6
respectively. For both laminates, strain to failure is measured to be

2+%. Table 3.6 summarises the experimental results cof Figs. 3.5 and 3.6

compared with theoretical results using the concept of composite

. (118) .
strip ;, l.e.
N
EI ) = L E. I, (3.7a)
dual laminate . i 1
i=1
and N
. E
151 R
¥ (neutral axis) = (3.7b)
N
X Ai El
i=1

61



‘Burpuag "Buipuaq

jutod Jnoy Japun udwidds 3} DUIWD) jutod unoy 19pun usawidads ajpuIWD)
IPNP YM[WSD JO 2AIND UIDAS PDO (9-¢g)ainbiy |pNp u>n_\2mu JO 9AIND c_o:m\_uooim.m_ﬂ:mi
%01 uIDJIg %l %10 - %l0D %0l uIDJ}g %1 %10 %100
Ty T T T T ___d_ﬁ_ T T _:_¢-_ T T ,OF TTT T T 77 T _.:__. T T 1:___ T T _o—
ww QgL =M wwoit =7
. ww g = d wwegz=s 1=} I. n 3SJ3ASUD.) WS) @ WwQga o ~U« .
(‘dwoo)joutpniibuo) WSJ © i jpupniBuol WS o oz
Goisua)) jpuipnjibuo; ¥M O - 3SJaASUDI} JAd B Wy el
o - - Iouipnjibuo) JAg B@: .
o onB - 8 a ® -
- 0B ot — ® .INQ
4 ®
B .
- | = o
i °B . H ” Buipias =@ ..“
C 3° 5 . e :
- o -3 r.. -
- 0 - - 0!
— R ot aa-l_....\ ._\n_..\. €
o] € E7Y 2" an 8" ans
— ~ ~
°
g 7 2
~ — ha d)
- ° . 4 z
Bowr - w i ]
[ ]l z ¢ ]
" N F e 11 Livea s o g Livs o g 1 uow
C .

Ciad e 1 2 4 4 s g g 4 1 T__hh. 1 i ﬁ—

62



Poisson's ratios interpreted from Fig. 3.5 are 0.31 for the CSM layer
and 0.36 for the PVC. These are comparable with those obtained from
tensile tests.

Unlike the mono-CSM flexural modulus results, the flexural modulus
of the CSM/PVC dual laminate of 4.34 kN.mm_2 is comparable with that
measured under tension of 4.64 kN.mm_z. In this case, the interlaminar
shear deflection could be considered negligible due to the high (L/t)
ratio when just the CSM is considered. Whilst for the CSM/WR dual
laminate, the flexural modulus of 8.4 kl\l.mm-2 is 30% lower than that
measured under tension bec ause of the interlaminar shear deformations
experienced by both the CSM and the WR layers.

The flexural strengths of both the CSM/PVC and the CSM/WR dual
laminates, could be considerably different dependent on which layer
constituent is experiencing tension as presented in Table 3.5. On
average the flexural strength and the flexural UTUS are 30% lower when
the weakest layer constituent is undergoing tension in comparison.

When the PVC experienced tension (Fig. 3.5), it failed in a ductile
manner being identified by whitening and the permanent deformation upon
reloading, with the CSM layer being crushed and delaminated by the
compressive stress component. But, when the loading was reversed, the
PVC failedina brittle manner similar to that observed under tension.

The WR layer of the CSM/WR dual laminate was observed to have
experienced some form of buckling at the fibre cross-overs under both

flexural tension and compression.

3.2.5 Shear test results

The shear strengths of the four types of laminates have been

obtained experimentally and are presented in Table 3.7.

63



TABLE 3.6 - Theoretical and experimental mechanical behaviour

of dual GRP laminates under flexural loading.

(The results correspond the Fig. 3.5 and 3.6)

v LEI Ratio of
(mm) MN mm?2 surface strains
+ *
Th. 2.87 4.5 1.63 (PVC + CSM)
CSM/PVC _
Exp. 2.81 5.15 1.58
+ * %
Th. 2.04 1.95 1.43 (CSM * WR)
CSM/WR
Exp. 2.22 1.79 1.25
* neutral axis measured from CSM outer surface.
* % neutral axis measured from WR outer surface.
18
+ theory of composite strlps )

TABLE 3.7 - Shear strength of GRP measured by different methods

CSM CSM/PVC CSM/WR
laminate laminate laminate
(33
In~-plane shear stEength 83 69 .
Punch test (N.mm (20 sp.) (2 sp.)
(3) 8.65 _ 12.4
lap shear (15 sp.) (6 sp.)
Interlaminar shi?r =5 ——
strength (N.mm _ . (33) 1 > . _ _
3-pt bendlpg (9 sp.)
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For CSM laminates, the in-plane shear strength obtained by the
(33)

-2
was measured to be 83 N.mm ~. This is higher than shear

2)

Punch test
(9 . ~2
strength repocrted for cast polyester resin of 50 N.mm and lie in
- -2,
the range of 68-92 N.mm in-plane shear strength of CSM reported by

(40)

Johnson. Kirk obtained a value of 70 N.mm_2 by testing CSM pipe

. , 89 -
under torsion to failure, and Owen( ) reported a value of 64 N.mm 2 by
testing CSM plates under twisting moment. The in-plane shear strengths

. -2 =2 .

measured for laminates of 1.8 kg.m and 3.6 kg.m nominal glass
content were of similar magnitude.

For the dual CSM/PVC laminate, the in-plane shear strength obtained

-2
by the punch test was measured to be 69 N.mm regardless whether the
laminate is punched on the PVC surface or the CSM surface. Such a drop
in the shear strength in comparison to the mono-CSM laminate value, is
due to the weaker shear strength of the PVC which is approximately
-2

40N mm
The interlaminar shear strength (ISS) of the CSM laminates of 8.65

- 3) .
N.mm 2 obtained by the lap shear test( ) is 40% lower than that of > 14

- . . 33
N.mm 2 obtained by the three point bending testing of short beam( ).
The value of the ISS obtained by the lap shear test is believed to be

. . . (129,130)
under-estimated bec ause of the stress concentration and peeling

effects taking place at the saw-cut edges. ASTM D3846(62) does suggest
a method to minimise the peeling effect for UD léminates being tested by
the lap shear test.

The ISS obtained by the three point bending test method would be
considered more acceptable due to the absence of peeling and stress
concentration effect except for that imposed by the central anvil. All
the test specimens had a ratio of L/t = 5, and failure always started as

a flexural failure followed later by either delamination or crushing

under the central anvil. 1In this instance it is believed that (L/t)
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ratio should be reduced below 5, thus ensuring a delamination failure to
occur before the flexural failure does. This could be explained

mathematically as follows, taking CSM as an example.

3 PL -2
Of (flex. strength)3_pt = 3 Tre 150 N.mm (3.8a)
3 PL -2
I = — — = . -
( SS)3~pt 72wt 25 N.mm (Ref. 49) (3.8b)

- ~

L . . .
- - T E 3 to satisfy the shear failure requirement.

The interlaminar shear strength of the CSM/WR laminate was measured
-2 .
to be on average of 12.4 N.mm as obtained by the lap shear test. It
is higher than that obtained for CSM, probably due to the relatively

higher stiffness of the WR which would resist peeling.

3.3 Pressure Test Results of Straight Pipes and Bends

3.3.1 Introduction

Pressure test results within the elastic region of GRP straights
and bends are presented and discussed in this article. Only two failure
cases were investigated, one for a straight pipe and one for a bend.
For the rest of the pipe components, the incremental pressure load

applied was limited by 0.2% maximum strain. The dimensions and the

mechanical properties of the pipe components and their identification
are listed in Tables 3.8 and 3.9 for straight pipes and bends
respectively.

All the pressure tests were of closed-ended type of test, i.e. for
a straight pipe the circumferential stress is twice the longitudinal
stress. The tests were carried out using water as the pressurising
medium having the inside strain gauges waterproofed using silicon rubber

(RS) with the exception of few components having the inside strain

gauges embedded in the inside gel coat of the pipe.
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The results are graphically presented describing the longitudinal

and the circumferential strains and/or the stresses measured as a
function of 180° circumferential positions. For the bends, the stress
measurements starts at the intrados (6 = 0°) and terminates at the
extrados (8 = 180°). Measured strains and stresses showed a reasonably
defined linear relationship as a function of the pressure increments
(see Fig. 3.7a,b) , upon which the present pressure results are based.
Theoretical comparison is based on the prediction of thin cylinders for
straight pipes. Smooth bends results are compared with the prediction
of torus shells under pressure. Experimental results of mitered bends

(167)

are compared with Owen & Emmerson analysis ignoring the presenceof
the uPVC liner. The relevant equations are presented in App. IV. The
strains and stresses pressure results for the filament wound pipe is
. . (29,31) . . .
compared with Tsai theoretical analysis presented in App. V.
The experimental results are also presented as membrane and local

bending stresses both in the circumferential and the longitudinal

direc tion by using Eg. (3.9):

cIIN + UOUT €IN + €OUT
0 (membrane) = —0 ; £E = — (3.9a)
m . 2 m 2
g g € €
. IN - OUuT IN - OouT
Ob (local bending) = — i eb — (3.9b)

Equation (3.9) indicates a positive value of Ob and Eb when the
inside surface is in tension and outside surface is in compression and
vice versa. Such separation or segregation of experimental results
helped greatly in providing a better interpretation for relating the

pipe behaviour to, firstly, the method of construction and, secondly, to

theoretical prediction.
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3.3.2 Pressure test results of straight pipes

The test results of the straight pipes discussed in this article,

are identified in Table 3.8.

3.3.2.1 Hand lay-up straight pipes

For all the straight pipes tested, the strains measured on the
inside surface were in general higher than those measured on the outside
surface. Typical distribution of strains measured around half the pipe
perimeter are shown in Fig. 3.8. Strains are converted to stresses by
using Hocke's law for homogeneous isotropic material under plane stress
conditions.

Figs. 3.9a and 3.10a show considerable scatter of stresses measured
on the inside and the outside surfaces of the pipe. The scatter is more
pronounced among the circumferential stresses. Such scatter is believed
to be directly related to the local variability of thickness and glass
content of the pipe wall laminate. As will be reported later, the
thickness variability is more influential.

By representing the experimentally measured inside and outside
stresses as membrane and bending stresses as shown in Figs. 3.9b and
3.10b, a better described pattern of stress distribution is achieved,
where the membrane stresses are far more uniform along their
circumferential position and reasonably compared with thin shell theory
prediction (Fig. 3.10a) .

The local bending stresses shown in Figs. 3.9b and 3.10b are of
direct consequence of, firstly, thickness variation and, secondly, the
rate of change of the thickness. Circumferential bending stresses as
shown in Fig. 3.9b are of a severer nature than those obtained in the
longitudinal direction. The severity is recognised by change of sign or

sharp slopes in-between adjacent measured bending stresses.
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3.3.2.2 Specially made hand lay-up straight pipes

The problem of local bending accompanying pressure tests and the
variability of the stresses from one angular position to the other,
caused considerable concern. Attempts were made theoretically(186) to
relate stress variability to thickness variability brought about by the
helically induced overlapping of CSM laminates. The analysis based its
mathematical model for pipes manufactured using the semi-automated hand
lay-up process (see Fig. 2.3b of Ch. 2). The outcome of the theoretical
analysis was not entirely justified since limited experimental data were
available at the time and the restriction to the manufacturing method
used. That lead. to the suggestion of manufacturing two specially made
pipes by one of the manufacturers sponsoring the project. The first,
and referred to as 'SO00A'; was manufactured with no overlaps, and the
second, and referred to as 'SOOB'; was manufactured with the usual
overlaps but later machined on the outside. Both pipes were strain
gauged on the inside and the outside around 180° of the circumference
with 30° intervals.

The circumferential stresses measured under 3.5 bar pressure of
such pipes are shown in Fig. 3.11 for pipe SOO0A (no overlaps) and in
Fig. 3.12 for pipe SO00B (machined on the outside). The stresses were
obtained using 7 kN.mmm2 Young's modulus and a Poisson's ratio of 0.3.
The actual tests were carried out by the National Engineering Laboratory
(NEL) which is the other research body concerned.

The inside and the OuUtside circumferential stresses measured
around 180° of the circumference of pipe S00A as shown in Fig. 3.11a,
suggest that stress variability may still exist even though the overlaps

W

were eliminated. This is observed experimentally by the relatively high

non-uniformity shown by the bending stresses presented in Fig. 3.11b.
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For pipe SO0B (machined pipe), the level of the stress variability
shown in Fig. 3.12a is relatively lower than those shown by pipe SOOA.
The bending stresses as shown in Fig. 3.12b are relatively uniform in
comparison, suggesting that more uniform the thickness is, the less the
variability or local bending stresses under pressure loading. Keeping
in mind the fact that the machining process might have chopped off some
of the fibre reinforcements, thus, locally affecting the mechanical
properties, it could be at the least said that some improvement has been
noticed by unifying the pipe wall thickness (i.e. machining the outside

surfaces) .

3.3.2.3 Machine made straight pipes

These are two pipes made by different automated manufacturing
process. Pipe S00C made by the centrifugally casting process, and pipe

s032 made by the filament winding process.

(a) Centrifugally cast pipe

Independently of the present GRP pipe program, a 250 mm nominal
bore GRP straight pipe was tested. The pipe was manufactured by the
centrifugal casting process and supplied by Johnston Pipes (UK)Y. Such a
method of manufacture (see article 2.5.3 of Chapter 2) produces a
uniform pipe wall thickness and distribution of chopped glass content,
e.g. thickness is measured was 7.02 ¥ 0.05 mm, and glass percentage to
be 41 = 2.

The measured stresses in the circumferential and the longitudinal

directions are determined from the measured strains and elastic
constants presented in Table 3.8, using Hooke's law for orthotropic

laminates as in Eq. (3.10).
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and stresses were measured at different positions on the pipe as located
in positions shown in Fig. 3.13. The pressure test results under 5 bar
internal pressure are presented in Fig. 3.14 compared with thin shell
theory prediction.

The experimentally determined stresses on the inside and the
outside surfaces show minimal magnitude of local bending, and in good
agreement with thin shell theory prediction. The slight stress
variation shown, could be related to variation in elastic modulus, and
such variation has not exceeded 10% in practical terms.

These results are of great interest because they positively isolate
the thickness variability of the laminate to be the major factor
contributing to local bending a of a GRP pipe wall under pressure

loading.

(b) Filament wound pipe

Pressure test results are presented and described for straight pipe

5032 of *+ 55° fibre winding angle. The strains measured on both the

inside and the outside surfaces are presented in Fig. 3.15a. The

experimental stresses (Fig. 3.15b) were calculated using Eqg. (3.10)

together with the elastic constants as predicted by Tsia analysis (App.

V). The results are presented as a function of the laminate contiguity

(31)

factor & suggested by Tsia .

Experimental strains (Fig. 3.15a) are shown to be bound by

theoretical predictions using & = 0.2 to ¢ = 1.0, and experimental

stresses (Fig. 3.15b) are closely related to thin cylinder theory using

1.0. Similar to the results of the centrifugally cast pipe, the

i

c
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uniform thickness of the FW pipe is shown to be an important factor in

minimizing scatter of stresses.

