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ABSTRACT

This research was conducted in ¢+dev o establish the
feasibility of manufacturing GRP pipe couplings for high
pressure GRP piping systems. The ase of GRP pipes in high
pressure piping systems is desirable due to thelr light
weight, high corrosion resistance and their extremély low
friction factors.

To date no officlal standard exists that details the design of
GRP pipes or GRP couplings for high pressure applications in
excezs of 7 MPa. 1In this report various existing steel and
GRP couplings are discussed. From this the GRP coupling
tested during the present investigation was developed.

Tensile testing of couplings was carried out at each stage of
the development phase in order to assess design medifications
and to obtain an overview of the behaviour of GRP couplings.
The test specimens were made from 400 mm long E-glass/epoxy
pipe sections with an internal diameter of 50 mm, a wall
thickness of 8 mm and a fibre orientation of #55°.

The most suitable design suggested in this report consiste of
a pipe with » machined step and a flange laid up diredtly onto
the pipe. The load is transferred from the pipe to the flange
via adhesive shear stresses and through a mechanical
interaction between the pipe and the flange. The seal is made
with a hydrostatic "U"-type rubber seal, which is located on
the outside of the pipe. An cuter split clamp clamps over the
flanges on adjacent pipes, thus holding these together. A
thin sleeve over the split clamp secures the clamp.

The maximum load bearing capacity for this coupling was 75 kN,
which is equivalent to an internal pressure of 22 MPa. Three
different failure modes occurred, viz. interlaminar shear of
the pipe, buckling of the fibres on the inside of the pipe and
compression of the fibres on the face of the step. The type
of failure depended 7n the location and depth of the step on
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the pipe. Since failure occurred only in the pipe, it was
concluded that the pipe needs to be taileored at the ends in
order to achieve higher pressure capabilities.

A finite element model was used to simulate one of the
experimental pipe/coupling configurations. This allowed
experimental and theoretical results to be correlated, and a
prediction of the coupling performance to be made.
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1. IE  FRODUCTION

Composite materials have a unique ccmbination of properties.
They ¢ ..sine light weight with high strength and corresion
resistance. Initially fibre reinforced products were made by the
labour intensive hand lay-up process. Nowadays mechanised
processes such as filament winding are often used. This is
particularly suited to manufacturing tubular products such as
pipes, ducts, tanks or pressure vesgels.

The use of fibreglass pipes has increased dramatically in recent
vears, especially since the cost difference between fibreglass
pipes and the traditional steel pipes has decreased. Properties
such as high corrosion and abrasion resistance, high strength and
light ‘weight, and low friction fa~tors make fibreglass pipes
suitable for many applications. Their low weight makes them
particularly suitable in applications where handling is a
problem, eg. where there ig a lack of heavy handling egquipment
or in confined spaces such as in underground mines.

Fibreglass pipes have been used extensively in the chemical
process industry to convey chemicals and other fluid materials
(£00d &nd beverage, pulp and paper, fertilizer ete.)}. They have
also been used in the oil industry for gatherxring lines, downhole
tubing and casing and saltwater disposal.

A relatively new application far high pressure pipes is their use
ir hydropower schemes in South African mines. Advantages of
using fibreglass pipes in this  application are reduced
installation costs (due to the light weight of the pipes) and
.excellent corrosion resistance, both internally and externally.
Also the pipes have a higher flow capacity than conventional
pipes of the same diameter, due to their extremely low friction
factor. This provides pumping ehergy cost savings over the
projected life of the installation, especially since the original
surface smoothness can be maintained in most cases (ie. there is
little or no build-up of material on the inside of the pipe).
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Wherever pipes and pipelines are in use, one needs pipe joints
or couplings to connect the pipes. For non-pressure applications
a varlety of jointing systems exists, from factory preparsd bell
and spigot joints to f£ield overlays. A number of ASTM standards
are available [Ref 1], which recommend procedures for joining
fibreglass pipes of virtually any diameter. The maximum design
pressure dealt with in these ASTM standards is less than 2 MPa,
although pipes have been manufackhured for higher pressures using
similar procedurss. However these pipe joints are normally
unable to. sustain high axial loads {(caused by the internal
pressure). ' " '

Begides the infc_:rﬂ:ﬁtidn listed in the varvious standards (these
are discussed in the following chapter), which have a maximum
operating pressure of less than 7 MPa (see table 2.2 for maximum
design pressures «f each standard), there is no other information
on high pressure fibreglass pipes operating at pressures over 20
MPa. Even less information on the pipe couplings for these high
pressures is available., Pipe couplings that can sustain the full
axial load caused by the intermal pressure are required. This
will enable the pipeline itself to carry the axial tension and
largely eliminates the need for anchorages. On top of these
strength reguirements the coupling should be easily and quickly
installed in limited working space and with the minimum of
individual adjustment.

This research is an evaluation of glass fibre reinforced
polyester pipe couplings to be used on high pressure fibreglass
pipes. The pipes were made by the filament winding process using
epoxy tesin with glass reinforcement. The lay-up angle of the
reinforcement was *55° throughout.

Existing pipe couplings were briefly analysed and au alternative
design proposed. This research was aimed specifically at the
interface ketween the pipe and the coupling, since this is the
critical area where failure is most likely to occur. Tests were
done up to failure on these experimentél couplings. The type of
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test performed was a tensile test from which an ultimate axial
-load for the piping system is obtained. Sinee these tests were
performed without any internal pressure, a finite element model
was set up and correlated with the experimental results. The
finite element model could then be "pressurised" in order to see
the effect of the internal pressure. '

General trends and problems were discovered by testing couplings
with slightly modified basgic dimensions and propertcies {(viz.
" length of interface between the pipe-and the coupling, type of
glass reinforcement used for t.ue coupling etc.). Additional
tests wers done on steel coupl'ags used on fibregiass pipes.
These results were compared to those of a fibreglass ceupling,
and were also correlated with predictions made by the finite
element tochnigue.

1.1 PROBLEM STATEMENT AND REQUIREMENTS

It was the aim of this research to investigate pipe couplings
manufactured entirely from GRP (except for the seal, which can
be made from a different material). These couplings are to be
used on plain-ended, filament wound GRP pipes (manufactured from
either polyester or epoxy resin) with a fibre orientation of
+55°. The internal operating pressure of the pipe installation
should not exceed 20 MPa. Including a safety factor of 1.5 for
waterhammer (1.5 is the factor taken for flexible pipes) the
deasign pressure for this pipe should be 30 MPa. The coupling was
to be designed for a water transportation pipeline in a corrosive
environment, with operating temperatures of between 8°C and
approximately 40°C.
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It is often said that the biggest deterrent to the widespread use
of GRP piping systems is the joining system. The efficiency of
- a joint is determined by many Zfactors, such as the cost of
fabrication, the ease of assembly (and disassembly) and the type
of labour (skilled or unskilled) that is necessary to make the
connections.

There are a few guidelines to follow when designing or selecting
a pipe coupling [Ref 2}:

a} The pipe's longitudinal strength at the joint should be at
least equivalent to that of the pipe. This ig especially
necessary in high-pressure pipes which are not anchored.

In such cases the coupling must be able to sustain the full
axial thrust caused by the internal pressure.

b} The tramsverse stiffening, caused by the excess of material
necessary to bring about the joint, should be reduced to a
minimum ln order not to alter the duct's static pattern.

¢) The sealing function should be clearly separated from the
mechanical coupling fwmction by using, if necessary,

- different materials. .

d) The coupling should permit, if possible, angular and axial
m.vaments of the pipes without damage to the pipes or loss
of watertightness. It is also important to realise that
misaiigned pipes can cause the entire load to be
digtributed over as little as one quarter of the coupling.

e) The coupling should retain its efficiency throughout the
lifetime of the pipeline. Hence the choice of a suitable
material, which does not degrade considerably with time, is
necessary.

f) The coupling must retain its efficiency under any vibration
of the pipeline, and it must be resistant to external
shocks (eg. falling stones or rocks).

g) The constant internal diameter of the pipe should be
maintained at the coupling. This is necessary to avoid the
build-up of deposits in pilpelines with low flow velocities.
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h) "Sexless" couplings, ie. couplings which are symmetrical
and can be installed in either direction are desirabhle.
Thig requires that the vipes have the same en
configuration on either side. This is important where long
pipes are used in very confined spaces and the pipes cannot
be turned round if they are oriented in the wrong
direction {(eg. in a mine tunnel where the pipe lengta
exceeds the diameter of the tunnel).

i} The coupling should be easily and guickly assembled or
disassenbled in limited working space, and with the minimum

- of indjividual adjustment. This will allow the use of semi-
skilled or un-skilled labour in th» laying or re-routing of
a pipeline. '

It is important to note that the axial load caused by a constant
internal pressure is proportional to the square of the internal
pipe diameter (ie. P o &2). This means that some couplings may
perform well when used on pipes with a small diameter, but may
fail at larger diameters. This also expla.ns why high-pressure
piping is normally of a relatively small diameter (less than 100
mm) . '

With pressure' piping manufartured from £ibreglass it is essential
that there are no exposed fibres. Water under high pressure can
easily move along these fibres by capillary action. This causes
the pipe to start'weuping, ie. the water slowly moves from inside
the pipe through the pipe wall to the outside. To prevent
weeping it may be necessary to line the fibreglass pipe with
either PVC (polyvinyl chloride) or polypreopylene. In any case
there should be no exposed fibres at the coupling since water can
penetrate into the coupling here and cause degradation.

The aim of this research was to establish the feasibility of
manufacturing GRP couplings for GRP pipes to meet some or all of
the above-menticned guidelines. The main criterion in this
evaluation was the ultimate pressur~ capability of the joint.



2. REVIEW OF COUPLINGS

Many different types ' of joints and c&uplinga arg commercially
available tc connect:pipes of different sizes and materials.
Most of these joints and couplings however are only designed to
work at relatively low internal pressures and can only sustain
low axial loads.  High 'pressure pipes and couplings were
traditionally_madé from steel and are mostly still made from
steel. One reason for this is that it is much sasler to design
with an isotropic material as opposed to an prthatropic or an
anisotropic material. Also steel has a very high stiffness
compared with plastics (typically one order of nagnitude higher
than fibreglass), which is important in strain limited designs.

Another reason why steel 1s being used extensively for many high
pressure piping systems, is that sufficient Codes and Standards
are available, which describe the design of pipes, juints and
couplings in steel fur extreme conditions. | '

2.1 LITERATURE SOURVEY

The following two sections consist of a brief survey of_differént
pipe joints and couplings that are in use, together with a review
oY the different standards for pipe and coupling design. Some
of the couplings discussed are for use on steel pipes only, and
are consequently manufactured entirely from steel. Advantag@s
and disadvantages of each coupling are briefly mentioned.

2.1.1 PIPE JOI.LTS AND COUPLINGS

Although the terms "joints" and "couplings' are loosely applied,
there is a distinction to be mada. A joint is normally a
watertight (airtight) connection which cannot sustain high axial
loads. It is used in low-pressure systems or where the pipes are
anche red and the anchor takes up the entire axial load,



anchored and the anchor takes up the entire axial load.
Mechanical souplings on the other hand are able to sustain the
full axial load caused by the internal pressure of the pipe.
Couplings would thus normally be used to connect high-pressu:r.
pipes. The entire pipe system can thus sustain the axial 1. "1
and the reed for anchorages ies reduced. '

The mosi common technique used to join GRP (glass fibre
reinforced plastic) pipes is the butt and strap arraagement [Ref
9], as illustrated in figure 2.1.

Figure 2.1 : Butt and strap joint

This method gives a strong joint that can be made readily in the
field. Connections are made by butting two sections of pipe
together and overwrapping the joint with successive layers of
fibreglass reinforcement, saturated with the appropriate resin.
The overwrap is normally made as thick as the pipe. This
connection is essentially a tubular lap join: and derives its
strength from the adhesive layer. There is no need for any
elastomeric sealing rings,: sihce the overwrap provides a
watertight (and airtight) seal. A disadvantage of the butt and
strap arrangement is that is takes some time to make the joint
and allow it to cure, Such joints are permanent and hence not
useful for temporary installations. The pipes can only be
separated by cutting them apart‘
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Another common method of joining pipes is the bell and spigot
joint [Ref 9, 10]. In this arrangement one end is socketed and
the other end is plsin. The male end has a rubber sealing gasket
fitted over it and the socket (bell) is forced over the sealing
ring. Bell and spigot joints with rubber rings can normally
accommodate one or two degrees of deflection. This joint is
illustrated in figure 2.2.

S—

Figure 2.2 : Bell and splgot joint

Some reasmons for the widespread use of bell and spigot joints

arsa:

» Compliance with existing standards.

» It confers some longitudinal elasticity to rigid pipes.

» For materials subject to galvanic corrosion, the sealing gasket
constitutes an insulating barrier which limits the circulation
of electric currents in the piping.

Since GRP pipes are very flexible and are excellent electrical
insulators, the above reasons for using the bell and spigot joint
are no longer valid. Since sealing depends on the stability of
the joint's configuration, ie. the uriformity of the gasket's
compression against the wall, this type of jolint is not
particularly suitable for flexible pipes, especially if these
operate under high pressures. Another practical disadvantage is
that there is a "male" and a "female" end to each pipe. This
means that the pipes can only be installed in one direction,



which can cause problems in confined spaces.

A variation of the bell and - gpigot ijoint is the threaded
connection. Sealing is also accomplished with an elastomeric
gasket.. The female side has the rubber gasket about it and an
outer ¢oupling (threaded sleeve) tightens the female (bell) over
the spi-got, forcing the gasket to. compress, thus effecting a
seal. Often adhesives are used in conjunction with threaded
connections. This type of pipe connection, shown in figure 2.3
below, is able to sustain the full axial load.

CASKET k

Figure 2.3 : Thréaded connection

Thiz joining method is designed for rapid field assembly ¢f long
runs and is often used for temporary installations (in which case
no adhesive is used). The opportunity for installation errors
is considerably reduced with this type of coupling, although
there ig still the disadvantage of having a male and a_ female end
to each pipe.

A flanged connection is very common when pipes need fto be
connected to process eqguipment, valves, meters, pué&ps etc.
Flanged connections are also often used where disassémbly is
anticilpated. They can be used for medium-to-high ﬁ\ressure
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systems as well as for large diameter pipes. Various types of
gasketing materials can be wused, including rubber, PVC and
teflon. The connection is made by simply bolting two flanges
together {with the gasket inbetween the f£flanges). A simple
flanged joint is shown in the figure 2.4.

Figure 2.4 : Bolted flange jJOiRmt.

The primary requirement of a flanged jolnt is that it should be
capable of allowing sufficient force to be applied to the gaszket
to prevent leakage. This applies both initially, when the joint
is assembled, as well as under operating conditions, when
additional loadings due to pressure have to be supported. Due
to the flexlible nature of GRP two major disadvantages arise. The
gasket tends to extrude away from the bolts during initial
tightening, thus imposing a limit t¢ the leoad that can be
applied, and it tends to extrude out of the space between the
bolts when subjected to internal pressure ERef 33].

The Victaulic coupling [Ref 9] is used extensively for iron and
steel pipes in high-pressure systems. It is normally
manufactured from cast iron in the form of a split collar which
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is secured by two tangential bolts. The pipe has either a =mall
1ip (flange) at its end or a recessed step machined into it. The
coupling clamps around this step and thus holds the two pipes
together. It is capable of sustaining the full axial load caused
by the internal pressure. The seal is provided by a rubber "U"-
ring which is located between the pipe outer surface and the
inside of the split collar. This type of rubber seal is a
hydrostatic seal. The internal pres?ﬁra forces the two lips of
the seal onto the ends of the pipe, thus increasing the sealing
pressure as the internal pressure increases. The Victaulic
coupling is depicted in figure 2.5.

Selt collar ———pe B
sacured by i
tangential bolts i

Figute 2.5 : Victaulic coupling with hydrostatic
geal. : :

Some major advantages of this coupling immediately become
apparent, The coupling is very easy and guick to fit with very
little possibility of installation errors. It is extremely
useful in temporary installations. The coupling does not have
a male and a female side, ie. 7t is a "sexless" coupling. This
is useful, as mentioned earlier, in confined spaces such as in
underground mine tunnels, since the pipes do not have to arrive
on site oriented in the correct direction.

The Victaulic coupling has been adapted for use on PVC pipes, as
shown in figure 2.6 [Ref 11]. An injection moulded, high impact
resistant uPVC (unplasticised polyvinyl chloride) collar, which
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incorporates two flanges, is bonded onto the plain end of the EVC
pipe. The flange nearest to the face of the collar is simllar
to a standard victaulic joint and seats the standard rubber "U"
sealing ring. The other larger flange has a proncunced radius
on the side furthest away from the face of the collar.

Rubbar 'J' sedl

Cost iron clﬂrﬁp /

Figure 2.6 : Victaulic coupling adapted for DPVC
pipes

The clamp {outer split ring) encloses this flange when bolted
into position, causing end thrust to be taken up as a compressive
force over the area of the radius on the clamp. Due to the
rounded collar and £lange the coupling allows slight movement and
angqular deflection of the pipes.

The most widely used clamp-on joint is the proprietary Viking
Johnzon coupling [Ref 10, 11]. With this coupling it is possible
to join plain ended pipes (non-pressure apglications) or pipes
with lipe on the ends (pressure applications). It is however
mainly used for steel and cast iron pipes. To make the joint,
a rubber seal is clamped between each pipe barrel and a cover
sleeve as shown in figure 2.7.
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Mid stesl rings

siiding rubbar ring |

(E=———={——Mid sheal bolts

Figure 2.7 : Viking JohnSon clamp-on joint

Such joints can accommodate movement easily, and may be designed
to take several degrees of deflection between pipes as well as
longitudinal movement. This joint is reusable and is useful in
temporary installations.

Another coupling which is useful in temporary installations is
the "Kwikey" quick-connect coupling ("Rwikey" is a trademark of
Fibreglass Resources Corporation). This coupling consists of a
sleeve with a double groove near the centre to locate two O-rings
which provide the seal. Near the edges of the sleeve is a deep
groove on each side which acts as a keyway. A similar groove
exists in the pipes to be coupled (zee figure 2.8). '
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Mid stesl rings

siiding rubber ring

I r’ C
(:E{Eﬂ-l———-luud steel holls -

Figute 2.7 : Viking Johnson Clamp-on JjoOint

Such joints can accommodate movement easily, and,maywﬁk designed
to take several degrees of deflection between pipes® s well as
longitudinal movement. This joint is reusable and is useful in
temporary installations.

Another coupling which is useful in temporary installations is
the "Kwikey" quick-connect coupling ("Rwikey" is a trademark of.
Fibreglass Resources Corporation). This coupling consists of a”
sleeve with a double groove near the centre to locate two O-rings
which provide the seal. Near the sdges of the sleeve is a deep
groove on each side which acts as a keyway. A similar groove

- exists in the pipes to be coupled (see figure 2.8).
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/ Rubber *0° ring

N

R

Ouier sleeve cable is inseried here

Figure 2.8 : "KWikey" quick~connect'coupling.

The pipes are pushed into the coupling (sleeve) with the rubber
O-rings now compressed between the outside of the pipes and the
sleeve. A cable rope which acts as & key is now pushed through
a hole in the couplirg into the groove at the interface bhetween
the sleeve and the pipe. This joint provides positive locking
and can take up axial loads. It eliminates the need for
adhesives and provides simple field assembly and disassembly.
Like the Viking Johnson coupling this coupling is reusable and
it can be installed in either direction because it is symmetrical
(as opposed to the bell and spigot ioint which caun only be
installed in one direction). The quick?connect coupling is the
only reusable mechanical coupling that is manufactured entirely
from GRP (except for the key which is made from steel, sometimes
from polyethylene).
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Another pipe coupling manufactured specifically for GRP pipes is
‘shown in figure 2.9.

- GRP  Seard joint

Steel

~ Figure 2.9 : Flange bonded to pipe Dy scart joint

The end of the pipe is tapered with an angle of 6°. A steel
sleeve with an opposite taper is adhesively bonded to the pipe.
To add axial strength to the joint, the outside is overwrapped
with successive lay s of glass reinforcement impregnated in the
appropriate'reSin.“”The steel sleeve has a flange at its end.

Various joining methods can now be used, eg. a Viking Johason
‘coupling can be used with an O-ring inbetween tk:: two flanges.

The following table is a summary of all the above couplings. It
lists the advantages and disadvantages of each coupling.

e N I P
:_. I . i
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Table 2.1 : Methnds of joining piping systems
Type tAdVantages Disadvantages
Butt and Strong, easy to Cannot be taken
strap install, cheaper apart, limited to
than other joints polyester hand
for large diameters | laid-up pipe
Ball and Joint deflection of | Normally
gpigot 2°-5° permissible, | considered to be
; ideal for sewer a sewer pipe and
sefvice, resists not recommended
earth movements and | for pressure
tremors. applications
above ground
Threaded Quick assembly, Commonly
connectlon easy disassembly, ' disappears in
inexpensive on largar-size
small piping, piping, not
satisfactory for suited for highly
water and mildiy corrosive systems
corrosive systens.
Bolted Low~zost joint (if | Must normally be
flange not hand laid-up), used with a full-
joint hand laid-up faced gasket,
flanges are very expensive 1f hand
strong laid-up, cannot
be overtorqgued or
failure will
rasult
Victaulic Very simple to Not yet..
coupling install, extremely | manufactured for

fibreglass pipes

16
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Vikingf Very simple to No: suited for

Johngor install high pruessure
coupling applications,

designed for
steel pipes

Quick.; Satigfactory for not adapted to

connect. moderate chemical tough corrosive
coupling service, simple environments
"Rwikey" assembly and

disassembly,

reusable, good for

temporary

installations

2.1.2 STANDARDS FOR PIPE. AND JOINT DESIGN

The existence of industry product standards greatly simplifies
the engineer's task when designing certain components. It also
allows the engineer to confidently and definitely specify a
material. '

The issuance of standards for fibreglass pipe has had a dramatic
effect on the acceptance of fibreglass pipe. This appears to be
most prevalent in the public works or municipal pipe markets, not
80 much in the mining industry yet.

Various p#oduct standards have been puklished by the American
Society of Testing and Materials (ASTM), the American Water Works
Association (AWwWwA) and the American Society of Mechanical
Engineers (ASME). These standards however only cover the design
of pipes for design presgures of 250 psi. The design of joints
and couplings is not covered in detail, although stringent
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performance requirements are laid down in these  standards.
Various types of joints are suggested or recommended which
include most of the joints mentioned in the previous sectium.

The American Petroleum Institute (API) hzs issued guidelines on
the design of high pressure piping. This specification relies
on and uses the long-term and short-term test methods developed

by ASIM wherever applicable as part of its product
specifications.

The table below lists several reinforced pipe specifications with .
the range of applicable diameters and pressures that each
standard covers.

Table 2.2 : GRP piping standards.

standard Diameﬁer range | Pressure range
| [rom] [MPa]

ASTM D2996 51 - 406 6.9 *

ASTM D3517/D3754 | 203 - 3,658 [ 1.7

AWWA C950 203 - 3,658, 1.7

API 15AR 38 - 242 20.6 *

API 15LR " |51 < 06 6.9

Note that the pressures marked with an asterisk (*) are not
listed operating pressures. However plipes made according to
these standards are available to the pressuires shown.

1t can be cleavly seen that there is a lack of design
specifications for fibreglass joints and couplings, although the
requirements of such pipe connections are c¢learly stipulated.
Especially in the field of high-pressure fibre glass reinforced .
piping systems little information has been documented.
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performance requirements are laid down in these standards.
Various types of Jjoints are suggested or recommended which
include most of the joints mentioned in the previous'sectianr
The American Petroleum Institute (API) has issuéd guidelines on
the design ©f high pressure piping. This specification relies
on and uses the long-term and short-term test methods developed
by ASTM wherever applicable as part of its product
specifivations.

The table below lists several reinforced pipe specifications with
the: range of applicable diameters and pressures that each

standard covers.

Table 2.2 : GRP piping standards,

Standard Diameter fange Pressure rénge
' [t ] [MPa]

ASTM D2996 51 - 406 6.9 *

ASTM D3517/D3754 | 203 - 3,658 1.7

AWWA C950 207 - 3,658, | 1.7

APT 15AR - 38 - 242 | 20.6 *

APT 151R | 51 - 406 " Te.0

Note that tha pressurez marked with an asterisk (*) are not
listed operating pressures. However pipes made according to
these standards are available to the pressures shown.

It can be clearly seen that there is a lack of design
specifications for fibreglass joints and cduplings, elthough the
requirements of such pipe connections are clearly stipulated.
Egpecially in the field of high~pressure fibre glass reinforced
plping systems little information has been documented.
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2.2 SUGGESTED MODIFICATIONS

This section deals with gsome preliminary ideas for joint
modifications for GRP applications based on the existing
couplings mentioned in section 2.1.1. All these couplings
described here are "sex a2ss8", le. they are symmetrical. Thus the

pipes as well as the couplings can be installed either way
around.

A flange joint is a very c¢rude and normally structurally
inefficient joint. However it is often essentia; in a system
which containsg valves and pumps, slnce these components normally
have flanged connections. The primary requirement of the flanged
joint is that it should be capable of applying sufficient
pressure to a gasket to prevent leakage.

A GRP flange could be manufactured fairly easilly, as shown in
figure 2.,10.

Figure 2.10 : Flanged joint in GRP.

However due to the high axial loads caused by the internal
pressure, extremely high bending moments wowld result in the
joint. An excessively high bolt torque would be required to
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tighten the kolts, which could cause cracking of the GRP flange,
unless a steel backing ring were used.

In addition to the danger of overtightening the bolts, there is
also the disadvantage that the flange joint does not allow for
any misalignment of the pipes. It would appear that the GRP
flange joint would not generally be satisfactory in a high-
pressure GRP piping installation.

If a steel flange were to be used, the difference in stiffnesses
between steel and GRP could perhaps be utilised to make a self-
locking flange, as shown in figure 2.11.

STEEL

\
GRP’/j!.

Figure 2.11 : Self-locking frlange.

With an increase in pressure the pipe would bulge outwards, thus
preventing the flange from slipping off the pipe. Two adjacent
pipes could then be joined by bolting the flanges together or
perhaps even using split collars, as used with the victaulic
coupline.

2.2.2 ADAPTED VIKING JOHNSON COUPLING

A standard Viking Johnson coupling could be adapted fairly sasily
to join plain ended GRP pipes. For this ccupling a method is
needed to transfer the axial load from the pipe to the coupling.
This can be accomplished by pushing a serrated metal sleeve onto
the pipe. The serraticns grip on the surface of the pipe to
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'transfer the axial force. In addition to this an epoxy adhesive
can be used to give added strength to the joint (see figure
2,12y, | -

N slee! ring NI eloel sleve  Mid sfeel ol

Rubber "0™=ring

Epoxy achesive on ssrreted meld rlng

Figure 2.12 : Viking Johnson coupling adapteédl for
GRP pipes.

The steel ring of the coupling must be slipped over the end of
the pipe before the serrated metal sleeve is installed. Once
installation has taken place the coupling cannot™“he re-used
unless the pipe is cut behind the serrated sleeve. .

%
The seal can be made by using two O-~rings on each pipe endﬁ . The
O-rings are compressed between the pipe wall and anotherfsteel
sleeve which slips over the outside of the pipe. One d;%wback
of this sealing method is that the gap between the piquand the
sleeve must be very small, otherwise the O-ring can qui%efgasily
be forred out from between the pipe and the sleeve af%@ighg
pressures. The pipes are then joined by tightening tie bolts
between the two metal rings.

The amount of axial and angular misalignment that can be taken
up by this jeoint is negligible. Thic coupling is more efficient
than the GRP flange joint from the point of wview that a much
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smaller bending moment is set up in the pipe. The primary
loading on the interface between the coupling and the pipe (ie.
the jagged adhegive line betwesn the serrated ring and the pipe
surface) is a shear loading. This is desairable in an adhesive
joint.