3.3.3 Pressure test results of bends

Pressure test results are described and presented for smooth and
mitred GRP bends. The bends as identified in Table 3.9 are of different
dimensions and glass fibre reinforcements. Similar to the straight
pipes test results, the experimental results are presented as measured

stresses and membrane and local bending stresses using Eg. (3.9).

3.3.3.1 Hand lay-up smooth bends

Typical strains and stresses measured on such bends are shown in
Fig. 3.16a,b and Fig. 3.17a,b respectively for bends S021 and S024.

Directly measured inside and outside strains (Fig. 3.16a) and
stresses (Fig. 3.17a), indicate the presence of local bending strains
and stresses being superimposed on top of the membrane strains and
stresses induced under the pressure loading. Such observations are
similar to those presented and discussed for the straight pipes made by
the hand lay-up process.

By separating the measured strains and stresses into membrane and
local bending strains (Fig. 3.16b) and stresses (Fig. 3.17b), a better
comparability is obtained between the experimentally determined membrane
component and the prediction of thin torus shell theory. The
experimentally determined local bending strains and stress show random

ibution among all the bends tested in the program. Similar

(185)

results have been reported by Kitching

type of distr

on smooth CSM bends.

The direct consequences of the presence of the local bending

stresses under the pressure loading, is that, interlaminar shear

stresses would develop. Their magnitude is dependent on the rate of
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change of the local bending stress per unit length (either the
circumferential or the longitudinal). Such a relation could be

described mathematically, with the aid of Fig. 3.18, as follows:

d(Mb)

vV = -
ds ' ds rde
6
ow o, = Mb a — \4
n b e an T = /.SAE (3.11)
: T = t ES_
T 4 ds

3.3.3.2 Hand lay-up mitred bends

Strain measurements were taken on mitred bends on positions
indicated in Fig. 3.19. The experimental results in the form of
longitudinal and circumferential strains are presented in Fig. 3.20a,b,c
for bend S034 (200 mm nominal bore), and in Fig. 3.2la,b,c for bend S060
(600 mm nominal bore). Experimental results are presented in comparison
with Owen and Emmerson theoretical analysis(167).

The strains measured on the inside and the outside surfaces at the
segment-centre as shown in Figs. 3.20a and 3.2la, do indicate the
presence of a local bending strain component similarly described before.
When measured strains are presented as membrane and local bending
strains as shown in Figs. 3.20b and 3.21b, then membrane strains are
seen to be comparable with theoretical prediction assuming thin
cylinder.

The flexural type of strains measured at the segment-edge as shown
in Fig. 3.20c¢ and 3.21c compare reasonably in pattern of distribution

. . (167) ..
with Owen and Emmerson theoretical analysis . The negligible

magnitude of the longitudinal strains measured at the intrados (8 = 0°),
is possibly due to the extra thickening located at that position. L¥<cal

thickening of the intrados has been experimentally investigated by

Ingenhouze(l78) with similar effects on strain levels.
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For bend S060, similar patterns of the inside circumferential
strain distributions are observed at the segment-edge (Fig. 3.21lc) and
at the segment-centre (Fig. 3.2la). This is particularly identified by
the peak strains located at positions 6 = 30° and © = 105°. What is
believed to be a decay of strains from the segment-edge to the segment
centre, is probably due to the relatively short length of the segment in
comparison to the pipe diameter. Decay of flexural stresses induced at
the segment-edge has been similarly reported for metallic mitred bends

by Lane and Rose(166).

3.3.4 Failure of hand lay-up straight pipe and bend

Straight pipe S004 (100 mm nomihal bore) of Table 3.8 and bend S022
(250 mm nominal bore) of Table 3.9 have been taken to failure under
closed-ended pressure loading. Both pipe components showed signs of
shear failures, although it is believed that failure has been initiated
by inside gel coat cracking.

The shape of failure obtained by pipe S004 is shown in Fig. 3.22.
Failure started in the form of water droplets at 650 psi (45 bar) and
later developed into jets at 780 psi (54 bars), and the pressure could
no longer be held. Maximum circumferential stress at failure was found
by extrapolation to be 83 N.mm-z. The shape of failure shown in Fig.
3.22 clearly indicate an interlaminar shear failure where whitening
suggest that the laminate has been split into two layers. Membrane
cracks were observed on the inside gel coat running in the longitudinal

direction. The total area of delamination is about 30 mm wide and 200

mm long.

During: pressurising bend S022, one end flange
started to leak at the flange/tangent joint at 350 psi (24 bar). The

joint was repaired using WR layers. On re-pressurisation, the same
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picture showing failure envelope in the form of
delamination developed on straight pipe S004 under

53 bar internal pressure.

Figure (3.22)

92




-aanssaad IrUAS3UT Ieq 9°/Z ASPUN ZZOS PUu3q
uo poadoTaasp aanliey JO UOTIROOT burmoys a2an3oid (DEZE) @2anbta




(3.23b) Picture showing the detail of intensive resin

Figure
cracking and fibre breakage of bend S022.
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flange joint started to leak this time at 400 psi, the bend was
de-pressurised and both end flanges were similarly reinforced. Third
time pressurisation, a flap envelope failure was developed at the centre
of the bend at 400 psi (28 bar), and failure is shown in Fig. 3.23a. On
inspection the failure area, cracks were shown to be induced on the
inside gel coat running approkimately in the circumferential direction
as shown in Fig. 3.23b, and an interlaminar split of the laminate as
shown in Fig. 3.23c. The laminate split seems to be running through an
area of rich resin, probably of different degree of cure to the rest of
the wall laminate. The maximum circumferential stres; as failure is
estimated to be 85 N.mm_z.

Final failure configuration observed on both the straight pipe
(Fig. 3.22) and bend component (Fig. 3.23c¢c) suggest a dominant role of
the interlaminar shear stresses in either initiating failure or
accelerating failures already initiated by membrane cracks. It is
important, at this stage, to perhaps link the observed local bending
stresses already described and discussed in the previous articles with
the present shear failures. Such a relation could be associated with

the fact that the occurrence of a variable bending moment, imposed on a

structure would lead to shear forces.

3.3.5 Pressure stress multiplier (PSM)

The bends pressure test results could be summarised in the form of
PSM, where the maximum membrane stresses induced in the bend is taken as
a ratio to the circumferential stress calculated for a straight pipe
using similar dimensions, i.e.

max. membrane stress measured on the bend (3.12)
prm/t

PSM =
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the bends®' PSM are presented in Table 3.10 as a function of their

angular positions. They are compared with theoretical PSM as calculated

from pressure theories in App. IV. The PSM for the mitred bends are

based on the average thickness measured at the segment-edge and at the

straight tangent.
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TABLE 3.10 - Pressure stress multiplier of GRP bends

Pressure stress multiplier (PSM)

Bend - h
Number xp- Th.

PSM S} (Deg. ) PSM 6 (Deg.)
s021 1.48 90 1.51 0
S024 1.42 30 1.27 0
S002 1.51 60 1.11 0
s014 1.40 40 1.15 0
S016 0.90 0 1.15 0
S034 1.88°/1.37 02/150 1.21%/1.34 02/180
S060 2.86/2.55 30°/135 1.31%/1.72°5. 0_/180
S061 2.62°/3.00 105°/150 1.315/1.72 0%/180
S043 1.90 120 1.30 0
S048 1.08 60 1.38 0 -
S049 1.32 30 1.38 0
S046 0.77 120 1.62 0
L = longitudinal measured at the joint

Q
il
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CHAPTER FOUR

REVIEW OF BEND THEORY

4.1 Simple Beam Theory

When a straight pipe is subjected to a flexural bending

moment, then the relative change of slope per unit length -%% is
|
As ~  EI (4.1a)
and the maximum longitudinal stress is
Mrm
g = —_——
I (4.1b)

where EI is the flexural rigidity, M is the bending moment; and ro is
the mean radius of the pipe, and I is the second moment of area.

When the pipe is subjected to torsional moment, then the

. A_*
relative change of twist angle per unit length Kg is

el (4.2a)

where T is the torsional moment, and GJ is the torsional rigidity.
The maximum shear stress T occurring at the outer surface of the pipe is

given by:

T = _° (4.2b)

4.2 Loading'of Bends

Bends tend to behave differently from straight pipes whereby they
ovalize when loaded with different modes of bending moments as

demonstrated diagrammatically in Fig. 4.1. Such ovalization tends to

. Ay, . .
increase the angular rotation As of the bend compared with a straight

of the same construction and under the same bending moment. This brings
about added flexibility but also gives rise to a complication of the
stress system, where, the maximum stress . iS greater than that

predicted by simple bending theory. The longitudinal direct stresses
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are not distributed linearly across the section and since the maximum
does not occur at the intrados or the extrados, it is different from
that for simple bending. Circumferential stresses will be induced due
to the bending of the shell when the section is flattened. The overall
maximum stress may be either longitudinal or circumferential, depending
on the dimensions of the pipe bend. Typical bend deformation and stress
distribution are shown in Fig. 4.2.

When pipe bends are being discussed and compared, two useful
guantities arise as a result of these physical facts. They are the
flexibility factor (K) of a bend and the stress intensification
factor (SIF), defined as follows:

Flexural rigidity of straight length of pipe
calculated by simple bending theory (EI)

Flexural rigidity of similar length of pipe (4.3)
forming pipe bend
Maximum stress in pipe bend due to applied
' moment
= : - 4.4
SIF .Maximum stress in similar straight pipe ( )
calculated by simple bending theory
or
L, KM (4.4a)
ds ET
Mr
o} . , m
longitudinal = (SIF)L 5 (4.4b)
Mr
o} . m
circumferential = (SIF)c I (4.4c¢)

where (SIF) , and (SIF)L are the circumferential SIF and the
c
longitudinal SIF respectively. All three factors depend considerably on
as
a non-dimensional gquantity (A = Rt/rmz) knoquthe pipe factor.

Though more complex in detail, the overall behaviour of a

-mitred bend is similar to that of a smooth bend, since flattening

multi

of a pipe section forming the bend again occurs under flexural bending
moment. The definitions of X and SIF are, therefore, applicable to
multi-mitred bends where maximum stresses occur near the junctions

between the segments of a mitre.
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Under the effect of changes in temperature of the pipeline, or of
movement of support reaction (either translation or rotation), or both,
the determination of the stresses distribution in a pipe becomes a
statically undeterminate problem. In general the problem may be solved

by the modification of the standard arch theory.

A - B F
AX Function of the dimen- FX
y - sional, the mechanical 8( y
Az properties of the Fz
piping components and M (4.5)
flexibility factors Xy
L ] M
Xz
M
L yz..anchor loads

AX, AY and Az are elongations computed on the basis of the overall

linear expansion of the piping system, and depending on the boundary

(134)

conditions , the anchor loads (FX, Fy and Fz) and the anchor moments
(M , M and Mz) are determined. Then the stresses at any point on the
X

piping system could be predicted.

Thermal expansion or contraction in piping systems is accommodated

by different methods:

.. e s . . (132)
(i) Expansion joints, slip joints and/or swivel points ;

(ii) Inherent flexibility of the pipe itself, utilized through pipe
bends, loops, right angle turns offset in the line--- etc.
Although method (i) has its own advantage in certain types of long

straight piping systems, it could be associated with practical

problems(l33) apart from additional cost. Method (ii) is considered more

convenient and is widely used since it relies on the inherent properties

of the components used. No standard is available for GRP piping

steel pipe lines are commonly analysed using one of

5 123
namely, ANSI B31—3(124), BS3351(13 ) and B8806< ).

systems, and carbon

three piping codes,
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The first two standards are intended for highly dynamical conditions

(e.g. Petroleum industry), whilst the last is specifically a high

temperature code (e.g. Power Plant) where the creep of component is of
(133)

interest .

4.2.1 Smooth Bends

4.2.1.1 External loading of smooth metallic bends

The stress analysis of elbows and curved pipe has been the subject
. . . . .- (138)
of numerous theoretical and experimental studies since Bantlin
. first demonstrated experimentally that a curved pipe responds
differently under load than predicted by simple beam theory, and von

(139) . . . .
Karman later presented the first rational explanation of this
discrepancy.

von Karman's analysis was based on formulating the total strain

(139) , . L . .
energy associated with the two principal longitudinal and
circumferential deformations. The flattening of the bend, brought about
by the inward components (vector f in Fig. 4.2b) of the longitudinal
stress, was represented by a trigonometric function describing the

tangential component of deformation assuming symmetrical radial

deformation about the polar axes of the bend cross-section, i.e.

TR~

C sin 2n¢ (4.6a)
n

t n=1

. 140 .
using inextensibility assumptlon( ), the radial component of

deformation is obtained

w o= - 3% | (4.6b)

r 35
upon that, the longitudinal strain assuming no shifting of the bend

centre-line under deformation was predicted to be

dw
AR) 1 Ay . t
elongitudinal = = —'(ﬂg r sin ¢ + W, cos¢ T sin ¢)
outermost (4.6¢)
fibres
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Similarly the circumferential strain components were formulated assuming

only flexural bending to be taking place within the bend wall.

_ d?w_ ,z t t
~-(wr-+ r )r2’ .mis z <35 (4.64Q)

€ . .
circumferential
d¢=z m

The total strain energy was formulated ignoring the Poisson's

(139)
ratio effect, i.e.

= +
UT U Uc
2T 27 3
‘tE 3 d 2
where UL = s €L2d¢, UC = E'-—E-f %E$‘1'£é?) (4.7)
2 3
0 24r,11 0
e e e . du
and minimizing U_, T = 0, for values of c, =---cC
T — 1 n
dc
n
. . . (139)
thus the results for in-plane bending using one term , are:
1222 + 10
K= o +1 (4.8a)
8zR
= —— i 3 + v — 2 4 .8b
OL/On I ,{sin ¢ srenz Sin ) = cos 26} ( )
5+6A2
6 18zR
i _— 4+ _— 2 4.8
oc/on l_vz{v sin ¢ - v FTIE 2 cos 2 ¢} ( c)
5+6A2

The accuracy of the analysis is dependent on the number of terms (cn)
required for a range of bend parameter (A).
von Karman's main assumptions were:

(1) the thickness of the pipe is very much smaller than the bend

r
i i i o 0, h it 3 onable to
cross section radius, 1l.e. ;—> 10, hence it is reason e

assume a state of plane stress, oz = o.

(2) the bend cross-sectional radius could be neglected in comparison to

. . . (136)
the bend radius, R>>rm, which implies that:

105




r

m
E—f OL dé. cos ¢ A~ 0O

r

m .
Eff o dé¢. sin ¢ v O

membrane circumferential stress

through thickness shear stress

(3) the applied bending moment is uniform throughout the bend, and the
bend experiences constant flattening.

(4) the longitudinal and circumferential directions are the principal
axes for the stresses.
The implications of the above assumptions in conjunction with the

flexibility and stress ©results are discussed in the

136
literature( '137’148).