The strength of the joint is essentially dependent on the
strength of the adhesive. If the teeth of the serrated ring grip
deep into the fibreglass, then the strength of the joint will
also depend on the interlamirnar shear strength of the pipe (this
is the shear strength between adjacent layers in a laminate).

Another method of modifying the Viking Johnson coupling is to
wind a very low flange onto the pipe end while it igs being
manufactured. A thin flange will ensure that the bending moment
caused in the pipe is kept as low as possible. This flange would
have to be manufactured with the metal sleeves on the pipe, which
ig very impractical. A_lternativaly:' a #plit ring could be used.
Flgure 2.13 illustrates_ this modification.

o M4 sieol splf ccllor
H\\_ﬂ .
al

Figure 2.13 : Modified Viking Johnson coupling.
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The seal could be similar to the one described for the previous
coupling. Alternatively an O-ring could be seated between the
flanges to provide a watertight seal. This coupling does also |
not allow for any angular or axial deflection of the pipes,

Both the modified Viking Johnson couplings previously described
are made almost entirely from steel. To make them out of
fibreglass, they would have to be subsfantially modified.
However, the principle of these couplings can possibly be applied
in a fibreglass coupling.

2.2.3 ADAPTED VICTAULIC COUPLING

The Victaulic- coupling i1s ideally suited to the joining and
sealing of high-pressure pipes. The hydrostatlc seal increases
its sealing pressure as the internal water pressure increases.

A groove could be machined inte the fibreglass pipe, as is the
case with the grooved victaulic-coupling. This groove would have
to be located further away from the end of the pipe than it is
on the steel pipe, to increase the shear area of the lip (because
the shear strength of steel is much higher than the interlaminar
shear strength of a fibreglass laminate). The two grooves on
adjacent pipes would be relatively far apart and hence a steel
g#plit ring would be very bulky and heavy. But a GRP split ring
could be manafactured which is light and easy to handle.

Eplit collar —m
sapurad by

tangsntiai botis

Rubker U ring

groove in fbreglan pige

Figure 2.14 : Grooved Victaulic coupling.
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Alternatively a pipe with a very fl&-t flange. could be used
instead of the grooved arrangement. ° This flange would be
wmanufactured together with the pipe. The flange could be located
fight at the end of the pipe. In this ca#e the hydrostatic seal
would be seated on top of the flanges. Afternatively the flange
could be located further away from the end, in which case the
hydrostatic seal;would be located between a&jacent flanges. This
brings the seal much cloger to the centre Qf the pipe.

Y
]

: Rubbﬂf‘ ' sani
o |

Figure 2.15 : Flanged victanlic coupling.

The sealing of the pipe can be done with O-rings instead of the
"U"-type rubber seal. The O-rings ~an he located inbetween the
flanges as in the modified Viking Johnson coupling.
Alternatively two O-rings could be located in grooves on the
cutside of the flange. The O-rings would be squashed between an
outer sleeve and the two flanges (see figure 2.16).
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FigiuTle 2.16 : PossSible sealing aArrangements for &
Victaulic coupling.

The "U"-type rubber ring will provide the most reliable seal if
misalignment of the pipes occurs. With an O-ring inbetween the

flanges an uneven sealing pressure will occur if the pipes are
misaligned.

A further modification to the victauiic-type coupliﬁg could be
in the design of the split ring. A split ring with tightening
bolts is both time consuming and, when manufactursd in GRP, can
easily be damaged by overtightening the bolts. A safer and
faster method is to slide a thin tube (also manufactured from
GRP} over the cylindrical split ring. This sleeve will hold the
split ring together and will take up any hoop stresses. This
arrangement is shown in the figure 2.17.

-



oufer slaave

apiit ring

fibreginas pipe

Flgure 2.17 : Victaulic coupling with modified
split ring.. '

26
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3. MATIWOFTI-]EINITIALPIPEW
COUTELING DIMENSTONS

The initial sizing of the various components of the coupling, &s
well as the determination of the pipe wall thickness was
calculated using the theory for thin ¢ylinders [REF. 4] and the
Classical Lamination Theory [REF. &7, The adhesive shes
stresses were estimated using an extension of Volkersca's theor .
[REF. 6]. 'The ¥Finite Element Method was used to model the
configuration used in the experiments. Hence a correlation
betwaen experimental and theoretical results was possible. By
modelling the entire coupling, predictions of the pipe and
coupling parformance were made.

These theories are described in more detail in the following
gsections. ' ' '



28

3.1 THIN CYLINDER THEQRY [REF. 4]

The thin cylinder théory was used in conjunction with the
Classical Lamination Theory to set up pipe design charts which
show the relationship between the internal pipe diameter and the
wall thickness for varying internal pressure, as well as the
endloads caused by’the internal pressura. These pipe dimensions
were needed in order to size the coupling and to be able to
perform initial design calculations (eg. the adhesive shear
stress dependsg on the surface area which 1n turn depequ on the
pipe diameter and wall thickness). '

The thin-cylinder theory was also used to establish the ldading

condition in a pressure pipe. The unit loads were derzvad and
hence the ratiy of hoop loading to axial loading, which was used

in the Classical Lamination Theory, was found. This is the

loading condition of any pressure pipe that is not restrained
axially.

The three principal stresses’ in a thin cylinder are the
circumferential (hoop) stress, the longitudinal (axial) stress
and the radial stress., If the ratio of thickness to internal
diameter is less than about 1/20, it may be assumed with
reasonable accuracy that the hoop and axial ptresses are constant
throughout the thickness and that the radial stress is small and
can be neglected. |

The equation for the houy stress in a thin cylinder is

P

L 1~N

and the eguation for the axial stress in a thin cylinder is

P

R

A
"

T, =
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where P is the internal pressure, d is the internal diameter and
t iz the wall thickness.

It is possible to convert the above stresses into unit loads, ile.
a load per unit width. Using the relationship

-
¢ =3
wa get

on-m‘?m - o= -
e »N = 0L

where ¢ is a direct stress, A is the cross-sectional area, F is
the applied load and N i3 the unit load (load per unit width).

3 -
Substituting the stresses from the Thin cflinder theory into the
above equations, the unit loads are defined as follows:

Fd
My = 2

and
N, - 2%

where N, and ¥, are the loads per unit width, P is the internal
pressure and { is the internal diameter.

The loading retic of thin walled pressure pipes is

M,
= =2

o
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3.2 CLASSICAL, LAMINATION THEORY [Ref, 31

The theory assumes a plane stress state in the laminz, the stress
perpendicular to the plane of the iamina assumed to be zero. The
elastic stress-strain relations of the lamina can be expressed
in matrix form as follows: '

e - (sile;}

where 1 identifies lamina coordinates, and [8], the compliance
matrix, relates the stress and strain componentis in the principal
materia! directions. (The Lamination Theory is described in more
detail in appendix a).

[

A=A
N

(. \J}

e

&-’o’o‘o’o}’o’o.

ostalalelan

o:o,m»’&’o’n

AR
&'

Figure 3.1 : Diagram showing the fibre orientation
and loading condition,

The loading condition shown in the £figure above was determined
in section 3.1. Using the Classical Lamination Theory the
optimum lay-up angle for a pressure pipe was found to be
approximately 55° to the axis of the pipe (see figure 3.2).
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Figure 3.2 : Relationshiy between first pily Lailure
and fibre urientation.

To draw the graph of endload versus pressure for various pipe
diameters and wall thicknesses, the following procedure was
adopted. The relationship

Fwpoa=p X

(where F is the endload, P is the internal pressure and D, is the
internal diameter) was used to plot a curve of endload versus
pressure for some selected internal pipe diameters. These are
. the straight lines in Ffigure 3.3.

From the thin cylinder theory the axial stress ism

BiDy

g = at

which can be rewritten as

t = k*P+D,



32

where ¢ is the wall thickness, k is a constant incorporating the
ultimate failure stress, Fis the internal pressure and D, is the
internal diameter. '

Using the Classical Lamination Theory, the mninimum wall
thicknesses for a range of pipe diameters and pressurss was
calculated (zsee appendix B for table of results). Plotting this
data on a graph of thickness versus pressure results in a series
of straight lines for the various diameters. The equations for
the straight lines yield a value

S
k=<5

which ig constant for all lines.

Substituting
) &
D=3
in the eguation
P 200w

raesults in
-.__....“ 4 _tz
F 4P (x)

Pigure 3.3 represents these relationships graphically.
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Figure 3.3 : Relationship Detween [pressure,
endlead, diameter and wall thickness for a
compas:u.te tube (material properta.es ave qhown in
table 5.1, page 106).

From this figure a pipe diameter for the test specimens was
gelected. The point labelled M indicates the target pressure and
the maximum force that the testing machine was able to supply.
Various pipes with a diameter less than 65 mm would be suitable.
In order to allow for a safety factor in the pipe and to minimize
the cost of the test specimens, an internal pipe diameter of 50
nm was selected with a wall thickness of 8 mm,
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3.3 ADHESIVE SHEAR STRESSES

From the calculated pipe dimensions it is possible to predict
adhesive shear stresses and hence also to establish an optimum
adhesive length for a certain pipe outside diameter. A lap shear
joint of constant width (represented by the perimeter of the
outside of the pipe) increases in strength with an increase in
the length of the overlap. This effect however decreases until
an optimum length is reached,'aﬁter which an increase in length
has no more effect on the stren&ﬁh of the lap jbint, The optimum
lap joint length for the selected pipe dimensions can then be
calculated.

Volkerson's theory is used to estimate the shear stress
distribution in an. adhesive lap joint. |

[ji]ms :
X)) o K = 4 0.5 X 0.8 (1%
- SIrn (3s0 00 [{(F-1)cosh{ (=K} 1} + cosh{ (dX) "% (1 .1”
whersa
i _I,Gnla
G'qu
andR%,

Figure 3.4 shows a typical shear stress distribution along a lap
shear joint of congtant width. 2
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TYPICAL SHEAR STRESS D1 §TRI BUT! ON
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Figure 3.4 : Typical Shear stress distribution in a
lap shear joint.

The maximum shear stress occurs at the ends of the joint.
Plotting these maximum shear stresses fgr a number of joints of
different lengths results in the curve #hown in figure 3.5.
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Shear Stress vs Jolnt Length
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Figure 3.5 ¢ SHear StIess Variation With length of
shear joint.

From f£igure 3.5 it can be seen that for an adhesive lap joint of
constant width there is virtually no increase in strength if the
joint length exceeds 15 mm, For practical jurposes however this
length ig too short. Herce a flange length of 50 mm was
selected. This means that the adhesive joint will have ite
maximum strength.
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This chapter owtlines the approach adopted in developing the
coupling and describes the experimental program used to test each
stage of the development phase. '

It was decided to do all tests with small diameter pipes. This
~ensured that the loads were not too high and that the testing
machine used (ESH Tensile Testing Machine 250 kN) was able to
load the pipes to failure. As outlined in the previous section

an internal diameter of 50 mm was chosen with a wall thickness
of 8 mm,
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4.1 EXPERIMEH'._EAL PROGRAM

The aim of the experimental program was to establish the ultimate
load that the coupling can sustain and to establish which factors
affect this load. Since the most important part of the coupling
is the interface between the pipe and the coupling, the test
program wag designed to test thiz interfaca. Aside from the
internal pressure that acts on the pipe, there is an axial force
on the flange (caused by the coupling), which opposes the axial
force caused by the internal pressure in the pipe. The figure
below depicts % iig loading condition.

£

Figure 4.1 ¢ Load applied to Flangs.

The test program was designed to simulate this loading condition.
Hence it was essentially a tensile test that was performed.

4.1,1 TEST SPECIMENS

The test specimens were made of sections of GRP pipe 400 mm in
length, 50 mm internal diameter and 8 mm wall thickness. They
were filament wound using E-glass fibres impregnated with epoxy
resin at a fibre orientation of #55°. On both ends of the pipe
a circumferential step was machined into the ocutside of the pipe
wall. Different step geometries were investigated, the optimum
geometry being shown in figure 4.2.
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Figure 4.2 : Dest step geometry.

Two GRP flanges were laid up directly on the pipe, one on each
gide. The thickness of these flanges was 10 mm measured £rom the
outside of the pipe. Flanges with different lay-ups of the
reinforcement were tested.

The test length of 400 mm was sufficient to ensures that the
flanges had a negligible effect on the stress pattern at the
middle of the pipe. This was verified using the Finite Element
Techhique.

For comparison purposes four other pipe/flange combinations were
tested. In one instance the pipe was made from steel; in two
other cases the flanges were made from steel. Although the
purpose of this research was to evaluate GRP couplings on GRP
pipes only, it was decided to investigaie the effect of a
material which is much stiffer and harder than steel on coupling
performance. This would give an indication as to how the flange
properties should be tailored (by changing the fibre
orientations). '
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The first of these tests used a plain ended GRP pipe without a
step. A GRP flange was wound directly onto the p;ﬁé. Thisg
arrangement derives its ctrength from the tubulay 3ap joint
between the pipe and the flange. ! h

tubular
lap joint

The second configuration tested had" a step machined into the
pipe. But instead of using a GRP Elange, a steel split ring was
used as a flange. The split ring fitted into the step at the end
of the pip« and the two halves were held together by a large pipe
clamp, as shown in figure 4.4.

pips clamp

STEEL\‘

S
GRF/

Figure 4.4 : Split steel flange on GRP pipe.
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The third test is similar to the previous test described; except
that in this case the pipe was manufactured from steel und the
GRP flange was manufactured d:rect i1y on he pipe. In one case
the GRP flange was made by wrapp*ng successive layers of resin
impregnated chopped strand mat ot 1 the, plpe. In the chher case
the flange was made using a bulk $ould1ng compound (BMC) with
three dimensional chopped fibres. .