(143)

vVigness using the potential strain energy method of analysis

predicted the out-of-plane flexibility factor and the SIF . The
flexibility factor was exactly the same function of A as for the
in-plane case, and the SIFE were differently presented due to the

(148)

rotation of the principal bend cross-sectional axes of deformation,

by 45° from that wunder in-plane bending, (see Fig. 4.1).
43)

Experiments(l carried out on 90° and 180° metallic bends were
accomplished by loading the free-tangent end in three different space
axes and measuring the corresponding end deflections. The
experimentally determined in-plane flexibility factor and in-plane and
out-of-plane SIFs were in good comparison with theory, whilst the

out-of-plane K were 60% higher than predicted due to probable

’ (143)
experimental error or incompleteness of the model . The effect of

the straight tangents and attached flanges acting as a restraint on the

(144)

bend fitting were also experimentally investigated , indicating a
sharp reduction in both flexibility and the SIF with flanges being

welded directly to the bend. The effect of the tangent was not

significant, probably due to its extra flexibility brought about by the

(144) .
decaying ovalization of the bend. In the same work , end torsional
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moments were used instead of end loadings producing comparable
theoretical and experimental out-of-plane flexibility factors. The
torsional compornient of moment was assumed to have no contribution to the

. . 4
bend ovallzatlon(l 3).

141,142
Hovguard< ! ) approached the problem from a Mechanics of
Material basis by satisfying the equilibrium of forces acting on an
element of a bend. Using von Karman's assumption, he achieved similar
theoretical results to von Karman which were in agreement with
experimental results obtained for in-plane bending of 180°bends having A
> 0.5; and R/rm > 5.
. (145) s . . .
Beskin adopted the minimization of the complementary strain
energy method of analysis by assuming a trigonometric series for the
longitudinal stress. He used six terms in the analysis (using von
Karman's assumptions), and his results were suitable for small bend
factor (A <0.33). Beskin results for the in-plane and out-of-plane
. ) . (146)
bending were presented in a numerical format by Mark| who compared
them with experimental results obtained from fatigue loads on bends.
Markt’g empirical results were half of Beskin's predictions for the

. 124
SIF and are used by Standards such as in ANSI B3.31( ) and BS

3351(135).

In 1951, Clarke and Reissner(lso) obtained similar results to those
predicted by Beskin for in-plane bending. The problem was considered
from a differential equation point of view considering the curved tube
as part of a thin shell of revolution. The normal stresses and moments
in the bend were reéresented by a stress function satisfying equilibrium
for elements of the shell, and also as a function of the assumed strain
model representing the circumferential displacement. Two differential
equations were obtained and simplified by the use of von Karman's

original assumptions. The solution was carried out by a special
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mathematical technique which was later used for the analysis of

elliptical cross—-sectional bends.

151,152 . . .
Ford and,Gross( ! ) carried out an intensive experimental

r
programme testing short radius bends (i.e. §E< %0 of small pipe factors

(A) under in-plane bending combined with internal pressure. Their
experimental findings indicated that the assumption used by von

139 . 43,144 .
Karman( ), Vlgness(l 3.1 ), Beskln(l45) and Clarke(lso)

, of pure
flexural circumferential strains occurring in the wall of the bend,
would undermine the actual maximum peak strain and stress usually
measured on the inside of the bend. The higher value of the inside
circumferential SIF is brought about by the addition of a membrane
circumferential stress. This stress component was theoretically
predicted by Gross by balancing the inward stress component of the
longitudinal membrane stresses, the transverse shear stress and the
circumferential membrane stress.

The theory was accordingly modified by superimposing such membrane
circumferential stress on the flexural ones already predicted
theoretically(152). Although such a stress component should have been
included in the potential strain energy formulation, however, the

(152)

superposition technigue used by Gross gives a good approximation (v

2%) of the value obtained by considering rm/R ratio in the strain energy

. (136) . .
formulation in the first place . The consequences of incorporating

the circumferential membrane stress was argued to cause a shift of the

neutral axis from the bend centre line,and such shift was later

. (147,149,156)
considered in the analysis .

Gross(lsz) modification of the theory lead to a good comparison
. . (151) .
with experimental results obtained previously . No theoretical
analysis was incorporated for internal pressure effects, but,
rimental results showed that such superimposed internal pressure was

expe
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to reduce the peak stresses arising from the externally applied moment.
It was suggested that the dimensional variability of the metallic bends
lead to a variation of the determined flexibility fa tor, e.g. a change
of £ 1° of the angle of a 90° bend would lead to a 10% change of
flexibility fa tor, and thickness variations of the bend wall suggested
the opinion that the resistance to bending was dependent on an effective
section modulus which may not be the average value measured, and may
lead to 15% variations on the flexibility factor. Those observations
should be considered with respect to GRP bends where high degree of
thickness variation is éxpected due to the processing technique (i.e.
hand lay-up), and also possible bend angle variation due to resin
,shrinkage on curing.

In 1957, Turner and Ford(149) re~-derived bend theory in a
generalized form taking the (%‘/R) ' ratio into consideration, and
using minimization of the complementary strain energy. An interesting
pattern of end results was presented in the form of the equivalent
stresses using von Mises mathematic al equation of plasticity, describing
the stress condition of a bend by one SIF rather than the traditional

(147)

longitudinal and the circumferential SIF .. Later Smith followed a

similar procedure and presented a generalized form of the bend problem

under out-of-plane bending.

: (153)
In 1955, Kafka and Dunn

incorporated the influence of the
internal pressure into Von Karman's strain energy analysis in a form of

work actingbagainst the ovalization of the bend cross-section. Their

theoretical predictions agreed with experimental results by Ford and
151,152
Gross( ! ).

. (179
In the following year, Rodabaugh, George and Louisville )

generalized the von Karman-Vigness analysis of a bend deformation under

in-plane and out-of-plane bending, including the influence of pressure.
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When internal pressure is included, the flexibility fac tor and the SIF

were dependent on a second dimensionless parameter ‘$, e.g.
flexibility using one term -

1202 + 10 + 24y —  PR2

K = i -
1262 + 1 + 249 " Ert

The complete analysis was presented in terms of infinite

for

(4.9)

series

which were solved to obtain expressions for the flexibility factor and

the in-plane and out-of-plane stress intensification factors.

They

emphasized on the importance of using the right number of terms in the

trigonometric function to get a reasonably accurate result.

suggested that the following ranges should be used:

value of A Approx. order required (cn)
0.5 and larger 1st
0.4 to 0.16 2nd
0.12 to 0.C8 3rd
0.06 to 0.04 4th

They

In the course of their literature review, they summarized Beskin

and Clarke's work for non-pressurized bends in simple expressions

incorporating the Poisson's ratio effect as listed in Table 4.1.




TABLE (4.1) Flexibility factors and SIF of smooth bend

(179) (124)
Ref V=20.2]Vv=0.3}Vv=20.35 | ANSI Code
Flexibility factor | i 1,695 1.65 1.62 1.65
A A A A A
1
In~plane SIF iL%%B 1'2?? l;%% l'8§; 1.80
2
A A A A
1
Out-of-plane SIF 242%3 l';?; l;%%ﬁ i;§%3 1.5
A A A A
1
A tR
A= V1-vZ, ==
1 r 2

The theoretical predictions of Table 4.1 show that up to 4%
variation in flexibility factor and up to 3% variation on the outside
SIF  could be observed due to a change of Poisson's ratio from 0.2 to

0.35 which could be exhibited by CSM and WR laminates.

179 o
The generalized analysis of Rodabaugh et al( ) was modified by

(154) (152)

Dodge and Moore taking into consideration Gross correction for
the membrane circumferential stress. This work was presented in a

written computer programme format sub-contracted to the atomic

155 .
energy commission of the United States( ). Experimental results

obtained and investigated in the present thesis were compared with Dodge

analysis represented in a computer programme written in Basic using four

terms and presented in App. II and App. III.
6)

Work carried out by Jones(15 on smooth bends incorporated

r

— effect, and the neutral axis shift was considered by including odd
R

terms in Eq. (4.6a). His conclusions were that the flexibility factor

is not influenced by rm/R ratio and, although this ratio has an

influence on the SIF , it is not significant.
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Reducing the bend angle would tend to restrain the bend from
further ovalization and accordingly flexibility factors and SIF are
duced. This h ' (157)
reduced. 1s has been shown experimentally to be the case,

whereby the in-plane flexibility factor was reduced by a factor of two

when the bend angle was reduced from 90° to 40°.

4.2.1.2 External loading of smooth GRP Bends

The first work done in RAPRA was by Wright(41)

on in-house

built GRP straights and bends. It was due to Wright's preliminary

programme that the present large scale investigation was started in
mid—1978(159’160'161'162) preceded by work on GRP straights in early

1977.

Wright investigated the flexibility factors and stress
intensification factors for a range of pipe factors, under in-plane and
out-of-plane bending. The bends were originally strain gauged on the
outside and later, one bend was amputated, instrumepted on the inside
and re-tested. His remarks and conclusions can be summarised as
follows:

(1) the Beskin prediction of flexibility factor would largely
over-estimate the experimentally determined in-plane Ki and
slightly under-estimate the out-of-plane KO ;

(2) the circumferential SIF measured on the outside surface were at
least 50% lower than Beskin prediction for both type of bending,
but the inside SIF were comparable;

(3) bend failure was caused due to maximum circumferential stress under
in-plane bending;

(4) 1limited fatigue tests on bends under in-plane bending showed a

reduction of 30% of the short UTS of the bend;

(5) shear modulus of CSM pipes could be obtained by using G = E/2(1+V).

thus, supporting the in-plane isotropy assumed for CSM laminates.
r
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(40

Kirk carried out limited tests on commercially made GRP
bends strain gauged on the outside. He indicated the problems that
could be associated with joints present on the bend-tangent structure,
increasing its overall rigidity, and were susceptible to failure by
peeling when they ovalize. Based on the tests he carried out on Tee
intersections, he indicated that the through-thickness anisotropy
exhibited by the GRP laminates may have an influential effect on the
initiation of failure and failure progression. The tests carried out on
GRP straights showed the applicability of simple shell theory under
flexure, torsion and pressure. The pressure effect was later shown to
cause a rise in interlaminar shear stresses(158’l85).

Failure tests carried out on smooth CSM bends under bending and
pressure loading, also indicated a possible cause of failure to be due
to interlaminar shear stresses(lSB).

Due to the wide range of reinforcements available, GRP pipes can be
produced with different degrees of in-plane anisotropy to cope with
working conditions such as high pressures. In this case WR or UD
reinforcements are added to the main CSM laminates so that the pipe
would be classified under a higher pressure rating. The added in-plane
anisotropy is not usually taken into consideration insofar as bends or
Tee behaviour is concerned under bending. The author investigated
this(l6l) by incorporating the in-plane anisotropy in the von Karman's
strain energy ?) analysis as presented in App. III, and the conclusion

reached is that extra added circumferential stiffness would lead the

bend to exhibit a lower flexibility factor, reduce its longitudinal SIF

and slightly increase the circumferential SIF. Such an effect is shown

on the flexibility to be:
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— E .
12mA2 + 10 _ circumferential
K = where m = (4.10)

12mA2 + 1
longitudinal

and the effect on the SIF is shown in Fig. 4.3.

4.2.1.3 Pressure loading of smooth bends

In pressurised piping systems, fittings such as bends and Tees, are
investigated for their pressure rating capability, in addition to their
deformation under external load.

Pressure stresses for metallic bends are similarly predicted for

straight pipes as specified by B5806(123). While for Tees, a pressure

stress multiplier (PSM) greater than 2.5 is usually employed depending

. , . . 151 :
on the dimensions of the Tee. Previous experlments( 51,152) on metallic

smooth bends suggest that PSM could be greater than unity.

. . R .
Tests carried out by Gross on metallic bends of-; ratio of 3.0
m

indicated that maximum stress would be a circumferential stress situated
at the inside surface and located at the intrados. The bend PSM
interpreted from his numerical results would be approximately 1.4, and
he reported that the stress distribution of smooth bends could be

predicted using the analysis of thin torus shell subjected to

(151)
pressure .

Such an analysis is thought to be best suited for bends of

large-E ratio. Its accuracy becomes less adequate as the ratio
r

m

decreases below 5. However, its simplistic format and its adequate

comparability with experimental results make it more convenient to use.

There could be bending stresses associated with pressure loading of a

torus Shell(l63), but they are considered negligible, however, those

bending stresses would be magnified when an ovalized bend cross-section

. . (151)
is pressurised .
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4.2.2 Mitre Bends

These are usually used as an alternative when large cross-sectional
diameter bend is required in a piping system. Particularly for GRP, for
some pipe manufacturing processes (é.g. centrifugal casting), it might
prove more economical to construct small diameter bends in a mitred
form.

Mitre bends did not receive the same attention as smooth bends
until the last 25~30 years, especially under different modes of bending
moment. A comprehensive review of their deformation is presented by

Kitching(l48).

4.2.2.1 External loading of mitred Bends

The behaviour of multi-mitred bend under any specific loading
condition is similar to that of a smooth bend, but the discontinuities
arising where the segments of straight pipe are joined along obligue
sections give rise to important differences. At these positions, stress
levels will not be the same as for smooth bends under the types of

loading already considered. Typical deformation of a mitred bend is

148
shown in Fig. 4.4( ).

in
The edge discongyity was first tackled theoretically by van der

6
Neut(l 4)

, whereby he predicted the local bending stresses in an oblique

edge of a cylinder by simplifying the edge to a helical one developed
upon the flat plane. He suggested that the pressure longitudinal
stresses at the edge are not of a local nature and could be of the same

s in sections remote from the joint, which was later

y(165,166,167)

magnitude
contradicted theoretically and experimentall
The problem of bending of mitred bends were investigated

151 .
experimentally by Ford and Gross( ). They tested five welded segments

mitre steel bends and found that flexibility factors did not differ much
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from that obtained by smooth bend theory, and the difference was about

15% lower than predicted. They attributed such a reduction in

flexibility to the restraint of the straight tangents.In fact, the

tangents themselves ovalize by flattening decaying from the bend
so it could be proposed that what is lost by the bend flexibility,
is substituted by the flexibility of the tangents (depending on the
tangent length). Hence the reduction of the 15% might have been
realistic difference. The stresses were measured only in the
centre of the segment where the induced stresses are not as high
as those induced in the segment joints. Therefore, there was not
enough data to comment on the SIF's.

Lane and Ross(l66) tested 12 inch diameter, 90° welded steel
bgnds of 15° and 22%° mitre angles. Their tests were carried out under
internal pressure combined with external loading. Their experimental
findings can be summarised as follows:

(1) the flexibility of 2-welded and 3-welded structures are 15-25%
less than a corresponding smooth bend;

(2) the maximum stress induced in a mitred bend under bending
could be 1.4 times the maximum stress in a smooth bend;

(3) diametral change at the mitre joint is similar to the
diametral change at the segment-centre and both could be
predicted by smooth bend theory;

(4) the flexibility of mitred bends is diminished by the presence
of internal pressure by an amount similar to that for smooth
bends, and

(5) additional edge stress components should be superimposed on

those predicted by von Karman  bend theory.
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Similar observations were reported by Owen and Emmerson(l67)

indicating that the distortion of mitred bends was similar to that of a
smooth bend and suggested that mitred bend analysis under bending should

be based on a modified von Karman work.
The most comprehensive theoretical and experimental work done on

multi-mitred bends under different types of bending moments was that

(168-171)

carried out by Bond and Kitching under in-plane bending under

(172)

out-of-plane bending and under combined external loading and

(173)

internal pressure

(168

. . ) . .
Kitching generalised the work based on those of von

139 . 143 4
Karman( ), Vlgness( ), ent(16 ), Den Hartog(l4o), Ford and

(151,152)
S

N
(165)

, Green and Emmerson (166,167)

Gros and others , and

reported that an approximate analysis could be obtained by superposing

two major deformation in the bend determined independently by:

(1) carrying out the von Karman's constant flattening analysis for
smooth bends, and

(2) satisfying compatibility and equilibrium conditions at the
mitre joint (defined as edge correction) in a form of sine and
cosine distributed stress functions.

Such edge corrections would produce similar trigonometric edge

deformations around the circumference, and those stresses (longitudinal

and circumferential) would accordingly decay exponentially along the

longitudinal direction of the segment of the bend. He presented this

decay (based on beams on elastic foundation) to be of short and long

decays which could both be represented by the following mathematical

. . (170)
relationship for the radial deformation of the bend cross-section .
-0 X ey 8 4.11
w =uw . exp (1) cos (n8) +w, exp ( 727) cos (n 8) (4.11)
r nl v r
m m



where x 1is the distance along the segment starting from the mitre joint,
and al and az are the short and the long decay factors respectively.

They are defined mathematically as a function of the geometry of the

segment as the following:

dl = (k + A) /2, d2 = (k - AN)/2 (4.11)
where A = {3 (1 - Vz)}l/4 (%m)l/z
and k = {2nz + (4n%* + /\L+)l/2}l/2

where n is the integer defining sinusocidal distribution (e.g. cos n 6

above). For low values of n (e.g. n = 2), a. is much greater than o

1 27

and hence the a2 part of the deformation will decay more gradually than

the o, contribution. The portion of the deflection associated with a
will be negligible at a short distance from the edge of the segment.
That associated with a2 corresponds to the deflection assumed in the
constant-flattening analysis. Accordingly, the stresses at the
mid-segment are modified exponentially and those at the edges are
superposed onto the short decay stresses. The exponential modification

is dependent on the geometry of the segment and in particular on the

centre-line length (Fig. 4.4, i.e. short, medium or long) together with

. . 169
the number of terms assumed in the radial deformatlon( ). The
analysis is

. a.X T
valid for short length cylinders where 2 < w_(n = 2) and

4
rm

experiments(l68) have indicated that no serious errors would be incurred

. a_X ., o X
if the validity condition is taken as 27 & 1. If the ratio 2 > 1,

r r
m m

then serious errors could arise especially for the circumferential

bending stresses(l68’l69). The analysis incorporated the rm/R ratio in

the energy formulation by expanding binominally the term:
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-

r -4

1+ mcos ¢) " =1-"mcos ¢ +("m)2 cosz ¢ + -—- (4.13)
R R R

The theory was programmed, and the results(17l’l72’l73) were

presented in the form of the total stresses and deformations at the
segment-centre and at the segment-edge including pressure effects.
The programme was found to predict factors for smooth bends by inserting
a very small mitre angle, typically 10_9 degrees(4o). The theoretical
analysis could be summarised as shown in the diagram in Fig. 4.5 for
in-plane bending. A similar analytical procedure is followed for the
out-of~plane bending.

The flexibility factors and the maximum stress intensification
factors predicted theoretically for a mitred bend under in-plane bending

(170)

were summarised in a simple non-dimensional equations as:
K = B/\P str = c/A9 (4.14)

and presented graphically as shown in Figs. 4.6 and 4.7 respectively.

The results are suitable for the following bend characteristics

r,

0.0125 £ A £ 0.25, 0.1 sig- £ 0.5, 9.0° £ a £ 22.5° and v = 0.3.
. (170) . .
The analysis predicted that the maximum stress would always

occur at the joint, either, on the outside surface as a longitudinal
stress, or, on the inside surface as a circumferential stress, and both
of these maxima would be of similar magnitude. It was later
indicated(l72) that maximum stresses obtained for a mitred bend
undergoing out-of-plane bending would be comparable to those obtained
under in-plane bending, i.e. corresponding to those obtained in Figs.
4.6 and 4.7.

Because of the similarity of the mitre bends and smooth bends,
the ANsI(124) piping code adopts the procedure of assuﬁing that a mitre

bend can be replaced by an equivalent smooth bend of radius RE for the

purpose of calculating flexibilities and stresses. It should be stated
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Figure(4.5) Block diagram representingtheoritical analysis of mitred

bend under In-plane bending
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that the standard is based on a modification of a smooth bend formula
. b Clark . (150) .
given by arke and Riessner « The formula in the code

intentionally gives stress intensification factors which are half the

~true elastic stress factors which were based on fatigue tests carried

L (146)
out by Mark » SO the code values have been doubled here. Taking
R (137)
this into account the code formula become :
K= 1.52/2°/% . .
a3 ) A= E = cot @ t.s (4.15)
SIF = 1.8/A ) r 2 2 r 2
m m

for small mitre spacing where s < r (1 + tan a), and
m

K /8

)
/3 ) (4.16)

5
1.52/A7

SIF

it

2
1.80/KE

for large mitre spacing or single mitre, where s > r (1 + tan a),

1+
A_ = (1 + cot o) t/2 r , and R_ = Xm! cot @)
E m E 2

Bending of single mitred bends is a special case. It has been

7 7
shown experimentally(l 4) and theoretically(1 5), that Eg. (4.16) would

largely over-estimate the flexibility, and slightly under-estimate the
SIF under in-plane bending. A comprehensive analysis was later reported

. . (176) .
for the in-plane bending moment case . As for out-of-plane bending,
the maximum circumferential stress was found to be almost half the
corresponding maximum in-plane bending moment, although the maximum

. . (174)

longitudinal stress ratios were of the same order of magnitude .
Also, it was reported that the out-of-plane flexibility factor was found

' . . . 174)
to be only a little greater than that using simple bendlng theory( .

It was suggested(l48) that, where possible, out-of-plane bending moment

should be avoided where single mitres are used, due to the high stresses

accompanying such type of loading.
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4.2.2.2 Pressure loading of mitred bends

The circumferential and the longitudinal stress distributions for a
single mitred bend under pressure loading, ha been predicted
theoretically by Green and Emmerson(l65) for bends of small mitre angle
(a), using the general differential equation of elasticity. Their
analysis (contrary to Neut(l64)) showed that the longitudinal stress at
the edge would decay rapidly along the axis of the straight pipe to a
Prm/2t value of magnitude. Similar theoretical results were achieved by
Owen and Emmerson(l67) and others(l77) using the thin shell theory
equation expressed in the form of differential equations describing
deformation. The theoretical results describing the membrane and
bending circumferential and longitudinal stress at the joint of the
single mitred bend, are presented in App. IV.

Owen and Emmerson(167) carried out pressure tests on single-mitred
bends made out of hot-cured Araldite epoxy resin with various mitre
angles. The stress distribution and its magnitude in comparison to
a straight pipe was measured using stress-freezing technique of
photo-elasticity. They obtained a pattern of experimental stress
distribution comparable with that of theory up to 15° mitred angle,
whereby, the maximum principal stress (membrane + bending) 1is the
circumferential stress situated on the outside surface and located at
the intrados (8 = 0°) at the joint. As o is increased the measured
stresses diverge from those predicted by theory. The maximum principal
stress continues to be a circumferential stress at the intrados but it
would be located at the inside of the bend at o = 45° due to the effect
of bending stresses changing signs at approximately a = 37°. Regardless
of the surface location of the maximum principal stress, its value in

comparison to a maximum stress induced in a straight pipe similarly

constructed (i.e. pressure stress multiplier) would increase from a
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factor approximately 2 for o = 15° up to 3%4 for o = 45°. As theory

predicts, the experimentally measured longitudinal and the
circumferential stresses at the edge would decay to a uniform membrane
pattern of stresses at a distance 2.5 r away from the joint.
m
(166) .

Lane and Rose reported that for a = 22%° the maximum
circumferential edge stress could be as high as twice as the
circumferential stress calculated on a straight pipe, and for o = 15°
the bend PSM could be in the region of 1.4. For both values of o, the
maximum measured stress was 30° away from the intrados and located on
the inside surface.

(178) . C

Incgen Housz carried out pressure tests on multi-mitred GRP/PVC
lined bends. He presented the results in a strain format for the dual
laminate construction. His experimental results showed that the strains
at the joint would be maximum at the intrados located on the inside
surface and positioned in the circumferential direction. Such a maximum
strain is about 1.67 higher than the maximum strain induced in a
straight pipe constructed similarly to the bend and loaded by the same
pressure. The strains measured at the mid-segment were comparable with
the maximum strain of a straight pipe with noticeable bending strains
observed. No theoretical comparison was presented due to possible
errors arising from the thickness variation around the bend, but

(178) . L
based on Murthy's theoretical prediction, Ingen Housz suggested

that increasing the intrados thickness to 2-3 times the original

thickness would decrease the strains to an 'acceptable' level.
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CHAPTER FIVE

SAMPLE DESCRIPTION, EXPERIMENTAL PROCEDURE AND INSTRUMENTATION

5.1 Straight Pipes and Bend Components

All the pipe specimens tested are commercially manufactured by five
suppliers in total.

The different pipe samples have been characterized in Chs. 6, 7 and
8, whereby they are described as a function of their glass content
(burn-off tests), dimensions (tangent length, internal diameter and bend
radius), thickness measured from cut pipes and bends, and mechanical
properties as obtained from coupon testing. Table 5.1 lists the raw
material used, manufacturing process used, strain gauges positions and
manufacturers.

The dimensions of the bends were pre-selected on nominal basis to
cover a wider range as possible of the pipe factor A used in practice.
Because of the absence of a recognised code of practice for GRP bends,
the pipe components were constructed by the individual manufacturers
with accordance to their own in-house codes of practice. These
practices were supposed to follow similar recommendations to those
specified by PSlS-69(9), BS4994(3), B202B(4) and BZOlB(S).

The straights and bends were not post-cured due to probable damage
occurring to the strain gauges already installed at the early stages of
construction. Also, due to the considerable volume of those bends, it
was impractical from an economical point of view to post-cure them in
special ovens. The latter is true for all sizeable components used in
practice.

The research bodies, NEL and RAPRA, had no direct supervision on

the manufacturer's constructional procedure used to make the pipe
samples. However, these samples were supposed to sustain similar

features to those pipe fittings actually used in the chemical industry.
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TABLE 5.1 - Raw Materials, Manufacturing Process and Msnufacturer's Nemes for the Pipe Samples tested

in the Programse

Specimen Resin 2;:: Pipe Process of Manufacturer's Strain gauged ¢h

Number Used Reinforcements Component Mamufacture Name Surfaces apter
soo1 Up CSM B/S H.L.U. PD & E in and out )

5002 up CsM B/S H.L.U, PD & E in and out )

$S003 Uup CSM St. H.L.U. PD & E out )

5004 Up CsM St. H.L.U. PD & E in and out )

5005 up CsM St. H.L.U. PD & E in and out ) Ch. 6
S006 UP CSM B/S H.L.U. PD & E out )

S007 uP CSM St. H.L.U. PD & E out )

$008 UP CSM St. H.L.U. PD & E in and out )

5009 UPp CSM St. H.L.U. PD & E out )

S010 up CSM/PVC* St. H.L.U. PD & E out )

S011 Up CSM/PVC St. H.L.U. PD & E in and out )

S012 up CSM/PVC B/S H,L.U. PD & E in and out ) Ch., 7
S014 UP CSM/PVC B/S H,L.U. PD & E in and out )

5016 UP CSM/PVC B/S H.L.U. PD & E in and out )

S017 UP CSM B/S H.L.U, PD & E out )

5018 03 CSM B/S H.L.U. PD & E out )

S019 UP CSM B/S H.L.U. PD & E in and out )

S020 UpP CSM B/S AH.L.U. Porodrite out )

S021 UP CSM B/S H.L.U. Porodrite in and out )

5022 Up CSM B/S H.L.U. Porodrite in and out ) Ch. 6
S023 UP CSM B/S H.L.U. esinform out )

S024 UP CSM B/S H.L.U. Resinform in and out )

5025 UP CSM B/S H.L.U. Resinform in and out )

5026 up CSM St. H.L.U. Resinform out )

5027 UP CSM St. H.L.U. Resinform in and out )

5028 Ep. WR/FW B/S H.L.U./FW Wavin out )

S029 Ep. WR/FW B/S H.L.U./FW Wavin out )

$030 Ep. WR/FW B/S H.L.U./FW Wavin in and out ) Ch, 8
S031 Ep. FW St. FW Wavin in and out )

S032 Ep. FW St. FW Wavin out )

5033 Up CSM/PVC B/M H.L.U. PD & E in and out )

S034 Uup CSM/PVC B/M H.L.U. PD & E in and out )

S035 - UP CSM/PVC St. H.L.U. PD & E in and out ) . 7
S036 uP CSM/PVC B/M H.L.U. PD & E in and out y
S037 UP CSM/PVC B/M H.L.U. PD & E {n and out )

S038 UP CSM/PVC St. H.L.U. PD & E in and out )

S039 Up CSM/WR/UD B/S H.L.U. PD & E in and out )

S040 UP CSM/WR/UD B/S H.L.U. PD & E In and out )

SO41 UP CSM/WR /UD St. H.L.U. PD & E in and out )

S042 [8)4 CSM/WR B/S H.L.U. PD & E in and out )

5043 UP CSM/WR B/S H.L.U. PD & E in and out ).

SOLL UP CSM/WR St. H.L.U. PD & E i{in and out ) ah. 8
S04S5 up CSM/WR/UD B/S H.L.U. PD & E in and out ) )
S046 uP CSM/WR /UD B/S H.L.U. PD & E in and out )

S047 UP CSM/WR/UD St. H.L.U. PD & E in and out )

5048 UpP CSM/WR/FW B/S H.L.U./FW BCHME in and out )

S049 up CSM/WR/FW B/S H.L.U./FW BCME in and out )

5050 [1)2 CSM/WR /FW B/S H.L.U,/FW BCME - )
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Glass

Specimen Resin Pipe Process of Manufacturer's Strain gauged
Number Used fibre Component Manufacture Name Surfaces Chapter
Reinforcements
S060 1) CSM/PVC B/M H.L.U. PD & E in and out )
5061 UP CSM/PVC B/M H.L.U, PD & E in and out ) Ch. 7
S062 UP CSM/PVC St. H.L.U, PD & E in and out )
PD&E = Plastic Engineering & Design
BCME = Bristol Composite and Material Engineering
B/S = Bend/Smooth
B/M = Bend/Mitred
St. = Straight
H.L.U. = Hand lay-up
U.P = Unsaturated polyester resin
Ep. = Epoxy resin
* PVC = rigid PVC
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User's representatives from BP and ICI were the inspectorate in

assessing the existence of such features.

5.1.1 Pipe components made by the hand lay-up process

All pipes and bend components were manufactured using ATLAC 382-05
(ICI Polyester resin), with the different types of reinforcements ﬁade
out from 'E' glass fibres. MEKP was used as a catalyst, and cobalt
napthanate was used as an accelerator.

(a) Straight pipes

All the straight pipes were delivered in 3m lengths with stub
flanges at each end. The construction procedure used for pipe diameters
ranging from 100mm to 600mm nominal bores could be described by the
drawing laid down in Fig. 5.la. The main wall laminate of the straight
was to have three over laps distributed around 120° of the circumference
as shown in Fig. 5.1b. This pattern of overlap distribution was not
found to be consistent with wall thickness measurements; but more likely
having the reinforcements being displaced by the rolling operation.