The last test, which alsn utiiised & steel flange, derives its
strength entirely from the shear strength of the adhesive which
was msed to bond the flanae to the pipe. * The pipe has a tapered
end and the flange has an opposite taper on its lﬂEldeel

EASTITEIAT
L
S et

GRP pipe - STEEL

Figure 4.5 : Flange bonded to pipe By scarf joint.
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Figqure 4.5 : Pnoto showing pipe and flange with
tapered ends. : _

The two componeﬁts were simply pushed together with a thin
adhesive layer inbetween. This joint could be made even stronger
by overwrapping with a few layers of GRP.
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4.1.2 TESTING APPARATUS

As stated earlier the type of tust performed was essentially a
tensile test. A jig was manufactured to clamp the specimen in
the testing machine.

-GRP pipe

flangs

Figure 4.7 : Sketch of teBt jig.
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Figure 4.8 : Photo Of test jig.

Two steel baseplates are attached to the testing mavhine (one
plate is attached to the piston, ~he other plate to the
loadcell). Two bach.ng rings fit behind each flange and are
bolted to the baseplates with four high tensile bolts.

To be able to £it the backing ring behind the flange once this
has been mawufactured, the ring was made in two halves. Since
this type of hacking ring i very unstable, a second backing ring
was used. The second ring was placed directiy behind ithe first
ring, but out of phase hy 90°.
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Figute 4.9 i) 6plit backing ring.

With the pipe ciamped securely in the testing machine it was now
loaded in tension. All pipes were loaded up to failure. Failure
of the pipe is represented by either the pipe disintegrating, the
fiange or the interface failing or a combination of these. |

The load was continuously monitored and logged on a pen plotter,
Hence the ultimate load was obta.i.ne;f-l. The shape of the plotted
curve gives an indicatior ag to the mode of failure and hence the
safety (ie. catastrophic or slow failure) of the ccupling.
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4.2 MESULTS
This sectlon contains the results of the exnerimental program as
well as the finite element predictions.  Scme ideas were
dismissed as non-feasible on the basis of the finite element
results and were consequently not tested experimentally.

4.2.1 EXPERIMENTAL RESULTS

The following diagrams illustrate the different configurations
that were tested. The y-axis displays the load (in kN) and the
x-axis is a time scale -(dimensionless).

The ultimate loads listed were obtained from the tensile tests.
The mode of failure of each donfiguration_ is shown,  The.
presgures listed are the internal pipe pressures required to
produce the ultimate loads shown. These pressures are applicable
to the pipes used in the tests, ie. 50 mm internal diameter and
66 mm external diameter.
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TYPE I FLANGE

Adhesive ~ II . ] 1 0
% c) - . . |

Figure 4.10 : Gype I flange.

The ultimate load sustained By the TYPE I flange in figure 4.10
was 29 kN, which is equivalent to an internal pressure.of 8.5
MPa. The mode of failure was an adhesive shear faillure, which
is a catastrophic failure (load bhearing capacity drops. to zero
- instantanously), as can be seen from figure 4.11.

imipe b ERmmiakin aecsirem am i e b e E oy em mmacbai ke e e e b bt
Force: . ? : o
e bl .. . - :

50_*‘1!1 . - "_,. ‘ ._.I.-.».-. _- f— ..__.-»-.... —-m;:ﬂ--dﬁ-‘

Figure 4.11 : Graph showing the loading onh the TYPE
I flange.
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TYPE II FLANGE

[ —
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‘Figure 4.12 : Type iI flange.

The load bearing capacity of this configuration results from a
combination of the mechanical interaction between the £lange and
the pipe, as well as adhesive shear stresses along tha interface.
The flange is made entirely from chopped strand mat. The
ultiméte load sustained by this flange wieg 30 kN, which is
equivalent to an internal pressure of 9.0 MPa. Failure in this
test was due to an expansion of the flange. This is a gradual

failure (load bearing capacity drops off very slowly), as can be
seen from figure 4,13.



Figure 4.13 : Curve showing the loading and gradual
failure of the TYPE II flange.
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TYFE YIX FLANGE

50 _-é' -'
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L. I
Figure 4.14: Type III flange.

This flange is similar to the TYPE II flange except thiot the step
angle has been . .ased to 90°. A1l other dimensions have been
maintained. Tk timate load susdtained by this flange was 56
kN, which 1s eguivalent tq an internal pressure of 16.5 MPa.
Failure here was due to cruéhing of a resin wedge in the corner
of the step (in the flange). This is a gradual failure,
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Figure 4.15: Gtraph of test result for TYPE III
flange.



51
TYPE IV FLANGE
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Figure 4.16 : Type IV flange.

This flange and pipe have the same step geometry as the preirious
combination. The flange is made almost ent'rely from chopped
strand mat, except for the rovings {uni-directional fibres) wound
into the corners. The purpose of these rovings was mainly to get
rid of the resin wedges which caused the TYPE III flange to fail.
The ultimate load sustained by this flange was 65 kN, which is
equivalent to an internal pres<-ure of 19,2 MPa. Failure here was
due to crushing of the fibres in the corner of the step (in the
flange). This is a slow failure, as can be seen by the slow
decrease in the load bearing capacity in figure 4.17.
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Figure 4.17 . Curve showing the load bearing

capacity of the TYPE IV flange.
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I¥PE V FLANGE
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UD-ROVINGS

Figure 4.18 : Type V flange.

Two tests with this g‘eometry were done. As opposed to winding
uni-directional (UD) rovings in the hoop direction, UD-rovings
were aligned in the axial direction to give the flange a higher
axial compressive strength at the face of the step. ‘This would
also eliminate any excess resin in the corner (at the face of the
step). In the first case (type V(a)) the ultimate load sustained
was 68 k¥, which is equivalent to an internal pressure of 20.0
MPa. Failure here was due to crushing of the fibres in the
corner of the step (in the pipe). This is a gradual failure.
In the second test (type V(b)) the ultimate load was 72 kN, which
equivalent to an internal pressure of 21.1 MPa. Thin pipe failed
due to interlaminar shear. This is & catastrophic failure mode
(ie. the load kearing capacity drops to zZero instantaneously).
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TYPE VI FLANGE

. O

ROVING D |
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‘Figure 4.21  Type VI flange.

UD-ROVINGS

The rear stzp was tapered since it did not perférm any useful.
function. It now has the shape of a tubular scarf joint, which
is a more efficient joint than the tubular lap joint. The entire
joint was moved back from the end of the pipe. The rovigxgs wound
in tnn hoop direction prevent the flange from expandlng radially
when the load is applied. The ultimate load sustained by this
flange was 62 kN, which is equivalent to an internal pressure of
18.2 MPa. "¥Failure here was due to crushing of the filbres in the

corner of the step (in the pipe). This is a slow compressive
failure.
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Figure 4.22 : Graph showing the load bearz.ng
capacity of the T¥PE VI flange.
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TYPE VII FLANGE
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Figure 4.23 : TYPE VII flange

The lay-up is identical to the previous flange, except that the
step is slightly deepe : and the flange is closer to the 2nd of
the pi_pe'.' The ultimate load sustained by this flange was 70 kN,
which is equivalent to an internal pressure of 20.6 MPa. Failure
here was due to buckling of the f£ibres on the inside of the pipe. |
This is a slow failure.
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Figure 4.24 : @Graph showing the load bearing

capacity of the TYPE VII flange.
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TYPE VIIY FLANGE

CSH

ROVINGS -

)

i

Figure 4.25 : TYPE VILL flange.

N
UD-RCVINGS

Tha geometry of this flange is identical to the TYPE VII flange
with additional hoop reinforcement. The ultimate load sustained
by this flange was 75 XN, which is equivalent to an internal
pressure of 22.0 MPa. Failure here was due to buckling of the
fibres on the inside of the pipe. This is a slow failure.

<P

Flgure 4.26 : Graph showing the load bearing
capacity of the TYPE VIII flange,
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TYPE IX FLANGE

STEEL —

)

Figure 4.27 : 1YPE IX flange.

This flange is made from a split steel ring, resulting in a very
high compressive strength (in the flange) at the face of the
step. The ultimate load sustained by this flange was 75 kN,
which is equivalent to an internal pressure of 22.0 MPa. Failure
here was due to interlaminar shear of the pipe. This is a
catastrophiec failure.
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Figure 4.28 : Graph showing the load bearing
capacity of the TYPE IX flange.




=Ny

y 7

60
IYPE X FLANGE

—

Figure 4.29 : TYBE ¥ flange.

The flange and pipe are bath tapered (6°), forming an adhesive
scarf joint. This joint derives its strength solely from the
adhesive used and the accuracy with which the joint is made.
The ultimate load sustained by this flange was 82 kN, which is
equivalent to an internal pressure of 24.1 MPa. “The mode of
failure was an adhesive shear failure, which is a catastrophic
failure, as can be seen from figure 4.30.
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B
Figure 4.30 : Graph showing the load bearing
capacity of the TYPE X flange,
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TYPE XT FLANGE

 GRP OVERLAY

GRP

Figute 4.31 ¢ TUPE XI flange.

This flange is similar to the TYPE X flange, except that it has
an overwrap wh;t.¢h increases the _é.ffective shear area of the
adhesive. Two-,_:'-?%:éssts were done. In the first case (tj_rpe Xi(a})
the ultimate load sustained was 50 kN, which is equivalent to an
internal pressure of 14.7 MPa. Failure here was due to adhesive
shear. This is a catastrophic failure. In the second test {type
Xi(b)) the ultimate load was 93 kN, which equivalent to an

internal pressure of 27.4 MPa, PFailure in this case was also due
to adhesive shear. '
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Figure 4.32 : Graph showing the load bearing
capacity of the TYPE XI(a) flange.
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Figure 4.33 : Graph showing the load . bearing
capacity of the TYPE XI(b) flange.
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PYPE XTIY FLANGE

STEEL e e

Figure 4.34 ; TUYPE XII flange.

In this case the pipe is made from steel anu the flange is made
from GRP, ‘ie. the pilpe has a high stiffness compared to the
flange. The ultimate load sustained by this flange was 105 KN,
which is equivalent to an internal pressure of 31 MPa. Failure
was due to crushing of the fibres in the flange. This is a slow
failure, as can be seen from figure 4.35.
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Figure 4.35 : Graph showing the 1load bearing
capacity of the TYPE XII flange.
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TYPE XIIT FLANGE

S STEEL

- Figure 7.36 1 Type XIiT flange.

This test has the same geometry as the previous test, except that
the material used was a bulk moulding compound with short chopped
fibres (6mm length) oriented in all three dimensions. This
material has essentially isotropic properties, due to the random
orientation of the fibres. The ultimate load sustained by this
flange was 70 kN, which is equivalent to an internal pressure of
20 MPa. Failure was due to crushing of the fibres in the flange.

This is a slow failure, as can be seen from figure 4.37.
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Figure 4.37



4.2.2 FINITE ELEMENT RESULTS

W,

\ . '. . . . ] .
Two'of the configurations which were modelled with the finite
element technique are shown in the figures below. The nesghes of
each me31 are shown in Appendix €.

actual coupling

[POPRER—

finlte elemerd modsl

Figure 4,38 ; seli-locking flange.

The aim of this model was to determine the radial expansion of
the pressurized fibreglass pipe. If the radial expansion between
two stiff sections in the pipe (these are the sides of the steel
flange) is large, then a mechanical interaction betwesen the pipe
and the flange results. This concept of a self-tightening flange
could be implemented in the design. The finite element model is
simplified by incorporating only two =tiff steel rings around the
flexible GRP pipe. This is a valid simplification, since the
remaining material in the flange does not have much effect on the
expansion of the pipe (since the steel rings are much stiffer
than the GRF pipe). The following figure is the displacement
plot obtained from the finite element software.
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i Figure 4.39 E Pedial displacemnt of GRP pipe with
“nFEwo outer stiffening rings.

The output shows the maxmum radial expansion between the two
gtiffening rings to be approi;i_.mately 0.4Lmm {diametral expansion)

- at 30 MPa. iltha!:syh fairly sfda_—;_ll tolerances can be achieved with

- the filament winding process, this expansion is not enough to

ensnure a reliable joint.

This ‘configuration was discarded and
was hence rot tested. '

Figure 4.40 shows a pipe with a double flange attached to it.
It was thought that by introducing a second step the shear area

could be increased sufficiently to affect the load bearing
capacity considerably.

Figure 4.40 : Pipe with a double flange attached to
it-
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Figure 4.41 shows the axial stresses in a GRP pipe with two GRP
flanges. .

Figure 4.41 :; Axjial stresses in a GRP pipe with two
GRP flanges.

. The applied load is equivalent to an internal pressure of 19 MPa.

It becomes immediately apparent from the figure that almost the

entire force gets transmitted across the first step. Thus very
little can be gained by introducing a second step, and hence it

was decided not to test this configuration.
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Figure 4.42 shows a type XII flange. The pipe is made from mild
| Sf—ﬁ-,e} and the flange is made from GRP. -

gt

5 I— BRF

J S|

s BRGA
| GRP
TYPEWV ere A

radiused corners

Figure 4.42 : Type 1v and type XI1 Elange.

Initially a coarse mesh was used to establish regions with stress
concentrations. As expeéted, ‘the step area was found to be such
a region. The mesh was subsequently refined at the front of the
step to yield a more accurate solution. Figure 4.43 shows the
axial stre«ses in both the flange and the pipe. The load applied
was equivalent to an internal pressuré' cf 31 MPa (ie. the load
at which the experimental flange failed). The load was applied
as a pressure on the face of the flance.
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Figure 4.43 : Axial stresses in stel pipe wi
flange (TYPE XII).

It can be cliearly seen that the stress concentratinn is very
localised in the corners and on the surface of the pipe where the
flange is in contact with it. Another interesting observation
can be made from the above figure. Due to its high stiffness,
the ¢teel has a much higher stress concentration than the GRP.
Since the  steel is strong enough to accomodate this stress
concentration, a very high load bearing capacity can be achieved.

The next model hag virtually the same geometry, but in this case
a GRP pipe is used (TYPE IV). The only difference in the mesh
is that the corners were "radiused” to model the actual situation
more accurately. The axial stresses are shown in figure 4.44.
The load applied was equlvalent to an internal pressure uf 19 MPa
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and was applied as a pressure on the face of the flange.

Figure 4.44 : Axial stresses in GRP pipe with GRP
flange (TYPE IV).

Clearly here the stress concentration in the GRP flange is much
higher than in the previous case, where a steel pipe was used.
This shows that the use of a high-stiffness material such as
steel will improve the performance of the coupling.

The last two figures do not model any experiments. In this case

the type IV flange/pipe was pressurized from the inside to model
the pipe in use.
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Figure 4.45 : Axirl stresges in a "pressurised" GRP
pipe with GRP flange.




Figure 4.46 : Hoop stresses in a "pressurised" GRP
pipe and GRP flange.

The internal pressure applied is 19 MPa, which causes an axial
force on the flange of 65 kN (this was the ultimate load in the
experiment). From these results the effect of the internal
pressure on the stresses can be analysed in comparison to the
tensile tests that were done on the test pipes and flanges.

These results are discuased in further detail in the following
chapter.
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5 DISCUSSTON

Couplings and djointe are a necessary part of any piping
installation. Without the pipe being able to be co’nnect;ed to any
equipment it would be a worthless system. The coupling design
becomes increasingly complex and critical as the operating
pressures increase. The coupling cannot simply be designed on
its own, since it is an integral part of the pipe and as such
needs to be designed together with the pipe. This is especially
true for composite pipes, since the pipe design has a large
effect on the performance of the coupling.
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5.1 COUPLING DEVELOPMENT

The "U"-type rubber ring used in the victaulic coupling is
ideally suited to seal high pressure pipes. It does not. rely on
anffbolts or other devices to impose the sealing pres~ur" on it.
Instead this seal relies on the hydrostatic pressure to provide
the sealing pressure. '

Figure 5.1 : Hydrostatic rubber seal.

As the internal water pre?gure increases, so the pressare on the

lips of the rubber ring increasges and hence the szealing pressure

is increased. The proposed coupling wils use the hydrostatic

seal for the sealing function.

The axial force must be transferred somehow f£rom one pipe to the
adjacent pipe. Thiz ocours through the coupling, which is built

up on the outsifle of the pipe. Henc: the load path is deflected

outward from the pipe to the coupling and inward to the next pipe
again, as shown in figure 5.2.
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5 .shear};rmc; T S

Figure 5.2 1 Load path in coupling.

Thus there is essentially a shear load on the pipe and the
coupling. This sets up a bending moment in the whole system, as
shown in figure 5.3.

Figure 5.3 : Bending of the pipe and coupling.

Section 2.2.2 described a situation where a flange is either
wound directly onto the pipe or a serrated metal ring is pushed
onto the pipe and adhesively bonded to the pipe. In both cases
there is a distinct interfac-~ between the coupling (flange ox
serrated ring) and the pipe. A shear force occurs at the
interface due to the load being transferred from the coupling to
the pipe.
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Figure 5.4 : Load Cransfsrral from flange to pipe.

A shear stress is set up in the adhesive film between the pipe
and the coupling. The load bearing capacity of the coupling thus
depends on the strength of the adhegive (assuming that the
interlaminar shear strength is higher than the adhealve shear
strength).

The quick-connect coupling described in chapter 2 uses a
different method to transfer the load from the coupling to the
pipe. It utilises a key (steel cable or polypropylene) as the
shear member. This concept is illustrated in the figure 5.5.

| _ e ' "
Figure 5.5 : Load <transferal method of quick-
connect coupling.
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As the load increases a shear stress is set up in the key ({as
well as the coupling and the pipe)}. The load bearing cépacity
of this coupling depends to a large extent on the strength of the
key. However if a steel key is used, then the stiffness of the
key is much higher than the stiffness of the pipe and the
coupling; hence fallure of one or both of these components may
ocecur.

The coupling uses a combination of two methods of load
transferral:

(i) part of the load is transferrsd through adheaive shear
stresszes from the flange to the pipe.

(ii) part of the load is transferred mechanlcally from the flange
to the pipe.

The first flange tested had the croqs~section shown in figure 5.6
below.

Figure 5.6 : Cross-section of Flrst test flange.

The flange was manufactured by wrapping successive layers of
resin impregnated chopped strand mat around a f£ibreglass pipe
which had the step shown above machined into it. Shear stresses
exist in the adhesive along the entire conmtact surface. A "key"
effect is achieved by having the step machined into the pipe.

ot

LA
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The aim of the tapered step was to minimise the stress
concentrations in the corners. Figure 5.7 illustrates the
relationship bhetween the two force components and the angle of
the step.

o
[}
|

L

l{,

(a

(c)

Figure 5.7 : Effect of step angle on force
components.

The problem encountered with this geometry, which was also the
cauge of failure of the flange, was that the force along the
surface of the step (F,) caused excessively high hoop stresses in
the flange. These hoop stresses caused the flange to expand and
eventually slide over the pipe. The results in section 4.2.1
indicate that this flange (TYPE II, figure 4.12) could sustain
a maximum pressure of 9 MPa when used on a pipe wlth an internal
diameter of 50 mm. ‘

One method of increasing the locad bearing capacity of this flange
is to use a different type of glass reinforcement, eg.
unidirectional fibres wound in the hoop direction. This would
strengthen the flange in the hoop direction and would minimise
its expansion, thus making it more difficult for the flange to
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slide over the pipe. It was however felt that the geometry of
the pipe/flange interface needed to be changed significantly in
order to achieve much higher load bearing capacities.

The two other extremes are a flat pipe with no step at all, in
which caze the entire load is transferred from the flange to the
pipe via adhesive shear stresses, and a step with a right angle,
in which case there is a mechanical interaction between the pipe
and the flange (see figure 5.7). Both these cases were examined
experimentally.

The remults show that the combination . . Lout the step (TYPE 1
flange, figure 4.10) is even weaker than the pipe with the
tapered step. Sco although there are no stress concentrations
which can damage the pipe or the flange, this combination isg very
weak because the adhesive iz not strong enough. The type of
failure that occurs with an adhesive joint is a catastrophic
failure. A coupling of this type would show no. signs of
weakening at all. There would be no water leaks to indicate the
onset of failure.

The results for the pipe with a right-angled step (TYPE III
flange, figure 4.14) show a significant increase in load bearing
capacity. This pipe/flange combination failed at an equivalent
internal pressure of 16.5 MPa. Tbe flange was manufactured by
winding resin impregnated ch0ppeaf strand mat directly onto the
pipe, as shown in figure 4.14. The reason for this lay-up was
that it is probably more difficult to shear "through" a layer of
glass reinforcement than to shear this layer off another layer
(ie. interlaminar shear). The mode of failure was not by
shearing "through" the layer of glass reinforcement, as expécted.
A different problem arcse during the manufacturing phase (see
fiqgure 5.8).
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Figure 5.8 : Resin wedge in corner of flange.

Since it is very difficult to lay a coarse chopped strand mat
into such a small corner (step depth is only 2 mm), the entire
corner was filled with resin only. This resin wedge sheared off
the flange, which resulted in a geometry =imilar to that shown
in figure 4.12 (TYPE II flange). This tapered step once again
caused excessively high 'hoop stresses which resulted in the
flange expanding and eveﬁtually slipping over the pipe. 3

S - M - . . - . u.’l - . i
Flgure 5.9 : Photograph of flange expanding and
slipping over step. :
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The next improvement was obviously to get rid of the resin wedgé
50 Lhat premature falluregwould not occur. The lay-up used for
this £lange was basically the same as for the previous flange.
However, glass rovings_were tightly wound intc the cornexs (as
shown in figure 4.16, TYPE IV flange) to prevent a resin wedgs
from forming here. The result was an increase in the load
carrying capacity from 56 kN (TYPE ITI flange) to 65 kN (TYPE IV
flange). This flange failed by crushing of the fibres at the
face of the step. The fibres at the step (in the flange) were
all oriented tranﬁbersely‘to the direction of load'application
and hence were vef@-weak in compression, which is the reason for
their failure?

To increase the performance of the flange, the compressive
strength of the flange in the axial direction was improved.
Since the glass fibres are much stronger ir; compression along
their axis than trausverse to their axis : they need to be
oriented along the axis of the pipe {in the & =p region) in oxder
to increase the strength of - the flange. fﬁjure-4.18.(TYPE v
flange) shows how the unidirectional fibres are laid up in the
flange to transfer the load to the pipe. Two such tests were
performed and in both cases an indrease in load bearing capacity
was achieved. However, in both cases a new failure mode

occurred, and in both cases the pipe failed (interlamilar shear'

and compression), not the flange.

In the £first case (TYPE V flange, test a) the fibres at the face
of the step (in the pipe) failed in compression.
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Rigure 5.10 : Photogr’aijh showing compressive
failure of the pipe (step region). :

Clearly now the'compressive strength of the flange (in the step-
area) was higher than the compressive strength of the pipe.

There is a simple explanation for this. The f£ibres in the flange
were axially oriented (which is also the direction of load
application)'whereas the fibres in the pipe were oriented at an
angle of #55° to the ax@é of the pipe, hence these fibres are
more transversely loaded than axially. sSince the aim was not to
optimise the pipe properties, but to keep the pipe as simple as
possible with one f£ilte orientation only (£55°), the geometry a_ind
lpcation of the step-are'the only variables that were altered.

In the second case (TYPE V flange, test b} the pipe failed by

interlaminar shear, as shown in the figure 5.11 overleaf.
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Figure 5.11 : Photograph showing intgriaminar shear
failure of the pipe. )

Failure here occurred at a slightly higher load than in the first
case. This would indicate that the step in the second casze was
passibiy sl 7htly deeper than ih the first case, thus decreasing
the compresdive stress at the face of the step. Otherwise the
mode of failure should again have been compression of the fibres.
Another useful result of this test is the average interlaminar
shear strength of the pipe which is calculated as follows:

F__F 72,000
A

T ™ e wr

nxdx] T *62 %35 = 10.5Mpa

The previous two tests show clearly that a small change in
geometry, for example a marginally deepened step, can have a
different failure mode as a result. '

After the load has been applied to the coupling, the f_‘té.nga would
have heen compreszsed,; and in the extreme case would have moved
forward relative to the pipe, as illustrated, in the figure 5.12
overleaf,
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figuré 5.12  : ﬁisplacament' of flange after
compression.

After loading a small gap exists at the rear edge of the step.
This indicates clearly that the rear step serves no purpose at
all. It alse shows that in the extreme case the adhesive may
bave failed already, but the load can still be carried by the
step. The step geometry was changed, as shown in the figure 5,13
below.

bafors

offer

Figure 5.13 ; Cross-section of flange showing lay-
up. .

This geometry is simpler to manufacture and allows the load to
follow the path of the fibres more easily since there arxe no



86

sharp corners. The load is thus successfully transferred from
the coupling to inside the pipe. Because the load is now applied
much closer to the centre of the pipe, the tending moment zaused
by the flange is alsc reduced. The tapered area of the step
represents a tubular scarf joint which is more &fficient than a
straight tubular joint. For this test the step was machined
further back from the end of the pipe. 7The purpose of this was
to increase the interlaminar shear area in the pipe. If the
interlaminar shear mode of failure could be induced in the pipe,
then it would be easy to predic the coupling performance.
Fairly high load bearing capacities should be achieved if this
mode of failure is induced.

The new dimensions are shown in figure 4.21 (TYPE VI flange).
Evidently the shear area was increased too much and once again
the pipe failed by compression of the fibres in the step area.
The failed pipe is shown in the figure below.

A P

Figure 5.14 : Photograph showing compressive
fajlure of the pipe (new flange cross-section}.

Another observation (which can be seen as a lightly coloured
pazch on the photo) isg the delamination on the inside of the
pipe. This has probably come about due o the high bending
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moment cause by the flange. It indicates another weak area in

the pipe and could possibly cause. ancther mode of failure, viz.
buckling of the pipe. ' ”

The shear area had obviously been increased too muach in the
previous test, and it was decided to decrease this again. In
addition to this the step depth was increased, thus decreasing
the compressive stress on the face of the step due to the larger
crogs-gectional area. The reason for this alteration was that
the compressive failures had consistently occurred at lower loads
than the interlaminar shear failures. Hence it was desirable to -
induce an interlaminar shear failure in the pipe.

The new dimensions are shown in figure 4.23=(TYPE VII flange).
The fibres wound in the hoop dlrection (circles on the diagram)
prevent the flange from expanding at the back. As can be seen
from the results, failuve occurred at a load of 70 kN, which is
equivalent to the force produced by an internal pressure of 20.6
MPa (for a pipe outside diametar of 66 mm). This is very close
to the previous result where the pipe failed by interlaminar
shear, However neither of the previous two failure nodes
pceurred here. In this case the pipe failed by buckling. The
buckling occurred on the inside of the pipe, and is visible as
a lightly coloured delaminated patch on the photograph in figure
5.15.
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Figure 5.15 : Photograph showing a buckling failure
of the pipe (lightly coloured patch on the insgide
of the pipe).

This type of failure can come about due to very high bending
moments set up in the pipe by the flange. If the pipe wall is
thin or if the flange is very large {and hence the load is
applied far from the centre of the pipe), this bending moment can
eagily cause failure in .he pipe.

To further increase the strength of the coupling the pipe was
strengthened in the hoop direction to prevent buckling (TYPE VIII
flange, figure 4.25), For this purpose a 3 mm.deep step (rather
than a 2 mm deep step) was machined int» the pipe, as in the
previouz test. The unidirectional fibre reinforcement was wound
perpendicular to the axis of the pipe to a thickness of
approximately 0.5 mm. The remaining construction of the flange
was virtually identlcal to the previous flange. ‘The results
showed a slight increase in the load bearing capacity to 75 kN,
which is egquivalent to an intermal pressure of 22.0 MPa. This
was the highest load obtained £for a GRP pipe/CGRP flange
combination. The mode of failure here was.buckling of the fibres
on the inmide of the pipe.

Five other tests were performed for comparative purposes. These
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tests involved both GRP pipes with a mild steel flange attached
to them and steel pipes with a GRF flange attached to them. The
first of these pipes had a simple rectangular step machined inte
it (figure 4.27, TYPE IX flange).