Pre-made stub flanges with mild steel backing rings were used to
clamp the ends of the pipe components (Fig. 5.1c). Such a technique is
favourable for GRP pipe used in the chemical industry, since it avoids
bolt hole mis-allignment and compensate for any-flange lip distortion
(upon curing) by using 3 mm soft rubber seal(182). The stub flanges
were laminated by hand with the reinforcements being carried around in
line with the pipe wall. The PVC/GRP flanges are constructed in a
similar manner to the GRP flange, except that the face of the stub
flange is covered with PVC (Fig. 5.1c).

The ready made stub flanges were then butt-jointed to the main body
of the pipe (Fig. 5.1d). The ends of the pipe are usually ground to a
taper of 1 in 6 leaving intact the chemically resistive liner laminate

of 1.2 kg.m_z CSM + gel coat. The pipe was then held firmly in position
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with gap of not more than 3 mm between them, the gap being filled with
thixotropic resin paste as an initial sealant. The joint was then made
with successive layer of reinforcement with the outer edges of the
overlay being tapered to blend in with the pipe.

For a PVC/GRP joint, the GRP layer is ground back at a taper of 1
in 6, leaving the PVC end intact. A weld preparation was made, and runs
of weld were applied using a hot gas gun and PVC filler rod. The weld
was proven by a high frequency sSpark test before layers of
reinforcement were applied in a similar way to the GRP butt joint
(Fig. 5.14).

(b) Bend Samples

The bend/tangent structure shown in Fig. 5.2a was made from the
bend fitting and the tangents made separate, being butt-jointed together
as shown in Fig. 5.2a.

A collapsible type of mandrel was used as the mould for the
construction of the bend fitting. The gel coat and the backing
reinforcements were laid on the mould, having the mat tailored as shown
in Fig. 5.2b for ease of lamination. As the mandrel was removed, the
bend ends had small straight extension as shown in Fig. 5.2c for ease of
butt-joining with the tangents. Thereafter, the bend fitting was
butt-jointed to the tangents, and the specified glass mass per unit area

was laminated. 1In this instance, the mat overlaps were supposed to be
1

pdsitioned as shown in Fig. 5.2d. At the end of lamination a 'c' veil

was used to cover the outside surface.

5.1.2 Pipe Components made by the Filament Winding Process

The process has been already described in Chapter 2 (see article

2.5.2). Epoxy resin + MDA curing agent was used, with fibre
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reinforcements being situated at + 55°C from the longitudinal axis of
the pipe.

With this type of pipe, compression moulded flanges are usually
used and they are of collar type with pre-drilled bolt holes (Fig. 5.3)
The tangent is pushed into the collar flange by a specified distance (50
mm in this case) using a compatible adhesive (e.g. epoxy). Surface |
preparation and method of jointing is well provided by the different

(36)

manufacturers . The same procedure was used to joint the bend

fitting, which was hand-laminated, to the filament wound tangents.

5.2 Testing Rig

5.2.1 Testing of straight pipes

The different straights were tested under flexural, torsional, and
pressure loading. All tests were carried out under relatively low load
limited by a maximum strain of 2000 microstrain measured on the surfaces

of the pipes.

(a) Flexural loading

Originally it was anticipated that four-point bending tests
would be used to induce a pure bending moment on the pipe specimen (see
background of Fig. 5.7a). However, preliminary test results discussed
in Chapter 6 revealed that the cross-section of the straights would
ovalize due to the anvil effect, hence, the necessity of reinforcing out
that position or the use of very long pipes.

A convenient method is to test these straight pipes under
cantilever loading. This is shown in Fig. 5.4 where the pipe wasvtested
horizontally by fixing one stub flange and applying dead weights at the

other. At the same time as the loads were applied, strain readings were

registered from strain gauges located at the centre of the pipe.
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(b) Pressure testing

All pressure tests were carried out under closed-end condition.
This type of test was agreed upon by the design committee among other
tests suggested in the literature, e.g. Ref (90). The pipe ends were
sealed using mild steel plates and backing rings closures, with 3 mm
soft rubber full face gasket(182). The pipes were pressurised lying
horizontally and supported on wooden saddles (120°) displaced as shown
in Fig. 5.5, having the pipe being cushioned with rubber pads to
minimise any restraint on deformation. The advantages of the horizontal
position of loading is the easy access on installing and dismantling the
heavy end plates. All pipes were subjected to incremental pressure
loading, and for most of them the strains were logged on pressurizing
apd de-pressurizing.

(c) Torsional testing

Torsional moment is applied to the body of the straight by fixing
one end of the straight and freely rotating the other end; which is
restrained from flexural deflection. The rig is shown in Fig. 5.6 where
the ball bearings were allowed to move axially, thus, eliminating any
possibility of warpage that might occur due to the uneveness of the pipe
wall thickness. The shear deformation was monitored via the measured
strains. Measurement of angular rotation were extensively used by

Wright(4l) on in-~house-built CSM pipes.

5.2.2 Testing of Bends

A1l the bends were tested on the rig shown in Fig. 5.7a except for
the 600mm nominal bore bends, where they were tested vertically. The
. . (183)

stressing frame was designed and constructed in RAPRA .

The bends were tested under in-plane bending (closing and opening);

using the load cell positioned at the side; and under out-of-plane
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bending; using the top load cell. The tests were carried out by fixing
one stub-flange and applying the force to the other. The bends could be
also tested under combined internal pressure and bending loadings. In
this instance, water was used as the pressurising medium, being pumped
at the fixed flange anchor point.

Upon incremental loading, deflections were measured at the
different parts of the bend, by using dial gauges positioned against
small aluminium plates (v 1.5 x 20 x 20 mm) pre-bonded to the bend in
the positions shown in Fig. 5.7b. For the purpose of flexibility
calculations, the average free end-deflections measured by dial gauges
11 and 12 were used (App. I).

At the same time as the deflections were measured, strains were
logged from strain gauges at the bend centre. These were used to
calculate the SIF factors (App. I).

The bend specimen was anchored at one end to a veritcal steel plate
which was mounted on a rigid frame (position A in Fig. 5.7a). The other
end of the bend was bolted to a circular plate (position B in Fig.
5.7a). Long nut/screws lead turn buckle system; connected in series to
a load cell, acted as the link between the circular plate and the outer
steel circular frame (position C in Fig. 5.7a); using universal joints.
The joints were to give the end of the bend complete freedom of
rotation.

The test rig is suitable for testing bends up to 250mm diameter by
using compatible sizes of end plates. Maximum applied end-loads were
limited by the 50mm displacement travelled by the nut/screw mechanism.
Bends of different tangent lengths could also be accommodated on the rig
by displacing the anchor positions.

Bends taken to failure under in-plane bending, were tested standing

vertically using an overhead crane connected in series to a load cell.
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5.3 Instrumentation

All bends and straight pipes were strain gauged at the centre,
either on the inside and at the outside surfaces or at the outside
surface only as summarised in Table 5.1. The strain gauges used, were
rectangular type three—elemenﬁ rosette.

The inside strain gauges were bonded to the bend fittings while the
bends were in the factory before being joined to the tangents. The
procedure could be summarised as the following (with the aid of Fig.
5.8a,b,c).

(a) The middle plane bisecting the bend in the horizontal plane was
located by height measurements on both the inner and the outer
bend radii, i.e. axis x~-x of Fig. 5.8a.

(b) Point A at the intrados (6 = 0°) and point B at the extrados (8 =
180°) were located by bisecting arc lengths Si and So as shown in
Fig. 5.8b. Point C was then marked by locating the 45° angular
position on the bend (Fig. 5.8a).

(c) Once points A, B and C were located, a line was drawn through the

points on the outside surface, and this was carefully copied on the

inside surface.
(d) The distance length joining points A and B via C on the inside .
surface, was determined by using a graph paper strip of 20-25 mm
width, and following the controur of the inside surface of the bend
fitting. The A to B distance was then divided into uniformally

displaced divisions required by the number of the strain gauges

that were to be used (see Fig. 5.8c).
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(e) Similar surface area dimensions of that of the strain gauges

elements, were cut on the graph paper, allowing an extra 1 or 2 mm

at each side. The graph paper was then bonded to the inside
surface of the bend by an adhesive tape, and the\positions of the
strain gauges were marked on the bend surface. Also, the edges of

the graph paper strip were similarly marked.

(f) The graph strip was removed, and the marked positions of the strain

gauges were rubbed with fine grade of emery paper to provide a
sound bonding surface. The surface was later degreased using a
tissue lightly saturated with acetone. The graph strip was put
back into place guided by its edge marking.

(g) The strain gauges were bonded into positions after applying a thin
layer of cyanoacrylate glue (PERMABOND C) to the surface and the
gauge was pressed with the finger tip for at least 60s using a
polyethylene film. '

(h) The terminals were next glued into position.

(i) Welding the strain gauge wires onto the terminal, using a small
mirror if necessary accessed through one end of the bend fitting.

(j) The connecting wires were later welded to the terminals.

(k) The gauges were checked for any electrical disconnections and then
covered with (RS) silicone rubber covering both the strain gauge
rosette and the terminal.

(1) The leading wires were bundled together with the appropriate
labels. The connecting wire were Qaterproof fine copper wires (RS
insulated 0.2 mm copper wires).

For the straight pipes, the same procedure was followed, by first
making the pipe into two portions, 1.8m and 1.2m, where the strain

gauges are located 300 mm from the edge of the 1.8mm long portion, and

the two parts were then butt-jointed.
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The outside strain gauges were positioned on the bend when the bend
samples were in the finished form. They were adhered to the pipe wall
using similar procedure used to those of the inside. Their éositions
corresponded to those of the inside strain gauges, by using a light bulb
inside the pipe or the bend.

The instrumentation of the inside gauges for the PVC/mitred GRP
bends was similar to those of the smooth bends. The inside gauges were
adhered into position (centre of the bend and at the segment joint)
when the PVC liner was partially welded. For the 600mm nominal bore
pipes and bends, these were strain gauged on the inside and the outside,
in their finished form. For the smooth CSM/PVC lined bends and their
corresponding straight pipes, the strain gauge rosettes were first
adhered into position on the outside surface of the PVC liner, before
the required CSM reinforcements were laminated. The outside gauges were
adhered into position after the laminate has cured. The leading wires
connecting the gauges at the CSM/PVC interface surface, were laid along
the same surface and emerged at the stub-flange joint. The major problem
associated with the PVC lined bends was the inaccuracy of alligning or
positioning the outside gauges to the inside gauges due to the opaque
nature of the PVC liner.

Fig. 5.9 show a typical positioning of the strain gauge on the
outside surface of a smooth GRP bend, and Fig. 5.10 shows typical strain
gauge positions on the inside surface of a CSM/PVC lined mitred bend.

All the straight pipes and the bends were strain gauged over 180°
of the circumference, assuming symmetry of deformation. Strain gauging
throughout the 360° would have provided a reasonable base for assessing
the above assumed symmetry. Perhaps the dominating factor that overruled
the opportunity of 360° instrumentation is the number of strain gauges
rosettes (1000) which consumed a large proportion of the capital located

for the project.
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Figure(5.9) Picture showing outside strain gauge rosettes on
250 mm nominal bore smooth bend

Figure(5.10) Picture showing inside strain gauge rosettes on

600 mm nominal bore mitre bend

149




The strain gauges were purchased from three different suppliers.

These are:

(1) Micro-measurements (M=M)
Gauge rosette type: EA-13-125RA-120
Gauge factor = 2,07 * 1.0%

Active gauge length 0.125 inch

Gauge resistance = 120 Q * 0.2%

(2) Techni-measure (TML)
Gauge rosette type: NFRA-3
Gauge factor = 2.1

Active gauge length = 3 mm

Gauge resistance = 120 * 0.5 Q

(3) Environmental equipments (Northern) Ltd (EE)
Gauge rosette type: N31-FA-2-170-11
Gauge factor = 2.1 = 1%
_Active gauge length = 2 mm

Gauge resistance = 120 @

The short active length of the strain gauges (2-3 mm) is due to the
expected sharp strain gradient induced in an ovalized section of a bend.

FENSCAN-3 data logger was used to register the pipe bend strains
during loading as voltage units. The logger is capable of recording up
“to 100 readings in 10s. The data-logger uses a three-wire connection

circuit, which compensate for the electrical resistance of the

connecting wires. The strain readings were recorded on a tape using a

punch interface and Datack Punch for each increment of loading.
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The measured data in the form of strains (voltage), force (voltage,
recorded by a Felow 7000 DVM). deflections (measured via dial gauges)
were then processed on IBM computer programmes MAVIS and FLEX for the
longitudinal and circumferential strains and stresses, principal strains
and their orientation, deflections (mm), end force (N), bending moment
(N m) and flexibility factors.

The test results presented in the present thesis are based on the
best straight line fit of force versus strains and deflections. Early
experiments were carried out more than once, e.g. interchanging loading
positions of force and fixed tangent, and for most the tests, the

measurements were taken on loading and reloading.
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CHAPTER SIX

FLEXURAL TESTING OF CSM STRAIGHT PIPES AND SMOOTH BEND COMPONENTS

6.1 Introduction

The first four sets of CSM pipes and pipe bends recommended by the
Joint Design Committee of the project for testing, are described
nominally in Table 6.1. They were manufactured by three UK companies
using the low pressure contact moulding process, i.e. hand lay-up. The
tests carried out on the bends were in-plane and out-of-plane flexural
bending. The straights were tested under flexural and torsional
loadings.

The flexural and the torsional test results obtained for the
straight pipes are compared with the prediction of simple beam and
torsion theories respectively, presented in a graphical format. The
results of the bends are presented as flexibility factors (K) and stress

. s . . 123 s )
intensification factors (SIF) compared with 85806( ) specifications

154,155
( ) (App. II)

and isotropic bend theory

Elastic constants of the straights and the bends pipe wall were

determined from tests carried out on longitudinal strips and rings cut
, (116) . .

from the bends and straights themselves , and used in converting the

measured strain into experimental stresses, by using Hooke's law for

homogeneous, isotropic material under plane stress condition.

Early investigation in the programme indicated that rigidities of
such straights and bends cannot be predicted using their nominal
thickness, hence a realistic description of the bends, was sought by

(33)

thickness measurements and burn-off tests .  The latter would not

only give a better idea of the construction pattern, but also enables

the prediction of extensibilities and UTUS values.
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TABLE 6.1 - Description of CSM Straight and Bend Sets as supplied

by the Manufacturer

Set Component Description
I S001) 100 mm nominal bore smooth bend, 3D bend
radius construction:
S002) 1.8 kg/m2? CSM, 30% glass percentage.
s006)
5003) 3m long straight, same construction as S001/
5004) 002/006.
s005)
1T S017) 100 mm nominal bore smooth bend, 3D bend
radius construction:
$018) 3.6 kg/m? CSM, 30% glass percentage.
S019)
S007) 3m long straight, same construction as S017/
s008) 018/019.
S009)
ITI S023) 200 mm nominal bore smooth bend, 13%D bend
radius construction:
s024) 2.4 kg/m? CSM, 30% glass percentage.
S025)
s026) 3m long straight, same construction as S023/
S027) 024/025.
v S020) 250 mm nominal bore smooth bend, 1D bend
radius construction:
s021) 1.8 kg/m? CSM, 30% glass percentage.
5022)
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6.2 Coupon Testing

6.2.1 Burn-off tests

(33)

Those were carried out according to BS2782 , on samples
selected from the different positions on the bends, i.e. the tangents,
bend fitting and the joints. The results are presented in Table 6.2
compared with BS4994(3) specifications based on the nominal glass
content forwarded by the manufacturer.

The measurements of Table 6.2 show that glass mass percentage could
vary from 26% to 34% on the same bend (Set IV of Table 6.2). The
average thickness per unit glass mass per unit area is 2:465 mm/kg.m—2
which is higher than the average of 2.2 mm/kg.mm2 commonly used in
industry based on BS49$2?The actual ‘thickness measured on a straight
tangent component could well vary by a factor of 1.5 (see Set II of
Table 6.2) due to mat overlap, and could be over a factor of 2 when
compared to the joints and the bend intrados. In general, the maximum
thickness among the whole-tangent-bend system could be either located on

the joints or/and omr the bend intrados. In both cases the increase of

the thickness is of direct function of the glass mass per unit area.

6.2.2 Longitudinal strip tests

116
These are prepared with accordance to BSS480( ). The sample

ends, were built to a flat parallel surfaces by adhering treated
aluminium plate, using room temperature cured epoxy resin. -The load and
extension was monitored using an optical extensometer of 50.mm gauge
length.

The experimental results in the form of the modulus, extensibility,
strength, UTUS, non-linear strain, failure strain and non~linear stress
are presented in Table 6.3. The experimentally determined mechanical
properties are compared with those obtained from flat sheets made

similarly te the bends, BS4994 specification and the rule of mixture.
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TABLE 6.2 - Burn-off Test Results obtained from the Different Parts

of the CSM Bend Fittings

155

Mg Mg _ t Bore t” -
% kg.m (mm) (mm) mm/kg.m
Set I
Nominal (BS4994) 30 1.8 3.96 - 2.2
Straight-tangents 28.6 1.93 5.52 102 2.86
* 33.3 1.84 4.14 102 2.25
Bend-Int, (6=0°) - 8.60 102
Bend-Ext (6=180°) - - 4.35 102 -
Bend (6=90°) - - 4.20 102 -
Joint 31.84 3.81 8.71 102 2.29
Set IT
Nominal (BS4994) 30 3.6 7.92 - 2.2
Straight~tangents 34.78 3.56 7.36 102 2.07
34.82 5.29 11.40 102 2.16
Bend-Int (6=0°) 30.66 6.00 15.03 102 2.51
Bend-Ext (6=180°) 28.23 3.28 8.33 102 2.54
Bend (6=90°) 29.63 3.24 8.58 102 2.65
Joint 33.47 6.07 13.83 102 2.28
Set III
Nominal (BS4994) 30 2.4 5.28 - 2.2
Straight-tangents 30.92 2.37 5.85 204 2.47
29.86 2.66 6.82 204 2.56
Bend-Int (6=0°) | 30.73 4.54 11.03 204 2.43
Bend-Ext (6=180°) 32.64 2.19 4 .94 204 2.26
Bend (6=90°) 30.47 2.75 6.75 204 2.46
Joint - - - - -
Set IV
Nominal (BS4994) 30 1.8 3.92 - 2.2
Straight-tangents 32.26 2.31 5.321} 250 2.31
27 .04 1.75 4,38 250 2.48
Bend~Int (6=0°) 28 3.5 8.40 250 2.83
Bend-Ext (8=180°) 26.4 1.89 5.67 250 3.00
Bend (6=90°) 28.33 1.85 5.09 250 2.75
Joint 33.99 5.1 10.92 250 2.14
* Int = Intrados
Ext = Extrados
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In comparison with the representative flat sheets, the modulus and
extensibilities are comparable, whilst the failure strain and strength
show a noticeable reduction. Such a reduction might be directly linked
with the higher occurrence of stress raisers such as voids (see Fig. 2.6
of Ch. 2) brought about by the lower standard of compaction when
laminating on a curved surface to that of a flat surface.

Cracks were observed visually to be initiated on both surfaces of
the sample, with a higher intensity on the inside surface where a thick

gel coat is usually located. The final failure occurred with glass

fibres being broken and pulled-out.

6.2.3 Ring tests

This test is mainly used for the determination of the flexural
modulus and strength of a pipe ring in the circumferential direction.
The loading arrangement is shown in Fig. 6.1.

Rings which had strain gauges on the inside and the outside
surfaces were among those tested. The experimental mechanicai
properties obtained are presented in Table 6.4, where the modulus has
been obtained using the measured strains and the measured horizontal and

vertical deflections. The modulus and strength were calculated using

131 .
thin ring theory( 31) as the following:
Prm 5
- - = 6.1
M 3 (cos ¢ TT) ( a)

Il

0.318 Prm at ¢ = m/2

il

0.182 Pr at
m

¢ =0
Pr3m )
= (6.1b)
AV 0.149 5 ;
Pr3m )
A = 0.137 ) (6.1c)
H EI )
g = w6l‘t*2 (6.14)
where I = Wt3/12.
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Figure (6.1) Flexural loading of a pipe ring by opposite

point=-loading

0 30° '5° . 60°
POSITION POSI TION POSITION POSITION

Fully instrumented 102 mm Nominal Bore CSM ring

Figure (6.2)
under flexural point-loading

. . J0CW 60CW
mmm/ N rotEson rotahon >y
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Figure (6.3) Circumferential strain distribution measured under
opposite-point flexural loading of sample No. 9 of

Table 6.1, P = 50N
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Ring sample No. 9 whose test results are encircled in Table 6.4 was
strain gauged as shown in Fig. 6.2. The ring has been loaded up to 100N
maximum load with 10N 1load increments, and at each load strain
measurements were taken. Then the ring was rotated C.W. by 30°, 45° and
60° angular displacement, and at each angular position the strains were
measured at 50N. A linear relationship was observed between the
measured strains and the applied load, and the corresponding
experimental prediction of the modulus and the measured Poisson's ratios
are tabulated in Table 6.5.

A comparison of the theoretical stress distribution using Eq. (6.1)
with the measured experimental stress around the circumference is shown
in Fig. 6.3. The experimental stresses were obtained using a modulus of
7450 N.mm_2 and Poisson's ratio of 0.3.

A general consideration of the modulus results presented in Tables
6.4 and 6.5 show that the predicted modulus based on the inside strain
measurements is about 20% lower than that based on the outside strain
measurements. In other words, at any angular position on the ring, the
inside strains are higher than the outside ones. This is attributed to
the presence of a thick gel coat on the inside surfaces. Microscopic
measurements showed that the inside gel coat thickness is about twice
the outside, and could vary between 1 to 2 mm. On the bases of 5.8mm
total thickness of the laminate, together with the assumption that the
gel coat modulus is 40% of the main laminate modulus, and by using
simple mathematical derivation of the first moment of area of the
thickness cross-section, it could be predictegméhat the neutral axis
would be shifted by 0.3mm from the centroidal axis towards the outside

surface, resulting in a strain ratio of the inside to the outside to be:

5.8/2 + 0.3

") = 1.23
5.8/2 ~ 0.3
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TABLE 6.5 -

Experimental Tensile Modulus and Poisson's Ratio

obtained from Fully Instrumented Ring shown

in Figure (6.2)

Gauge N

1

Zero Position

strain
-2 . .
o. 1 (N.mm ) Poisson's ratio
8530 0.25
- 0.24
- 0.30
8570 0.26
6360 0.29
6340 0.31
8920 0.29
(E. ) = 6660 N.mm -
def’ ’
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or the inside strain would be 23% higher than the outside, which is
comparable with the 20% difference of inside to outside modulus
experimentally calculated.

The failure strengths listed in Table 6.4 are flexural strengths.
Failure usually starts with a crack initiated on the outside surface at
the point of the applied load, and final failures occur at the same
place. Before final failure, cracks were initiated on the inside gel
coat at an angular position 90° from the applied load and then

propagating along the mid-layer on the ring splitting the laminate.

6.3 Testing of Straight Pipes

6.3.1 Flexural testing of pipes

These tests examine the applicability of the simple beam
theoretical prediction to the present tested pipes, comparing their

flexural rigidity and stress distribution around the circumference.

6.3.1.1 Four point bending

. 116
This test is based on the recommendation of BSS480( ) for the

determination of the longitudinal strength of GRP pipes, and was
utilised in the present work to examine both the flexural rigidity and
stress distribution around the circumference.

Predictions for the decay lengths of deformation for pipes
undergoing local type of loading could be calculated from the work
reported by Kitching(l68), based on the mathematical model of a beam on
an elastic foundation. Such spacing length is dependent on the
geometry of the pipe as explained in App. VI.

The pipes were supported and loaded onto to wooden supports of 50mm

thick and 120° saddle angle with a total span length of 2m . The load

was applied dividing the span into three equi-distances of 667mm, having
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the strain gauges situated at the centre of the pipe undergoing pure
bending moment, as shown in Fig. 6.4. The decay length of each straight
pipe is calculated based on its dimensions and compared against the
distance of the strain gauge positions to the nearest support (i.e.
333mm) , as presented in Table 6.6.

The comparison in Table 6.6 indicates that for pipes S007, S008 and
S009 of 102mm bore and 9mm thickness, the centre position of the pipe
would not experience ovalization due to the effect of the applied load,
whilst for pipes S003, s004, S005 of 102mm bore and 4.6mm thickness, the
mid-section would almost be on the verge of the decay length (i.e. decay
length v 3 diameter). On the other hand, pipes S026 and S027 of 204mm
bore and 5.8mm thickness, decay length of 855mm would overlap the
spacing length of 333mm. All the pipes were loaded as shown in Fig. 6.4
and the strain gauge readings were monitored under increments of applied
load. The experimentally measured strains are shown in Fig. 6.5 for
pipes S007; S008 and S009, Fig. 6.6a,b for pipes S$003; S004 and S005,
and in Fig. 6.7 for pipe S027.

It could be clearly seen from Fig. 6.5 for pipe S007, S008 and S009
that such pipes would follow a comparable pattern as predicted by simple
beam theory. It is important to observe that circumferential strains
are due to a Poisson's ratio effect and comparable with theoretical
prediction based on v = 0.3. Furthermore, the experimentally measured
angular deviation of the principal stresses did not exceed 3° from the
longitudinal direction and the longitudinal experimental strains
reasonably fit the sine wave distribution.

As for pipes S003, S004 and SO005, the experimentally measured
strains as shown in Fig. 6.6 indicate that the squashing induced by the
applied load at 333mm from the mid-section, is picked up by the

circumferential strains as they tend to form a cosine wave maximising at
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TABLE 6.6 - Decay Length for Straight Pipes tested under

Four-Point Bending as shown in Figure (6.4)

2>
2r, .
Set _r_l_ t _____?eciy Decay Length Actual Spacing
NG. (mm) (mm) —gc—oi (mm) (mm)
(722)
I 102 4.6 0.495 338 333
IT 102 9.00 0.695 250 333
III 204 5.80 0.385 855 333
¥ App (VI)
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measured on pipes S007, S008 and S009 wunder
four-point bending moment of 4.25 x 10° N mm
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6 = 30-50° position. Such effect on the circumferential strains could

be clearly shown in Fig. 6.7 when the larger diameter pipes (204mm) are
tested.
The effect of local loading is of importance to the problem of pipe
lines installed on saddles, where the problem of the circumferential
(93)

ovalization should be investigated beside the maximum longitudinal

stress and/or strain.

6.3.1.2 Cantilever loading

Two pipes of 102mm and 204mm bores were tested as cantilevers.
(a) Pipe S005

A length of 1340mm was cut from pipe S005 (Set I of Table 6.1) and
tested as a cantilever fixed at the flange. Top and bottom dial gauges
were mounted along the length of the pipe as shown in Fig. 6.8a and the
pipe was loaded at the free end using a 4" x 4" wooden cylinder fitted
to the inside of the pipe preventing any local effects. Displacements
were measured under incremental end-loading. The main objective of the

test was to investigate the flange-joint effect on the overall rigidity

and deformation of the pipe under flexure, where such joints are usually

constructed at twice the thickness of the main body of the pipe. The
average (top and bottom) measured deflections versus incremental loading
are shown in Fig. 6.8c where a reasonably linear relationship could be
observed. The deflection corresponding to 150N end load ¥as plotted
against the length of the pipe is shown in Fig. 6.8b. The experimental

results are compared with cantilever deflection ignoring the presence of

. (131)
the joint via simple beam theory , i.e.
2 3
A = -% (15— - 2= (6.2)

The experimental deflections are also compared with theoretical

prediction taking into account the longitudinal rigidity of the joint
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Figure (6.8a) Dial gauge arrangement for a cantilever test of 102

mm diameter pipe (S005)

0"—1—'(5 f A 5 6 7 8 g 1,0 1] 1T2 1:.3 1{° Length of pipe(X10me)
1k \

2% ~

3k
L}

5L
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7.

gt
9 i . . .

Uniform pipe thickness -----

10} ™. Flange joint /straight pipe

Pipe deflection (mm) superposition -

Exp. ©

Figure (6.8b) Deflection measured along the pipe length under
150N end force in cantilever loading

End load (X10 N}

gouge no.t gauge no.3 gauge no.2 gauge no. !

v'YrtlvTI'I]l[vr

it Doflection (mm)

Figure (6.8c) Measured deflections along the pipe length versus
applied end force in cantilever loading
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into consideration as described in App. I. It is seen from Fig. 6.8b
that the joint-straight superposition analysis fits better with the
experimentally measured deflections. The same technique was later used
to include the joint rigidities into the bend analysis.
(b) Pipe S026

Pipe S026 of Set ITI (Table 6.1) of 204mm bore was tested as a
cantilever. The strains at the centre of the pipe were monitored under
a low magnitude of end load to avoid any damage to the flange. the
experimentally measured longitudinal stresses under 900 kN mm bending
moment; distributed around 180° of the circumference are shown in Fig.

6.9, compared with simple beam prediction.

6.3.2 Torsional testing

Under out-of-plane bending, pipes and bend fittings experience
torsional bending. Torsional rigidity of steel pipes is predicted using
Hooke's law, based on the isotropy of the material, i.e.

E
G= T (6.3)

Little experimental data has been published on the torsional rigidity of
GRP pipes. Wright(4l) carried out limited tests on in-house built CSM
pipes. He obtained the shear modulus by measuring the angular
displacement per unit length by optical means using mirrors fixed at two
positions on the pipe. He also carried out tests on rectangular strips
cut from the longitudinal direction and tested on the ICI/RAPRA
extensometry using Moire fring; technique. In both cases, the shear
modulus of CSM pipes and laminates are comparable with the prediction of
Eq. (6.3).

Kirk(4o) did similar work on in-house and commercially built CSM

pipes using strain gauges and similarly assessed the validity of Eq.

(6.3) for CSM straight pipes.
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TABLE 6.7 - Experimental Shear Modulus of CSM Laminate obtained

from Torsional Testing of Pipe S027

. *
Experimental Hook's Law Rule of Mixture
Shear Modulii Predictgon Predict%on
(N.mm ) (N.mm )
Gauge i .
Position Inside Outside
(Deg.) 6. By ¢, B
(N.mm ) | (Deg.) | (N.mm °) (Deg.)