The dimensions of thls step ar$ the same as\in the TYPE III
flange. The flange was machine& from mild ste@l and was in the
form of a split ring. The two halves of the flange were fitted
over the pipe and held togethar by means of a hose clamp. The
pipe in this test failed by interlaminar shear and the load
obtained (75 kW) was 4% higher than the load obtained for the
equivalent test using a GRP fimhge. This difference is most
probably due to a elight difference in the size of the steps
(inaccuracy in the marhining process) '

In the second of these tests the mild steel £lange was adhesively
bonded to the pipe using a scarf joint (figure 4.29, TYPE X
flange). A taper of 6° was machined into the pipe, with the
steel flange having a matching taper. This contact area forms
the scarf joint.
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Figure 5.16 : DPhotograph showing the ‘tapered
section which makes up the scarf joint.

The strength of this joint is derived solely from the strength
of the adhesive. The scarf joint is inherently a very strong and
efficient joint, as described in section 3.3. This can be seen
from the very high load that was obtained (82 kN). An important
feature of the mode of failure of this coupling is that it is 2
catastrophic failure, ie. the 1locad carrying capacity
instantaneously drops to zZero when the adhesive fails. There are
no warnings that indicate the onset of failure.

The next geometry tested (TYPE XI, figure 4.31) is virtually
identical to the previous one, with the eXxception of an
ac.itional strap joint (tubular lap joint) on the outside. This
joint is made by simply wrapping successive layers of resin-

impregnated glass reinforcement around the cutside of the pipe

and flange. This effectively increases the area over which
bonding takes place. Two tests were performed with this
gecometry, and two completely different results were obtained,
In the one test the highest load (93 kN) of all the tests was
obtained. This load is equivalent to the load caused by an
internal pressure of 27.4 MPa. In the second test one of the
lowest loads (50 kN)} was obtained. The cause of this was perhaps

TN
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that the adhesive joint was not'properly prepared (it was either
dirty, or the tapered surfaces did not match properly). These
two results indicate that this type of joint is very unrelizble.
Extreme care has to be taken toc prepare the joint properly, and
even then cne cannot guarantee a strdng joint.

In the last two tests a steel pipe was used, which had the step
machined into it. In one case the flange was made from chopped
strand mat (TYPE XII, figure 4.34) which was laid up directly
onto the pipe. The highest load of all tests was obtained here,
viz. 105 kN, which is egquivalent to an internal pressure of 31
MPa. Due to the high stiffness of steel compared to GRP, the
gtress concentration at the step occurs in the pipe and not in
the flange, as can be 8een in the finite element model in figure
4.43. The flange, which had the fibres axially aligned at the
step, failed due to compression of the fibres at the step. The
steel pipe is also able to resist the bending moment imposed on
it by the flange and hence the buckling failure dos not occur.
The effect of a high strength, high stiffness material in the
pipe/flange assembly can be seen here, viz. an increase in the
‘load bearing capacity.

In the last case (TYPE XIII flange, figure 4.36) the flange was
made from a bulk moulding compound (BMC) with short fibres (6 mm
length} oriented in all directions. However due to the low glass
content {approximately 20% by mass, compared to 35% for the
chopped strand mat flange) the load bearing capacity was
accordingly lower at 75 KN, which is equivalent t& an internal
pressure of 22 MPa. ' ;

The remainder of the coupling is as described iln chapter 2. A
cylindrical split ring clamps around the flanges on adjacent
pipes. The hydrostatic rubber seal is located between the pipe
gsurface, the edge of the flange and the inside of the split ring
(see figure 5.17).

[ ———
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Figure 5.17 : Cross-Sectioh Chrougk one half of the
GRP coupling. :

- The two halves of the split ring are held together by a thin GRP'
sleeve,

The critical area of the coupling is the connection of the flange
to the pipe, ie. the interface between the flange and the pipe,
because the load is transferred across this interface. The size
of the split ring and the external sleeve can easily be increased
to accommodate an increase in the load, whereas there are
geometrical limitations on the interface, eg. the depth of the
step cannot be increased indefinitely to decrease the compressive
stress.



93

5.2 FACTORS AFFECTING THE COUPLING PERFORMANCE

There are evidently three different modes of failure of tha pipe:

» compressive failure of the fibres on the face of the step.

» interlamipar shear failure where a thin cylinder (thickness of
the step) shears off the pipe.

» buckling failure on the inside of the pipe.

These three modes of failure are closely related to the depth &

of the step and its distance 1 from the end of the pipe (see

figure 5.18 below).

. Figure 5.18 : Step depth and Shear length which
affect coupling performance.

In general, an increase in the depth of the step £ decreases the
possibility of the fibres £failing in compression, since the
cross-sectional area of the step increases and conseguently the
compressive stress decreases. As the distance I of the step from
the end of the pipe decreases, so the interlaminar shear area
decreases and the possibility of an interlaminar shear failure
increases. These tendencies occur if the pipe is the component
that fails, not the flange. This is ususlly the case, because
the flange can be made much stronger in compression than the
pipe, since the pipe's fibres are oriented at an angle to the
direction of load application (hence the compressive strength is
nuch lower).
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The buckling failure depends on various variables. If the flange
is excessively thick, ie. if the load is applied too far away
~ from the centre of the pipe, then a very high bending moment i
set up in the pipe and a buckling failure nay result. Also, if
the step is very deep, then the pipe strength i1s reduced
considerably and a buckling failure may result. Hence there is
obviougly a limit to the depth of the step. Naturally, if the
stép ig very close to the end of the pipe, then the pipe may
still fail dve to interlaminar shear, even if the step is very
deep.

The three modes of failure can be shown in terms of the step
depth t and step length I in the form of a failure mechanism map.

COMPRESSION

INTERLAM.
SHEAR,

BUCKLING

Figare 5.19 : Fallure meGhanism map Of the GRP pipe
and coupling.
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Three different regions are shown in the figure. These regions
repregent the different modes of fajlure that can occur in the
pipe:

» compressive failure of the fibres on the face of the step.
This failure mode results in a slow decrease in the load
bearing capacity, and will show signs of failure by weeping
or leakage. If failure should occur, then this is a
degirable mode of failure, since there are warning signs and
the necessgary precautions can be taken.

» interlaminar shear faillure of the pipe. This is a
catastrophic failure since the load bearing capacity drops to
zero ingtantaneously; hence this mode of failure is not
degirable.

» - buckling failure on the inside surface of the pipe. This is

~ also a gradual mode of failure, since the load bearing
capacity decreases =lowly. Warning signs (such as weeping)
of an impending failure may be visible; hence this is also a
desirable mode of failure. ' '

It appears as if the highest loads are obtained if all three
failure modes are just about to occur. In this instance the
optimum relationship between step depth, pipe wall thickness and
the distance between the step and the end of the pipe is
achieved. Only a slight increase in the step depth would cause
the pipe to fail due to buckling, or, by moving the step closer
to the end of the pipe an interlaminar shear failure would be
induced.

Line 'A' represents a case of constant step depth t where shear
failure will occur if the shear length ] is not too large. With
an increase in shear length, the tendency i1s towards a
compressive failure {compare types V(b) and VI in section 4.2.1).

Line 'B' is a case where the step depth is fairly deep. The
initial mode of failure here is alsc interlaminar shear. However
as the shear length is increased the tendency is towards a
buckling failure.
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Lines 'C' and 'D' both represent cases where the ghear length is
kept constant. The initial mode of failure for a very shallow
step is compression of the fibres on the face of the step (for
both case 'C' and 'D'). As the step depth is increased, the mode
of failure changes to either an interlaminar shear failure (as
in case 'C' where the shear length is fairly short) or to a
"buekling fallure (as in case 'D' where the shear length is fairly
long).

Points '1' and '2' on the above figure represent a case of the
TYPE V flange {shown in figure 4.18). Two tests with this flange
were done and in both cases a differept failure mode resulted.
In one case failure was due to compression of the fibres at the
face of the step, in the other case tailure was due to
interlaminar shear of the pipe. The step geometry of these pipes
was virtually identical (there may have been very slight
dufferences due to machining). This shows how in some cases two
different fa'\lure modes are just about to ocecur, and it is hence
difficult to predict the mode of failure in =ome cases.

Point '3' on the above figure represents a case of tlhe TYPE VI
flange {shown in fiqure 4.21). Clearly here the distance between
the step and the end of the pipe is too large for interlaminar
shear to occur, and the thickness of the pipe at the step is
still great enough to resist huckling.

Points '4' and '5' on the figure Above represent a case of the
TYPE VIIL and TYPE VIII flange (shown in figures 4.23 and 4.25
respectively). In this cage the step depth is deep enough {ie.
the cross-sgectional area of the step is large enocugh) to decrease
the compressive stress so that this mode of failure will not
occur. The pipe's thickness at the step has been decreased too
much so that a2 buckling fallure has resulted.

It is apparent from the figure that there is a "cut-off" point
(marked point 'E'}. At this step depth £ an increase in the
length I will have no further effect on the failure modes. Only
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a slight variation in the step depth t will swing the failure
mode from a compressive failure to a buckling failure or vice
versa. Another interesting point is marked 'F' on the figure.
Here the remaining pipe wall thickness is negligible. Depending
on the length 1 either a buckling failure or a shear failure may
regult. The lead bearing capacity of the coupling will obvi: 1
be negligible in this case.

The previous figure will change if the flange has a different
thickness. An increase in flange thickness will have as a result
a larger bending moment in the pipe; and hence buckling will be
the primary mode of failure. A change in material properties
will also affect the relationship between the three failure
- modes.

To achieve the highest possible load, the flange's and pipe's
stiffness must be as high as possible.. Since the pipe's
stiffness iz determined by the fibre orientation during the
filament winding process (and is constant for these experiments),
the flange mugt be made at least as stiff as the pipe. The
critical area here is at the face of the step, not the entirs
flange.

For this reason the fibres onm the inside of the flange are
aligned with the pipe axis, since they have the highest stiffness
in this direction. These unidirectional fibres now have the
shape of a cone which has little strength in the radial and hoop
directions. The purpose of the rovings wound in the hoop
direction over this cone is hence to strengthen the cone in the
hoop direction., The remaining part of the flange 1z not highly
stressed and can easily be made up from chopped strand mat.

From the results it can be seen that in all cases where the above
lay-up sequence was used for the flange, the strength and
stiffness of the flange were high enough to prevent failure of
the flange. Virtually the same loads were obtained as for the
gteel flange (TYPE IX). The small difference in the ultimate



a7

a slight variation in the step depth t will swing the failure
mode from a compressive failure to a buckling failure or vice
versa. Another interesting point is marked 'F' co the figuvwe.
Here the remaining pipe wall thickness is negligible. Depending
on the length I either a buckling failure or a shear faiiure nay
result. The load bearing capacity of the coupling will obviously
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modes. '
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stiffness is determined by the fibre crientation during the
filament winding process (and is constant for these experiments),
the flange must be made at least ag stiff as the pipe. The
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For this reasor the fibres on the inside of the flange are
aligned with the pipe axis, since they have the highest stiffness
in this direction. These unidirectional fibres now have the
shape of a4 cone which has little strength in the radial and hoop
directions. The ,urpose of the rovings wound in the hoop
direction over this cone is hence to strengthen the cone in the
hoop directicon. The remaining part of the flange is not highly
stressed and can easily be made ap from chopped'strand mat.

Fron the results it camn be ssen that in all caseg whers the above
lay-up sequence was used for the £lange, he strength and
stiffness of the flange were high encugh to prevent faiiure of
the flange. Virtually the same loads were obtained as for the
steel flange (TYPE IX). The small difference in the ultimate .
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load can be attributed to slight inaccuracies during machining
of tke gstep.

The maximum load obtained for this type of flange on a filament

wound pipe (& 55° fibre orientation) with an inside diameter of

50 mm and an outside diameter of 66 mm is 75 kN. This leoad is

equivalent to the load caused by an internal pressure of 22 MPa.

Given the present materials, there are two ways of increasing the

load bearing capacity: ‘ |

» decrease in flanoe thickness: this will cause the load to be
applied closer to the centre of the pipe and will hence
decrease the bending moment set up in the wall of the pipe.
However the Elange thickness cannot be decreaged inde‘ nitely,
since the actual coupling stlll has to clamp around tlL. ianges
on adjacent pipes. A small flange will have a high centact
stress and will in turn cause a high contact stress on the
coupling.

» increase in pipe thickness: +the pipe's thickness only needs
to be increased at the ends where the flanges are located., An
increase in the wall thickness means that the step depth can
b increased without affecting the hoop strength of the pipe.
Thus the buckling strength of the pilpe as well as the
compressive strength at the face of the step can be increased
simultaneously. However an increase in wall thickness also
increases the distance between the pipe axls and the line of
load application. Thus an ipr.sase in wall thickness hrings
with it an increase in the bending moment.

The interlaminar shear failure is a catastrophic failure. The
load bearing capacity of the coupling drops to zero virtually
instantaneocusly. This type of failure is in most cases
undesirable from the point off view that there are no previous
indications of an impending failure, and hence no precautions can
be taker;. The compressive and buckling failures however are very
slow fallures, ile. the load bearing capacity decreases very
slowly as faillure of the pipe cccurs. In these cases the pipe
would most probably start weeping and the coupling would start
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leaking before there is a drastic decrease in load bearing
capacity.

As can be secn from thé results the TYPE X and PYPE XI flanges
cbtained the highest strengths. The high strength can be
attributed mainly to the high efficiency of the scarf joint,
which was used to bond the flange to the pipe. This flange
obviously had no problems with shear failures, since the shear
strength of mild steel is an order of magnitude greater than the
interlaminar shear strength of GRP. There is also no risk of the
flange gection buckling (at least at thesa small diametes). The
high stiffness of steel aids the performanve of the adhesive
joint, since there are no large strains in the adhesive. This
joint can unfortunately not be reproduced in GRP due to the
anisotropic material properties and the low stiffness.