0. 2780 - 45,7 2720 +4l 4 ) )
30 3300 + 42.9 2510 43.8 ; ;
60 2980 + 45 2790 =441 ) )

90 2670 43,9 2980 -43.5 ; 2870 ; 2830
120 2800 - 42.4 2810 43.3 ) )
150 2680 45 2390 -38.6 ; ;
180 2790 - 43 2480 ~42.3 ) )

-2
(G) = 2770 + 160 N.mm
average
-2
* Based on E = 7450 Nomm , v = 0.3

B

tongitudinal direction of the pipe
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In the present programme, pipe S027 of 204 mm bore, 58 mm thickness,
3m long (Set III of Table 6.1), was loaded under a torque of 1040 kN mm
applied at one end-flange whilst the other was fixed. Strain gauges
were monitored at the mid-span of the pipe in the longitudinal, skew and
circumferential direction. The inside/outside measured shear strain are
shown in Fig. 6.10 compared with theoretical shear strain based on shear
modulus obtained from E = 7450 N.mm_z, and v = 0.3.

Using the experimentally measured shear strains in Fig. 6.10, the
experimental shear modulus could be obtained at each strain gauge
position using Eg. (6.4).

G, = o (6.4)
exp Yexp J

and these are listed in Table 6.7. They are compared with that using

Hooke's law for isotropic material, and with that similarly predicted by

the rule of mixture, 1i.e.

= (0.33) v . + (1 - V)G 6.
Gcomposite, CSM ( ) g Gg ( g) r (6.5)
where:
Vg = 30% by mass = 21% by volume
E 73 x 103 -2
-9 - 22X -7 (x
g = 2(1+) 3 (1+0.2n) M- )
By _ 2450 -2
T30y T 201:0.39)

The angular position of the measured principal strains are also

listed in Table 6.7, and they are reasonably compared with the

theoretical position of # 45°.

6.4 Flexural Behaviour of Smooth CSM Bends

6.4.1 Introduction

The bends nominally presented in Table 6.1 have been tested under

in-plane and out-of-plane flexural loading. The loads applied in each

-3
case were limited by a maximum strain of 2 x 10 measured on the bends
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via electrical strain gauges in the form of rosettes, distributed around
half the circumference starting from the intrados (6 = 0°) and
terminating at the extrados (8 = 180°) as shown in Fig. 6.11. The test
results are presented in the form of flexibility factors (K) and stress
intensification factors (SIF). These terms have already been defined in
Ch. 4.

The in-plane and the out-of-plane bending moments were introduced
to the bend by a force acting at the end of the free taﬁgent as shown
diagrammatically in Fig. 6.12. The free end-deflection reading was used
to calculated the flexibility factor of the bend. Such a method was
reported in the literature to have been used with reasonable success for

(168-170) and GRP(40,41)

metallic bends, though it may not ‘be for small

diameter bends(4o).
The welds on the metallic bend-tangent systems were reported to

(151,152)

provide a local stiffening effect against ovalization For GRP

pipe bend~tangent systems, the weld is not a circumferential line as in
(9,188)

the metallic structures, but it rather occupies a sizeable length

(100-200mm) and is at least twice the thickness of the laminate due to

(3:4,3) Thus,

the overlap-joint techniques recommended for GRP joints
such GRP joints pro?ide both circumferentiél and longitudinal stiffness.

The degree of the longitudinal stiffening could be modelled by
considering the actual variation of the thickness along the length of
the pipe as already shown in Fig. 6.8 for straight pipe S005. It is
much more diffiéult to investigate the circumferential stiffening of the
joints in the tangent-bend systems analysis.

It is further envisaged that such circumferential stiffening, would
be of great significance for small diameter pipes than for large
diameter pipe due to the t/rm ratio. The reported results show that

flexibilities of the small diameter bends (100mm nominal bore) suffer a
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Figure (6.11) Strain gauge positions on GRP bends
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Figure (6.12) Direction of end loads
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considerable variability when the actual thickness is not taken into
consideration.

Stress intensification factors are obtained by the direct division
of the maximum experimental measured stress on the bend by the maximum

stress predicted using simple beam theory (App. I).

6.4.2 Bend geometrical variation

The bends are essentially constructed from two tangents and a bend
fitting, which are joined together using an overlap joint. The tangents
are terminated by flanges using a similar joint construction. Such
by~-part construction using the manual process of hand lay-up technique,
leads to large variations of glass content and bend wall thickness.
Extensive thickness and glass content measurements have been carried out
on the different parts of the bends, e.g. Tables 6.8a,b.

It was originally decided to use an ultrasonic 'GRP thickness
measurement' device to avoid cutting the bends. Such a device was found
to predict accurately for flat GRP surfaces, but the accuracy diminished
as measurements were taken on curved surfaces, and it was extremely poor
on areas such as the intrados, where an acute double curvature is
present. Hence, it was decided that the majority of the bends were to
be cut and actual thickness to be measured by hand. For those which
have not been cut, the averagé thickness was estimated by measuring the
outside circumference and the bore of the bend.

A summary of thickness glass mass per unit area and glass mass
percentage have been already presented in Table 6.2 for the different

parts of the bend. The main features observed from such thickness/glass

distribution of Table 6.2 could be summarised as the following:
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Table(6.8a) Wall thickness (mm) of Bend S001

Table [6.84) Glass mass percentage measured at the centre
of Bend 5022

Angular Position Glass Mass Percentage

0 (Intrados) 30.4

20 29.1

40 31.7

60 31.4

80 28.2
100 29.3
120 26.0
140 . 21.8
160 23.8

180 (Extrados) 24.8
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(a) Thickness on the intrados is 1.5-2.0 times greater than the
thickness of the straight tangent. The thickness decreases towards
the extrados to a value similar to that of the straight.

(b) Thickness of the Joint is equal or higher (up to 20%) than
thickness measured on the intrados.

(c) The increase in measured thickness is directly related to the glass
mass per unit area rather than to the resin mass percentage,
although the latter is believed to be the main contributor to a

thick gel coat. Direct thickness measurement would fairly indicate

the amount of glass mass per unit area.

6.4.3 In-plane bending

6.4.3.1 In-plane flexibility factor (Ki)

The in-plane flexibility factor is determined by using Bq. (I.6) of
App. I, where the second moment of area (Ie) is calculated using the
average effective thickness te (see Table 6.9). For reasons of further
investigations, Eq. (I.7) and (I.33) are also used in the text.

The above analysis assumes that an average uniformly distributed
flexibility factor is obtained for the bend, with the tangents having
unity flexibility factor. However, with reference to Fig. 6.13, it is
“shown from ovality measurements that flattening continues from the bend
to the tangents. Such observation suggests that the straight should
have a flexibility factor higher than unity, which may compensate for
that lost on the bend flexibility due to the tangent/joint restraints.

Table 6.9 summarises the dimensions and the mechanical properties
of all the CSM bends tested. Measured joint lengths vary from 100-180mm
for 102mm bore bends and 150-200mm for 250mm bore bend. It could be
ch joints are of similar thickness for all the bends

also noticed that su

fested regardleséythe pipe diameter. This is due to the fact that a
N\ N
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Bend centre diametral
ovalisation (mm)

1.6f

135{3’.1 )

]
90/270 i80/g © (Degrees)

-1.6F Exp. Th.
[0} —

Figure (6.13a) Bend-centre diametral ovalization of bend S006
under 2.981 x 10° N mm in-plane bending moment

(closing)
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Figure (6.13b) Horizontal and vertical diametral ovalization along
bend fitting and tangents of bend S006 under 245.3N
end loading, closing the bend
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joint should be at least twice the laminate thickness regardless of the
pipe diameter. Naturally the sensitivity of such thickness would be

magnified on the circumferential stiffening for the small diameter bends
{(11e)

Et3
D3

due to

The experimental errors that are considered when formulating the
mathematical analysis for the in-plane flexibility factor are the
deflectioﬁ measurements and the average rigidity used. An additional
factor of error is the deviation of the bend angle from 90°. The
difficulty associated with checking the bend angle arises from the
irregular surface finish exhibited by the bend, however, angles measured
between the two faces of the end flanges, suggest 3-6° deviation from
90° bend anglé.

Thus, the main error introduced into the results of the
experimentally determined flexibility factor, is stemmed from the fact
that the calculation is dependent on quantities which are experimentally
measured, where some of which could widely vary in value. This could be
summarised by inspecting the mathematical equation used for the
derivation of the flexibility factor as follows:

A/P - F(Q,R,E,r3m,t)

= 6.6
Ki H (2,R,E,r3m,t) ( )

’

where A/P is the measured free end~deflection per unit load, and F and H
are functions dependent on dimensions and modulus. For the small
diameter bends in particular, ill-conditioning of the results is brought
about by A/P being almost equal to F, and H being of a small value of
magnitude.

The experimental in-plane flexibility factors are determined using
the dimensions in Table 6.9 and the measured end-deflection in the
analysis presented in App. I. The results are presented showing the

influence of the different thicknesses used in the calculations. Then
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the results are brought up to a conclusive format by representing the
bend, using an average effective thickness (t ).
e
Table 6.10 presents the in-plane flexibility factor compared with

theory as a function of:

(1) Nominal thickness specified by BS4994(3), using Eq. (I.6) of App.

I, and using tn of Table 6.9.

(ii) Average thickness measured by hand of the straights, using Eqg.
(I.6) of App. I, and using tSt of Table 6.9.

(iii)Average straight thickness used for the deformation of the
tangents, and average bend thickness for the bend deformation,

using Eqg. (I.7) of App. I, and using tS and tB of Table 6.9.

t
(iv) Same as (iii), with the introduction of the joint effect, using Eqg.

(I.33) of App. I, and using ts t tj of Table 6.9.

t’ B’

(v) The average effective thickness of the whole bend-tangent
structure, using Egq. (I.6) of App. I, and using te of Table 6.9.
Results of columns i, ii and iv of Table 6.10 are presented

diagrammatically against B8806(125) prediction in Fig. 6.14, and could

be summarised as follows:

(a) The experimentally determined in-plane flexibility factors, could
be largely under-estimated when using the nominal thickness
specified by BS4994 (col. i of Table 6.10). For the small diameter
bends, the flexibility factors are shown to be not only smaller
than unity, but they can be negative in value due to
ill-conditioning, e.g. bend S019 in Table 6.10.

(b) Improvement could be noticed in comparison with theory when the

average straight thickness (column ii of Table 6.10) is used in the

analysis. This improvement 1is visible for the small pipe factors,

i.e. A =0.09-019
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(c) The overall results are greatly improved when the actual

thicknesses of the straights, bends and joints are used in the

analysis (column iv of Table 6.10). The experimental results,

although limited in the region A = 0.7-1, indicate the absence of
an asymtote. It rather suggests a continuous straight line on the
log-log graph, intersecting the unity flexibility factor axis.

(d) The ill-conditioning of the flexibility test results for the small
diameter bends (100mm nominal bore) can be clearly identified by
the fact that, although the end deflections per unit load measured
on identical bends may only vary by 16%, the calculated flexibility
factor can vary by almost 100% among the same bends. It is
believed that such bends will be better investigated by using
longer tangents, especially for the free end, which will enhance
the bend fitting flexural deformation on the end deflections, and
at the same time minimise joints effects.

(e) The end-deflection measurements are linearly related to the end
load, suggesting that any variation of the flexibility factor due
to incremental ovalization could be neglected.

The finalised results presented in column v of Table 6.10, show
that without going into the complex analysis of incorporating the
different tangent, bend and joint thicknesses into the superposition
technique (Eq. (I.33) of App. I), the experimental flexibility factors
could be reasonably predicted by using the average effective section
modulus (Ie) based on the average of the thickness measured on the
straight tangent and on the bend (te). Such results, when presented

(121)

with 95% upper and lower confidence limits , and compared
) (123) o n Fi 6.15 14
diagrammatically against BS806 prediction as in Fig. 6.15, wou

converge the wide variability associated in Fig. 6.14. They are

reasonably compared with theoretical results as shown in column v of
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Table 6.10, indicating on average a slight reduction of the experimental
in-plane flexibility factors.

The importance of using the average effective thickness (te) method
enables the experimental results of K and SIF to be directly compared

with bend theory using a unique effective pipe factor Ae.

6.4.3.2 In-plane stress ratio distribution and stress

intensification factors (SIF )

Strains in the longitudinal; skew and circumferential directions,
were measured from strain gauge rosettes located at the centre of the
bend at the same time as the deflections were measured under the
application of the load. Since maximum bend flattening occurs at the
centre as shown in Fig. 6.13, then this would indicate that the maximum
measured strains are also located at the bend-centre. Unlike
flexibility factor results, the strains at the centre of the bend are
directly measured, and hence independent of deformations taking place at
the tangents.

A straight line relationship was found tc reasonably fit the
measured strains versus the applied load. The experimentally measured
in-plane longitudinal and circumferential strain distributions of bends
S001, S002, and S006 (Set I of Table 6.1) are collectively presented in
Figs. 6.16a,b and 6.17a,b respectively. The strain distribution
patterns among the three bends are shown to be similar, but with some
scatter in magnitude, probably due to thickness differences (see Table
6.9). The maximum longitudinal strain is shown to be on the outside
surface at 6 = 120° position (see Fig. 6.16a), and the maximum

circumferential strain is shown to be on the inside surface at 06 =

80°-100° position.
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The experimental strains were converted to experimental stresses
using Hooke's law for isotropic, homogeneous material; assuming plane
stress condition. Youngsmodulus of 7.45 kN.mm_2 and Poisson's ratio of
0.3 were used in the calculations.

The experimentally measured stresses are presented as stress ratio
distribution (OB/On), where the average effective thickness (te) was
used to calculate the maximum simple beam stress On (Egq. (I.9) of App.
I).

The experimental stress results measured under in-plane bending. are
compared with theoretical stress ratio distribution predicted by
isotropic bend theory (App. II). These results are presented in Figs.
6.18 and 6.19 for bends S001 and S002 (of Set I). Fig. 6.20 for bend
S019 (of Set II), Figs. 6.21 and 6.22 for bends S024 and S025 (of Set
IIT), and Figs. 6.23 and 6.24 for bends S021 and S022 (of Set IV). The
comparability of the experimental and the theoretical stress ratio

distribution could be described as follows:

(a) Despite the considerable thickness variation around and along the
bend, the experimental results follow a similar pattern of stress
distribution to that described by theory.

(b) The circumferential stress ratio maximises on the inside, where it
is the maximum experimental stress induced throughout the bend, and
is located at 6 = 80-100° position similar to theoretical peaks.

(c) The comparability of the circumferential stress ratios is less at ©
= 0°-40° (intrados) and & = 140°-180° (extrados) in particular for
small diameter bends as shown in Figs. 6.18b, 6.19b and 6.20b,
where less local bending is experienced by the bend than predicted
by the theoretical distribution. These areas are the thickest and

the thinnest parts measured around the bend respectively.
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Figure (6.20) ‘'a

¥

' longitudinal and 'b’ circumferential stress
distribution measured on bend S019 under 03x10
N.mm in-plane bending moment (closing)
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(d) The experimental longitudinal stress ratio distribution form a

similar pattern with theory, except at 6 = 0°-60° for large
diameter bends as shown in Figs. 6.2la, 6.22a, 6.23a and 6.24a
where experimental results show a higher magnitude of local
bending.