A major problem oceurs if this type of joint (TYPE X and TYPE XI)
is not properly prepared. This is clearly visible by the two
results of the TYPE XI flange; one test yielded a load bearing
capucity of 93 kN, the second test only 50 kN. Premature failures
can easily come about ii slightly aged adhesive is used or if the
surfaces are slightly dirty. It is impossible to tell in advance
i1f thiz joint is stroner or not. The fact that the failure ig
also a catastrophic failure (as in the interlaminar shear
failure) is another disadvantage of this type of ecoupling.

The results obtained from the experiments are only valid for this
specific pipe size. gince the end thrust in a closed,
pressurized pipe is proportaional to the square of the diameter
(F o« 6%, the stresses in the pipe would soon exceed the
material's strength if the pipe diameter is increased too much.
There is very little that can be done about this. To a certain
extent the pipe's thickness could be increased to increasc its
strength. However this would most likely be very uneconcmical.
As vas shown in the section 3.3 on adhesive stresses, the
gtrength of a tubular adhesive joint can be increased to a
certain extent by increasing the length of the joint. Thereafter
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‘an increase in strength can only be achieved hy increasing the
diameter of the pipe, and this is very uneconomical. This is one
of the many reasons why high preossure plping is limited to small
diameters (this is also the case for steel pipes).
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5.3 CORRELATION BETWEEN EXPERTMENTAL AND THEORETICAL RESULTS

The results of the finite clament analysis correlate well with
_the experimental results. The figures 4.44 to 4.46 (GRP pipe
with GRP flange) clearly show two regions where elevated stressas
occur. One region is the stress coneehtration at the face of the
step, the other area i=m on the inside of the pipe directly in
line with the step. The two figures below superimpose the stress
contours from the finite element analysis on a photegraph of the
plpe/flange cross-section. In the £irst case shown the pipe
failed by compression of the fibres at the face of the step. In
the second case the pipe failed by buckling on the inslde
surface,

."“: B ..’: . :.& 'at. o ;. v 1 B0 ) F o -- : "f}‘:,;
Figure 5,20 : FPhotograph of pipe and £lange
superimposing the axial stress contours.
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Figure 5.21 : Photograph of pipe and <{flange
superimposiny the hoop stress contours. -

The stress contours imposed on the first photograph (fig 5.20)
are the axial stresses in the pipe and the flange. On the second
photograph (fig. 5.2%1) the hoop stresses are superimposed.

In figure 5.20 two stress concentrations of approximately equal
magnitude are clearly visible - one in the flange and one in the
pipe. The load applied on the f£lange in the finite element model
in this case was 65 kN, which is the load at which the pipe
failed experimentally (TYPE IV flange).  The axial compressive
stress at the face of the step ranges from approximately 40 MPa
to 100 MPa (see Ffigure 4,44). The fibres in the flange can
resist this stress since they are directly in line with the
applied force. However the fibres in the pipe are not aligned
with the forcve; they are oriented at an angle of *#55° to the line
of force and are hence much weaker in compression. The average
compressive strength of the pipe (80% glass content by mass, 20%
epoxy resin by mass) is approximately 250 MPa. Using the
Classical Lamination Theory the compressive strength for such a
laminate, with the fibres oriented at *55° to the leading axig,
is founl to be 90 MPa. whis is in the range of stresscs
predicted by the finite element analysis at the face of the step. '
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Hence'the possibility of a compressive failure in the pipe is
evident from figure 4.44.

Figures 5.2% and D.l show that the houp stresses below the step
change from tensile to compregsive. The buckled failure region
on the inside of the pipe colnecides with these stress contours.
The hoop stresses are due to the bending moment set up by the
flange. '

The results obtained are only valid for pipes with an internal
diameter of 50mm and a wall thickness of 8 mm. The eguation
governing the endload is

Fmloglep

where F is the ultimate load, P is the constant internal pressure
and 4, is the outside diameter (the outside diameter iz used
because the seal 1s located on the outside of the pipe).
Acoording to this eguation the endload increases with the sguare
of the diameter. ‘

The area A, of the step over which the compressive force is
applied is given by

A, = 2+ (df-d?)

and the interlaminar shear area given by
Ay =med,d

where d_ is the diameter measureu to the bottom of the step «nd
I is the length of the shear area. The relationship between the
two diameters is

d, -~ d,-k -



104

where %k is a constant.

Thus the areas A4, and A can be written as

A, = %% (2d,- k)
Ay, =w(d,-k) 1

Clea'rly the area:a increase with an increase in diameter (but not
 with the sguare of the diameter as is the case with the endload).

This explains why high pressure pipes mnormally have small
diameters. A coupling'may work well on = small pipe at a high
pressuze, but will fail if the pipe diameter is incressed too
much. ' -
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5.4 PERFORMANCE PREDICTION USING THE FINITE ELEMENT METHOD

Two different flange/pipe combinations wers modelled using the
NISA I PC finite element software. These two combinations are
shown in figure 5.22.
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Figure 5.22 : Flange/pipe combinations modelled @
using NISA IT PC. ?

By introducing the model with the steel pipe, the effect of the
steel's high stiffness on the performance of the coupling can be
shown clearly. This can be correlated with the experimental
results.

Initially a coarse grid was used for the model. This gave an
indication of the stress pattern, and any stress concentrations
could then be identified. The mesh was then refined in areas
where there was a stress concentration, to obtain a more accurate
result and to show how localised the stress really is. The final
mesh is shown in appendix C.
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For all models axisymmetric solid elements were used. These
elements may be used with orthotropic material properties [REF.
71, which is sufficient for the pipe and flange., The material
properties used for the theoretical analysis are listed in the
table below. They were obtained from previous tests done on
these materials [REF. 8].

rable 5.1 : Material properties used in FE analysis

© Filament Hahd laid—up Bteel pipe
wound pipe flange
(£55°)
Ex [GPa] 6.5 5.6 200
Ey [GPa] 10.8 | -~ 10.0 | —
Ez [@Pa] - 17.8 10 o —
I Gry [GPa] 4.0 3.8 —
Gyz [ePa] 9.4 - 4.0 " -
Gxz [Gpal | 6.6 T 3.8 ——
v 0.35 0.32 0.3

These material properties apply for a chopped strand mat flange
and a filament wound pipe with a fibre angle % 55° to the axis
of the pipe. The axis-system (as regquired by the finite element
software) is as follows:

» X-aXis is through-thickness

» y-axis is along the axis of the pipe

» g-axis ig along the circumference of the pipe.

For simplicity these properties are assumed to be censtant
thtoughout the pipe and the flange. ' '

T ot N =
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Figure 5.23 :Section of the tesSt specimen modelled
using the finite element technique.

The test specimen, as well as being axi-symmetric, has another
axis of symmetry at the middle of the pipe; hence only one half
of the pipe needs to be modelled. The model is constrained in
the axial direction or one side. It is however free to contract
or expand in the radial direction. The load is applied as a
pressure P on the face of the flange. This simulates the
experiment where the tensile force is applied in the form of a
distributed load over the face of the £lange by the split backing
rings. The pressure P is related to the internal pressure P, as
follows: '

Pap L

where A, is the cross-sectional area of the pipe ({this is the
arcss—-gectional area up to the outside of the pipe) and 2 is the
cross—-sectional area of the flange.

To model the experiment as accurately as possible, the finite
element model must exsentially consist of two separate parts: the
flange and the pipe. Initially the flange and the pipe are
adhesively bonded together. As the load iz applied, a certain

i
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deformaticn takes place in the flange as this gets compressed
against the step in the pipe. |

Figure 5.24 : Deformation of Eflange after
compression.

In the extreme case the adhesive fails entirely and there is only
the mechanical interference at the step. Tha model catered for
this case in that it allowed the flange to move freely in the
axial direction, except at the step. This is shown in figure
5.24 above. The flange is also allowed to expand in t'.» radial
direction.

The element meshes used for the finite element models are shown
in appendix C. As mentioned earlier a refined mesh is used in
the region of the step to cater for very localised stress
concentrations. A further refinement in the GRP pipe/GRP flange
model is the use of triangular elemenits at the front of the step.
These elements help to model the small radius in a sharp corner
due to the machining process. The force used in the each of
these theoretical analyses is equivalent to the ultimate load
obtained in the relevant experiments. The results obtained from
these analyses were already discussed briefly in the previous
chapter. The stregses predicted in the relevant failure regions
(these regions were visible on the test'specimens)-corraspond
fairly well to the material failure stresses,

- . e et e e . e e T m b e
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Model of GRP pipe with GRP flange

The compressive strength of a GRP laminate with the filbres
oriented at #55° to the loading axis was found to be

approximately 90 MPa (using the Classical Lamination Theory)[

This iz in the region of the compressive stresses predicted by
the theoretical analyzis at the front of the step.

The shear streszs in the GRP pipe (figure D.2 in appendix D) is
very high and lscalised in the corner at the bottom of the step.
Thiz is an area where a crack can be initiated. The crack will
however not grow perpendicular to the stress contours, as it
would in an isotropic material. Since a laminate is a layered
material with a distinct interface between each layer, the crack
will te’d to grow along one of these interfaces. This mode of
fajluré is referred to as interlaminar shear. The interlaminar
shear strength of the filament wound pipes used in the
experiments was found to be approximately 10.5 MPa. This value
is close to the average shear stress (in the region of 7 MPa) in
the end of the pipe as obtained from the theoretical analysis
(see figure D.2).

In figure D.1 the increase in the hoop stress at the front of the
flange can clearly be seen., This increase is due to the bending
moment caused in the pipe by the flange. In figure 4.44 (axial
gtresses) there is an indication of an increase in compressive
stresgses on the inside of the pipe directly below the step, and
aleo slightly infront of the step. These stress contours
coincide with the failure regions of the buckled pipe. Although
the particular pipe/flange combination that was modelled here did
not fail by buckling, this failure mode was nevertheless
imminent, as can be sean by the'lightlywcolﬁﬁred delaminated
patch on the inside of the pipe in figure 5.14.

The close correlation of the theoretical and experimental results
shows that the finite element technigue ~an be used as a tool teo
predict failure in fibreglass pipes.

:
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Model of steel pipe and GRP flange o

The same mesh was use? for the tsteel pipe/GRP flange combination.

The axial stresses a. shown in figure 4.43. There is a very
localised stress concentration on the surface of the plpe at the
step. The stress concentration that was present in the flange
in the previous modei . (GRP pipe/GRP flange) has virtually
completely disappeared. *his is due to the high stiffness of the
steel pipe (the stiffness of steel is one order of magnitude
higher than the stiffness o£:GRP). Since the steel has such a

high stiffness and also a high shear strengt®. it will not fail

easily due to buckling, compression or shearing. The fact that

the stress cencentration has been transferred almost entirely to
the{steel means that the load bearing capacity can be increased.
The experiment yielded an ultimate load of 105 kN, which is
considerably higher (60%) than the equivalent test using a GRP
pipe. . ' '

Model of GHP pipe wit? “oguble GRP flange

Figure 4.40 shows & double flange ﬁrrangement. This analysis was
done to establish the effect of two flanges on the load bearing
capacity. o

A very coarse mesh was used. The material properties in this
case were taken as simply i=sotropic, which is acceptable for a
first estimate. The axial stresses are shown in figure 4.41.
Here it is clearly visible that the entire stress concentration
occurs at the back step. The front step serves no purpose
whatsoever, since by this stage virtually the entire force has
been transferred to the pipe already. The conclusion of this
analysis is that nothing is gained by using two steps. The only
thing that happens practically is that the size of the coupling
ig increased.
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Th aite element technique seems tc work well for some cases
and it has been validated for this purpose as being a useful and
reliable towl to predict stressaes, it can possibly be used to
model those pipe/flanges configurations that are too involved to
test experimentally. In particular, the finite ¢lement model can
easily ba used to simulate pressure loads that would oceur in
practice, whereas axperimental hydrostatic pressure testing at
such high pressures is fairly involved.

Yo be able to compare the pressurised model to the uﬁ-pressurised
model, the axial load on the interface between the flange and the
pipe is kept constant, ie. 65 kKN. The constraints omn this model
were changed considerably. Instead of the end of the pipe being
‘a¥izlly constrained, the one side of the flange iz now
constrained, as shown in figure 5.25.

iy
&

Figure 5.25 : CONSLIALiNCs in the pressarised model

Figure 5.28% shows that the intarnal pressure acts over the entire
cross-sectlonal scea, a2 well as inside th- "U"-seal which is
located on the outside of the pipe. Clearl, t2 pregsure inside
khe seal has no effect on the axial endload (and hence on the
axial force on the interface) since it is acting directly through
the flange onto the constraints. Hence the prassure acting over
the cross-sectional area of the pipe only must cause the required




i

HR

B - . S ' i "_Ei___;__.-i..__

112

endload of 65 kN, The reguired presgure P is thus calcoulated as
follows: |

where F is the endload and A i the cross-sectional ared to the
outside of the pipe., Using this equation the required pressure
is found to be 19 MPa. Figure 5.26 shows how this pressure is
applied on the model.

LB Ei
3= -
R AR EARARR

p

Figutre 5.26 : Loads applied to the finite Element
model. .

The internal presgsure iz applied through the seal to the outside
of the pipe and the end of the flange. This causes compressive
stresses in both the flange and the pipe. The pressurxe acting
across the wall thickness of the pipe is applied as such and
causes part of the axial load. The pressure acting axially om
the inside of the pipe is applied as a force F, on the end of the
pipe. The force F; is computed as follows:

Fj L P'Az
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~where A, is the cross-sectional area on the inside of the pipe.

Lastly, the internal pressure actsg radially outwards.

The figures 4.45 and 4.46 show the axial and hoop stresses
raegspectively of the pressurised model., Some differences exist
batween these rezults and the results for the un-pressurissad
model. Due to the additional pressure on the flange, the axial
stresses have become more compressive, as expected. The moment
caused by the flange is increased due to the pressure acting

. inwards through the seal. However the pressure acting radially

tends to counteract this moment. The hoop stresses on the inside
of the pipe are no longer compressive, but tensile stresses,
This means that in this case buckling is no Jlonger a problem.

However the pressure has introduced another stress concentration
in the pipe and the flange at the face of the step. High axial
compressive stresges act here, predominantly due to the pressure
acting axially on the pipe wall. The stresses are considerably
higher than in the un-pressurised case.

Pressurisation ocbviously has the effect of increasing the axial
compressive stresses and decreasing the hoop stresses. Thus a
different design approach should be taken for a preassurised pipe.
To minimise the possibility of a compressive fibre failure, the
step depth should b: increased to increase the step's cross-
sectional area. Although this may increase the possibility of
a buckling failure (according to figure 5.49), this is to a
certain extent not a problem since the compressive stresses have
been decreased significantly by the internal pressure.

If the step depth was to be increaged by 50% fo 3 mn, the cross-
sectional area would be increased by 48% . 'The compressive
stress would consequently be decreased by approximately one
third. Hence they would be in the region of the compressive
axial stresses of the un-pressurised model. The hoop stresses
would naturally increase. However the general streus pattern
would be very similar to the un-pressurised case. '
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This means that with a few changes in the step dimensions a very
gimilar load bearing ca.pacity can be wthieved as in the normal
tensile case.
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3.5 GENERAL CCRSIDERATIONS

With a thin flunge attachad o the pipe (as is the case with all
the configurations), various methods of joining adjacent pipes
are possible. A split collar could be used as a backing flange
(simllar to the split ring used in the tensile test) with tie
bolts holding the pipes together. Variocus sealing methods could

be used, as discussged in chapter 2.

The coupling and sealing method which is suggested as being the
best is shown in figure 5.27.

)

Figure 5.27 : Selected coupling and sealing method,

The hydrostatic rubber "U"~seal has been proved to be a very
reliable seal and is currently being used with the Victaulic
coupliug to join steel pipes. One pre-requisite for thiz seal
is that the pipe surface must be smooth, otherwise water can
penetrate underneath the lips of the seal. This would have an
adverse effect on the sealinyg capability.

Since it is desirable to have the entire cottpling made from GRP,
it was decided not to use auy bolts. The danger with using bolts
is that they can easily be overtightened. GRP can be damaged
easily in this manner and may crack.
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The coupling shonld be easily and quickly installed. For this
reason the split ring is suggested. The two halves are simply
clamped over the adjacent rwo flanges (of the adjacent pipes) and
the sleeve is slid over the split ring to hold it together. Un-
coupling the pipe ig the reverse of this process: the outer
sleeve is glid off and the two coupling halves fall apart.

As was mentioned earlier, the strength of the coupling depends
on the strength or the interface between the pipe and the actual
coupling (in this case it is the flange). 'This is also the
limiting factor in the coupling design, since the interface
cannot be made infinitely strong. The split ring on the other
hand can always be increased in size to take the loads imposed
on it.

One problem is envisaged, hewever, and that is that the fibres
at the end of the pipe are exposed to ths water. This is an area
where the water can easily penetrate into the laminate under high
prassures. Degradation of the laminate could start here and bhe
- the cause of weeping. Thus the pipe should be sealed somehow.
In the TYPE X and TYPE XI flanges this would not be a problem
since the steel flange extends up to the inside of the pipe and
there are hence no exposed fibres. It might prove necessary to
line the entire pipe with a thermoplastic liner (eg. PVC or
polypropylene) to seal the inside of the pipe properly. (The
need for this lining can however only be established through
extengive testing). If the pipe is lined on the ingide, then the
liner can be extended over the end of the pipe and the exposed
fibres can be sealed.

This coupling {shown in figure 5.2%) satisfies most of the
requirements laid down in section 1.1. One drawback of this
coupling is that it does not permit angular or axial movement of
the pipes. Any angular movement could possibly damage the
coupling, although watertightness is not necessarily lost
immediately.
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One requirement was that the pipe's longitudinal strength at the

‘joint should be at least equivalent to the remaining pipe's

longitudinal strength. This 1s difficult to achiseve in a GRP
pipe {due to its anisotropic material properties and due to the
fact that it is a layered material). By introducing the
coupling, the stresses in both the flange and the pipe are
increased significantly, which may cause the pipe to fail
prematurely by a failure made not related to the longitudinal
strength of the pipe. Hence this requirement is difficult to
achieve.

This coupling is nevertheless oasily and quickly assembled and
disasgembled in limited working space, and with the minimum of
individual adjustment; The coupling also maintains the constant
internal diameter, so that the build-up of deposits does not
occux, It is a "sexless" coupling, which has important
advantages in confined spaces where the pipes cannot be turned

~aronnd 1f they are oriented in the wrong direction.

On pull-wound pipes this coupling might be stronger thap on
filament wound pipes. The filament winding process creates a
pipe with constant material properties throughout the pipe wall.
The pull-winding process on the other hand has distinect layers
with different material properties, ie. in one layer the fibres
might be axially aligned giving this layer a high axial
compressive stréngth, whereas another layer might have £fibres
aligned in the hoop direction giving this layer a high hoop
strength. Thus the fibres in the step region (in the pipe) might
be axially aligned, giving'the step a higher compressive strength
than in the filament wound pipe. This would result in a higher
load bearing capacity.

Naturally the filament wound pipe could also be taillored in the
step region (by aligning fibres at a different angle than *55°)
to take acrount of the loads imposed on it by the coupling. This
would however require the use of a sophisticated filament_winding
machine, in order to achieve varying winding angles in the pipe.



1
4

i {0

118

S CONCTIUSTONS

Figure 6.1 ghows four of the pipe/flange combinations that ware
tested. '

GRP
Rp —— | ()
[erP |
(b) STEEL
. |STEEL]
GRP —— (c)

() GRP ™~ STEEL

Figure 6.1 : 3 pipe/flange combinations that were
tested,

1) The maximum load obtained with a GRP pipe and GRP flange was
75 kN, which iz equivalent to an internal pressure of 22 MPa (see
figure 6.1(a)). This result is wvalid for a pipe of 50 mm
internal diameter, 8 mm wall thickness and a fibre orientatiot.
of £55°, The pipe was made from E-glass fibres impregnated with
epoXy resin, and the flange was made from E-glass fibres
impregnated with polyester resin. The pipe and the flange have
equivalent stiffnese:s.

2) Three modes of fallure can occur if a GRP pipe and GRP flange
are used: compressive fibre failure, buckling failure and
interlaminar shear failure. Tke compressive and buckling
failuree are slow failures and will cause weeping of the jodint.
The interlaminar shear failure is a catastrophic failure im that
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the entire joint shears off instantaneously.

3) The maximum load cbtained for the steel pipe with the GRP
flange (figure 6.1(b)) was 105 kN, which is equivalent to an
intarnal.pressufe of 31 MPa. The high strength of this joint can
be attributed to the high stiffness of steel, which allows it to
accommodate most of the load. Tt also shows that by tailoring
the flange a high strength and stiffness can be achieved. If the
GRP pipe {see point (1) ak~ - had been tailored, then a higher
load bearing capacity would 'so have been achieved in this case.

4) The high strength of the GRP pipe with the steel flange (75
kN, figure 6,1(c)) can also be attributed to the high stiffness
of steel. 1In this casge however the pipe was not tailored in the
step region for this loading condition, and hence it failed
earlier than the combinatic: (3) above.

5) The méximum load obtained for the steel flange bonded to the
GRP pipe by means of a scarf joint was 93 kN, which is equivalent:
to an internal pressure of 27 MPa. The performance of this
coupling can be attributed to the high performance of the scarf
joint, Extreme care must be taken when making the joint to
ensure that the surfaces match properly, otllerwise premature
fajlure may occur (as in the TYPE XI (a) flange). The mode of
failure is catastrophic as in the case of the interlaminar shear
failure. '

6) The stiffness of each component (pipe and flange) has a marked
effect on the overall performance of a GRP coupling. An increase
in stiffness brings with it an increase in load bearing capacity.
Since the pipe was not tailored and hence its stiffness remained
constant throughout the experiment, this effec’ “*s limited. 1In
thig casge the flange was much stiffer than the GRP pipe, and
hence the pipe -ws th~ memiber that always failed. The mode of
failure however depended to a certain extent on the stiffness of
the flange.
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7) The finite element technique is useful in predicting pipe and
coupling performsnce. It was successfully used to simulate the
experiment, and was able to predict the mode of failure of the
pipe. '

8) The results are only valid for 50 mm pipes with a wall
thickness of 8 mm. Since the endlcad increases quadratically
with the diameter, the pressure capability drops very quickly as

- the diameter increases.

9) A lot of effort is required when designing with GRP in order
to obtain the same performance of a steel coupling. Carsful
tailoring of both the pipe and the coupling is necessary in order
to achieve high load bearing capacities. -

10} The failure mechanism map shown in figurs 5.19 is usme’l in
that is chows which failure mode can be expected for a certain
geometry. This failure map is particular to a pipe with an
internal diameter of 50 mm and a wall thickness of 8 mm, but & .
similar map can be produced for any size of GRP pipe. From this
faliiure map the relationship between the -tep depth & and the
distance 1 of the step from the end of the pipe can be seen. As
mentioned in (2) avove, three different failure modes cah occur
in a GRP pipe. The failure map shows a point where all three
modes are just about to occur. Here the relatlonship between the
step depth and the distance of the step from the end of the pipe
is such that the highest load bearing capacity is achieved,

11) The requirement for the design pressure (as stipulated in
section 1.1) was 30 Mpa for a bipe and coupling wanufactured
entirely from GRP. This requirement was not achieved. The highest
load obtained for a GRP pipe with a GRP coupling du ing this
research was 75 kN, which is eguivalent to an internal pressure
of 22 MPa (for a pipe with 50 mm internal diameter). This results
in a safety factor of 1.1 (instead of the customary 1.5 for
flexible pipes) on the target operating pressure of 20 MPa.
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12) The gﬁiﬁelihes for coupling design listed in section 1.1 were
adhered to. From this point of view the research was a success,
since it waa the pipe that failed and not the pipe coupling.
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7 RECOMMENDATIONS

=

1) 8ince the pipe is the member that fails yleh the load gets too
high (between 65 kN and 75 XN}, it is the / ipe that needs to be

~ strengthened in order to achieve higher loads. This can be done

by optimising the fibre orientation at the end of the pipe, ie.

~ by tailoring the pipe to take the loads imposed on it by the

flange.

2) Optimisation of the pipe can also be done by incorporating a
different material such as steel. The effect of a high strength,
high stiffness material was dicussed in the report. By
incorporating a steel member in the filament wound pipe, the end

of the pipe could be substantially strengthened.

3) Alternatively one could simply build up the_eﬁds of the pipe.
This extra thickness will increase the buckling strength of the
pipe end. The step depth can then also be increased to increase
the compressive strength at the pipe/flange interface. '

4} Based on the results of the experiments it ig recommended that
a high strength, high stiffness material such as steel be
incorporated into the desigﬁ of a pipe coupling for operating
pressures in excess of 20 MPa., It appears to be impossible to
use a plpe with constant propexrties throughout (as is the case
with a filament wound pipe with only one winding angle). Hence
it is advisable that any sort ¢f flange be incorporated into the
pipe. This means that the pipes have to be manufactured to the
correct lengths, and cannot be simply cut and joined.
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APEENDIX A - CLASSICAL LAMINATION
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This theory assumes a plane stress state for laminate with
orthotropig/material prcperties, ie.

,

 where (he direciion 1 is along the fibre axis, direction 2 is
transverse to the £ibre directlon ~ ".directic. 3 is through the
thickness. Ve

The stra:.n—atress relations <. be wrw.tten as
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'I‘o csbtain the stress strain relations for a Lamina of arb:l.trary
Orz,entat:)‘pn the transformaman matrix is used, viz.
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APPENDIRX B — TASLE OF RESULTS FOR
EIGURE 3.3 .. : T |

Y

The following table iists thicknesges ({calrulated with the
Classical Lamination Theory) for various pipe sizes and internal
pressures. These calculations are based on & minimum tensile
strength of 500 MPa and 250 MPa'c:ompressive strength. These are
conservative figures as guoted by material suppliers. With a
stronger fibre the wall thickness{ would be decreased.

The straight line equation calculated from this data is

1
W e M ik
_t 55 *P4D

WALL THICKNESSES FOR VARIOUS PIPE SIZES AND
PRESSURE RANGES [AXIAL STRESS = 500 MPa,
COMPRESSIVE STRESS = 25 MPa)

INTERNAL | ’ WALL THICKNESS [mm]
DIAMETER | - . -
[mm F=10 MPa| P=15MPa| P20 MPa| P=25 MPa
10 - - — 0.44 e
20 1 044 064 - 0.88 1.12
30 — —— 1.32 Sp—
40 ' 0.88 1.82 1.76 2.20
50 112 — 2.20 o~
80 1.32 200 2.64 3.32
70 1.56 — 3.08 ——
80 1,76 2.64 3.52 4.40
80 2.00 o 396 | -
100 2.20 a3z 4,40 5.50
110 240 | — 4.84 .
120 264 | 396 5.28 6.60
130 2.8¢8 — 5.72 _—
140 3.08 - 4.64 6.16 7.70
150 3.32 . 6.60 ~—
160 3.52 5.28 7.04 8.80
170 3,76 arem 7.48 —_—
180 3.96 5.96 7.92 9.90
180 4.20 o 8.36 S—
200 440 | 660 8.80 11.00
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Figure £.1 shows the element mesh used in the finite element
analysis. The mesh is fairly coarse in the regions of low gtress
GOHCéntratiOnr and is fine in the Hregions of high stress
concentrations such as the front of the flange.

Figure C.1 : Pinite element mesh of flange and
pipe.

The figure C.2 shows the refined mesh at the front of the flange
(step region). The triangular elements were used to simulate the

small radius which occurs in the corners of the step due to the
machining process.
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Refined mesh at step.



The follow:l.ng two figures are additional stress contours {(hoop
and shear) of the TYPE IV flange (f:l.gure 4.44 shows the axial
strass contours).
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Figure D.1 : Hoop stresses in GRP pipe with GRP
flange (TYPE 1V).



¥igure D.2 : Shear stresses in GRP pipe with GRP
flange (TYPE IV).
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