(e} The maximum longitudinal experimental stress ratio is always

located on the outside surface at 6 = 100°-140°. Theory predicts

that such a maximum is located not only at 6 = 100°-140° on the
outside but also at 6 = 40°-80° on the inside. Thickness
measurements show that at 6 = 40°-80°, the bends has a higher

thickness than 6 = 100°-140° which might explain the discrepancy.

The experimentally measured stress intensification factors (SIFi)
are the maximum stress ratios presented for the bends. The SIFi
experimental results are presented in a similar pattern to the
flexibility factors, by incorporating the different thickness to
formulate the maximum stress predicted by the simple bend theory (On Eg.
(I.9) of App. I), as follows:

(i) nominal thickness as specified by BS4994, tn;
(ii) average measured thickness on the straight, tst;
(iii)average measured thickness on the bend, tB;

(iv) average measured effective thickness, te.

The maximum experimental longitudinal and circumferential SIFs are
presented and compared with their theoretical values in Tables 6.11 and
6.12 where the influence of the thickness parameter is considered. the
graphical comparison of columns i, ii and iii of Tables 6.11 and 6.12
with BS806(123) predictioh would further assess the prominent role of
the thickness parameter having on formulating the final results of the

tested bends. Such graphical presentation is shown in Figs. 6.25 and
6.26.
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TABLE 6.11 - Maximum In-plane Longitudinal Stress Intensification

Factors experimentally determined for Smooth CSM Bends

In-plane longitudinal SIF

Col. (1) Col. (ii) | Col. (iii Col. (iv)
Bend No. Based on effective
Based on Based on Based on thickness (te)
nominal straight bend Th
thickness thickness thickness A Exp. ey
e (123)
BS806 Bend Theory
S001 1.32 1.55 2.44 2.0
Set I | S002 1.48 1.74 2.25 0.58 | 2.0 1.60 1.50
S006 0.87 1.03 1.41 1.22
Average 1.74 £ 1.11
S017 0.91 1.09 0.99 1.09
Set II | SO18 1.72 2.19 1.89 0.90 | 2.04 1.40 1.30
S019 1.03 1.17 1.05 1.25
Average 1.46 * 1.26
5023 2.55 3.03 3.73 3.38
Set IIL S024 2,95 3.67 4,32 0.19 | 4.00 3.80 3.45
5025 3.34 3.76 4,83 4,30
Average 3.893 + 1.17
S020 4,23 5.60 6.63 6.12
Set IV | S021 3.22 4,26 5.73 0.09 | 5.00 6.30 5.60
5022 3.34 4,43 5.15 4.8
Average 5.31 = 1.76
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TABLE 6.12 - Maximum In-plane Circumferential Stress
Intensification Factors experimentally determined for
Smooth CSM Bends
In-plane circumferential SIF
Col., (i) Col. (ii) Col. (iii Col. (iv)
Bend No. Based on effective
Based on Based on Based on thickness (te)
nominal straight bend
thickness thickness thickness X Exp. Theory
e (123) *H
BS806 Bend Theory
S001 1.73 2.04 3.20 2.62
Set I SOOZ* 1.37 1.61 2.08 0.58 | 1.85 2,50 2.80
S006 1.54 1.81 2.47 2.14
Average 2.206 * 1
*
8017* 1.39 1.67 1.65 1.66
Set II | SO18 1.88 2.39 2.07 0.90 | 2.23 1.80 1.84
S019 1.24 1.41 1.59 1.50
Average 1.80 = 1
S023 3.85 4,56 5.61 5.09
Set III 8024* 4,80 5.97 7.02 0.19 | 6.50 6.00 6.25
S025 4,20 4,72 6.07 5.40
Average 5.66 + 1.84
*
5020 6.20 8.20 9.71 8.96
Set IV | S021 5.80 7.68 10.30 0.09 | 9.00 10.50 10.35
5022 5.29 7.01 8.15 7.60
Average 8.52 + 2.0

% TInside circumferential stress was estimated by using the average value of the

membrane stress of the inside strain gauged bends.

** See (App. II).
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As clearly shown from Fig. 6.25 and/or Fig. 6.26 that the
variability of the experimental SIFs for small diameter bends (or large
pipe factor A) as a function of A is not as severe as for their
corresponding in-plane flexibility factors (see Fig. 6.14).

The final formulations of the results could be brought up to a
conclusion by using the average effective thickness (te) for the bend,
and basing the SIF results accordingly as listed in column iv of Tables
6.11 and 6.12. Such final formulation is presented graphically by
taking the 95% upper and lower confidence limits, compared with
BSBO6(123) predictions as in Figs. 6.27 and 6.28. The_average values of
the SIFs presented with the upper and lower limits could be described as
follows:

(a) Experimentally measured longitudinal SIFs are comparable with BS806
specification.
(b) The circumferential SIFs for the tested bends are slightly

over—-estimated by B8806(123), by about 10-15%.

(c) Taking the upper limit of the experimental results would
necessitate a higher safety factor to be incorporated in design.
(d) No distinctive pattern has been noticed in the experimental results

due to the different bend radius to pipe radius ratio

R
(i.e. R 2 to— = 6).
r r
m m

6.4.4 Out-of-plane bending

. K
6.4.4.1 oOut-of-plane flexibility factor ( ©)

The experimentally determined out-of-plane flexibility factor is
obtained using Eq. (I.18) of App. I, where the average effective
thickness (te) is used to calculated the second moment of area (Ie).

- -2
Young modulus of 7.45 kN.mm 2 and shear modulus of 2.77 kN.mm  are used

in the calculations. For reasons of comparison, Eg.s (I.19) and (I.34)

of App. I, are also used.
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The analysis in App. I, assumes that the tangents are of unity

flexibility factor and the average out-of-~-plane flexibility factor is

uniformly distributed along the bend. Similar to metallic

(143,144,172) .
bends » 1t 1s also assumed that ovalization of the bend is a

consequence of the flexural component of the applied moment, where the

torsional component is assumed to have no contribution to such

ovalization and accordingly none to the bend flexibility. The
out-of-plane diametral measurements Presented in Fig. 6.29 show that
ovalization maximises at the centre of the bend decaying towards the
tangents. This indicates that the central section of the bend would
provide the maximum flexibility.

Similar to the presentation of the in-plane flexibility factors,
the experimentally determined out-of-plane flexibility factors are
calculated based on:

(1) nominal thickness specified by BS4994; tn' and using Eq. (I.18) of
App. I.

(ii)
average thickness measured on the straight; tsi' and using Eq.
(I.18) of App. I.

(iii) average thickness measured on the straights used for the tangents,
and average thickness measured on the the bend (tB) and using Eq.
(I.19) of App. I.

(iv) same as (iii), with the introduction of the joints effects (tj),
and using Eq. (I.34) of App. I.

(v) average effective thickness, te' and using Eq. (I.18) of App. I.
These results are listed in Table 6.13, where pronounced
variability is shown for the flexibility factors of the small diameter
bends, especially when the actual thickness is not considered in the

derivations The results of columns i, ii and iv are plotted in Fig.
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Figure (6.29) Bend~centre diametral ovalization of bend S006
under 2.25 x 10° N mm out-of-plane bending moment
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6.30 in comparison with BS806 specification for the purpose of
describing the different results using the different thicknesses.

The conclusive experimental results for Ko listed in column v of
Table 6.13 are graphically presented in Fig. 6.31. These results show
that out-of-plane flexibility factors are higher than BS806 prediction
and in turn, higher than the in-plane flexibility factors for the same
bends, possibly indicating that the bend-tangent structure is weaker
than anticipated under the application of torsional moments. In this
instance, it is thought that this weakness is attributed to the joints

construction.

6.4.4.2 Out-of-plane stress ratio distribution and stress

. PN . IF
intensification factors (S o)

Typical strain distributions measured under out-of-plane bending
are shown in Figs. 6.32 and 6.33 for the longitudinal and the
circumferential strain distribution respectively, for bends S001, S002
and S006. The measurements are of three similarly constructed bends of
1.8 kg.mfz, 30% nominal glass content and 100mm nominal bore (Set I of
Table 6.1). All bends exhibit similar pattern of deformation, but with
different 1levels of magnitude particularly for the circumferential
strains as shown in Figs. 6.33a,b, with a narrower range of variability
for the longitudinal strains (Figs. 6.32a and b).

Similar to the presentation of the in-plane stress ratio
distribution, the experimentally determined out-of-plane stress ratio
distribution are compared with isotropic bend theory prediction (App.
II), using the average effective thickness (te) to calculate o, The
theoretical and the experimental stress ratios are presented in Figs.
6.34 and 6.35 for bends S001 and S002 (of Set I), Fig. 6.36 for bend

S019 (of Set II), Figs. 6.37 and 6.38 for bends 5024 and S025 (of Set
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I1), and in Figs. 6.39 and 6.40 for bends S021 and S022 (of Set 1IV).
The experimentally determined out~of-plane SIFO are then presented using
Eq. (I.20) and (I.21) of App. I, and similar to the SIF, presentation
the different thickness of the bend wall are incorporated for the
purpose of comparison.

The comparison of the experimental and the theoretical stress ratio
distributions of Figs. 6.34-6.40, could be summarized as follows:

(a) Experimental results follow a similar pattern of stress

distribution as predicted by theory.

(b) The experimentally measured circumferential stress ratios show a
lower peak value than predicted by theory, except for bend S001 as
shown in Fig. 6.34.

(c) The experimentally measured longitudinal stress ratios are of
comparable peak values with theoretical predictions and sometimes
exceeds them, as shown in Fig. 6.36a and 6.40a.

(d) The maximum experimental stress ratio measured on the bend is the
circumferential stress, and it 1is always located on the
inside surface except for bend S021 where the longitudinal stress
is the maximum as in Fig. 6.39.

(e} Unlike in-plane bending, the principal stresses measured under
out-of-plane bending deviate from the principle circumferential and
the longitudinal axes of deformation, due to the in-plane shear
stresses induced by the torsional component of the applied moment.
The average value of the in-plane shear stresses measured around
the circumference is comparable with that predicted by the simple

theory of torsion.

(f) Negligible magnitude of longitudinal and circumferential stress

ratios occur at both the intrados (6 = 0°) and at the extrados (6 =

180°).

207




The maximum experimentally measured longitudinal and
circumferential SIFO are listed in Tables 6.14 and 6.15 respect;vely in
comparison with theoretical prediction. The effect of using the
different thicknesses are incorporated into the results to emphasize the
important role of the thickness on the end results. The results listed
in columns i, ii and iii of Tables 6.14 and 6.15 are presented
graphically with B8806(123) specification as shown in Figs. 6.41 and
6.42.

The conclusive results where the average effective thickness (te)
is used, are presented in column iv of Tables 6.14 and 6.15 and
graphically presented in Figs. 6.43 and 6.44, compared with BS806
specifications, using 95% upper and lower confidence limits.

The results presented in Figs. 6.43 and 6.44 indicate that the

average of the maximum longitudinal and circumferential SIFO would be

slightly overestimated using BS806 prediction.

6.4.5 SIF toK ratios

For the bends' test results i articles 6.43 and 6.44, a further
step could be taken by combining the flexibilities and the SIF in a
form of a parametrical ratio of SIF/K as a function of the pipe factor
(Ae). The experimental results in Table 6.16 are compared with
theoretical predictions as presented by Kellog piping Handbook(l37)
and shown graphically in Fig. 6.45a,b for in-plane bending and in Figqg.
6.46a,b for out~of-plane bending. This type of presentation, apart from
its overall examination of the bend behaviour, would be of practical
value for the on-site piping engineer or perhaps could be incorporated

as part of the quality control procedure by the manufacturer. This

could be achieved by reasonable knowledge of the bend thickness; by
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TABLE 6.14 - Maximum Qut-of

-plane Lontitudinal Stress

Intensification Factors experimentally determined for

Smooth CSM Bends

Out-of-plane longitudinal SIF
Col. (1) Col. (ii) | Col. (iii) Col. (iv)
Bend No. Based on effective
Based on Based on Based on thickness (te)
nominal straight bend ™
thickness thickness | thickness 2 Exp. eory
123)|Bend Th
e BS806( ){Ben eory
(App. ID)
S001 1.65 1.95 3.05 2.50
Set I |S002 1.41 1.66 2.14 0.58 | 1.90 2.0 1.85
S006 1.45 1.70 2.32 2,01
Average 2.14 % 0.79
S017 1.21 1.46 1.44 1.45
Set II |S018 1.67 2.11 1.83 0.90 | 1.97 1.6 1.50
S019 1.31 1.49 1.67 1.58
Average 1.67 £ 0.67
5023 3.77 4,47 5.50 4.98
Set ITI|S024 3.39 4,14 4.87 0.19 | 4.50 4.8 4.0
5025 2.72 3.06 3.94 3.50
Average 4.31 £+ 1.88
5020 3.11 4,12 4,88 4.50
Set IV |S021 5.48 7.26 9.74 0.09 |8.50 8.0 6.5
5022 3.51 4,64 5.40 5.03
Average 6.0 + 5,39
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TABLE 6.15 - Maximum Out-~of-plane Circumferential Stress

Intensification Factors experimentally determined for
Smooth CSM Bends

Out-of-plane circumferential SIF
Col. (i) Col. (ii) |Col. (iii Col. (iv)
Bend No. Based on effective
Based on Based on Based on thickness (te)
nominal straight bend Th
thickness thickness thickness A Exp. eory
e (123)|Bend Theory
BS806
(App. II)
5001 2.32 2.73 4,27 3.5
Set I SOOZ* 1.63 1.92 2.48 0.58 2.2 2.50 2.65
S006 1.91 2.24 3.06 2.65
Average 2.78 + 1.64
*
5017* 1.42 1.70 1.68 1.69
Set II | S018 1.64 2.08 1.80 0.90 | 1.94 1.90 1.88
S019 1.37 1.56 1.76 1.66
Average 1.76 % 0.38
*
S023 3.76 L.46 5.48 4,97
Set ITII} S024 3.54 4.41 5.19 0.19 |4.80 5.70 5.20
5025 3.36 4.90 6.30 5.61
Average 5.12 £ 1.05
" .
S020 4.95 6.55 7.75 7.15
Set IV | S021 3.80 5.04 6.76 0.09 |5.90 9.50 8.70
5022 4.46 5.91 6.87 6.40
Average 6.48 + 1.56

* Inside circumferential stress was estimated by using the average value of
the membrane stress of the inside strain gauged bends.
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TABLE 6.16 - Bend Analytical Specification

in the form of

Parametrical Ratio of (SIF/K)

against pipe factor Ae

*
SIF
+
K
Bend N In-plane Out-of-plane
No. e
CI LI Co L¢
137
Exp Th( ) Exp Th(137) Exp Th(137) Exp Th(137)
S001 1.17 0.89 0.77 0.64
s002 0.58 1.16 0.90 1.25 0.42 0.92 0.75 0.79 0.55
S006 0.9¢9 0.69 0.74 0.56
S017 1.83 1.20 2.81 2.41
s018 0.90 2.02 1.0 1.85 0.50 2.17 0.90 2.52 0.62
S