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ABSTRACT

Stainless and other high quality steels are used extensively in the topside
construction of oil rigs. Steel is heavy, expensive and even the special grades
are prone to corrosion in the aggressive marine environment. New materials
are needed which are lighter, more cost effective and free from corrosion
related problems. Glass fibre reinforced plastics (GRP) have the required

properties but their performance in fire conditions is not known.

Fire is a very real and possibly catastrophic threat. Before specifying the use
of GRP components it is essential to quantify their reaction to fire. Panels and
pipes to be used in fire risk areas were the components of interest, and the

objectives of the research, based on experimental testing, were as follows:

1) To evaluate GRP laminates for use as structural panel skins, noting their

structural and fire performance.

2) To develop incombustible, low cost cores for sandwich panels.

3) To produce sandwich panel design proposals which satisfy specified fire

exposure requirements.
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To assess the fire performance of empty and dry, stagnant water filled

and flowing water filled polymer composite pipes with or without fire

protection.

To use finite difference modelling as part of the design process for fire

exposed pipes and panels. Factors of water content for hygroscopic

cores and the ablation mechanism of fire exposed GRP were taken

account of.

To assess the validity of the standard furnace fire resistance test with
respect to combustible materials, and with respect to the reproducibility

of results between different furnace arrangements.



CHAPTER 1 - INTRODUCTION

1.1 General Introduction

From the discovery of fire man has attempted to both use it and control it.

Unexpected and uncontrolied fire is possibly the most common destructive

force known to man, from its harm to life and economic impact. In modern
engineering, design of a structure against fire onslaught is of paramount
Importance, demanding increasing attention as fire risk and isolation of the

structure increases. Possibly one of the most severe cases for fire design Is

for the oftshore environment where fires although infrequent can have

catastrophic eftects due to their intensity and the isolation of the offshore

construction.

There are two basic manners in which fires can be fought: active and passive.
Active fire fighting is commonly provided by automatic detection (smoke
detectors and heat sensors), water sprinklers, deluges and sprays, and the use
of fire suppressive foam and gas. Although active systems are designed for
all known eventualities they are insufficient on their own for protection of life and
structure in large scale fires offshore. In addition to active measures passive
fire protection is now being increasingly used to minimise the consequences
of a fire. Passive protection is either achieved by the design of the structure
itself, or by a cladding, coating or free standing system that i1s designed to

impede the spread of the fire, saving both the structure, and life within the fire
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environment. The choice between active and passive systems (or their
combination), will be influenced by the protection philosophy, the anticipated
fire and duration, the equipment and structure requiring protection, and the
time required for evacuation. Since structural engineering is concerned
predominantly with passive fire protection this thesis does not consider active
fire protection. This thesis concentrates on fibre reinforced plastics, state of the
art fire barrier materials and construction methods (predominantly sandwich

technology) for use In fire situations.

1.2 Types of Fire Hazard.

As fuels have become more sophisticated and powerful, and as demand for
production has increased, the risk of a fire being out of control has escalated.
The offshore oil industry iIs one which has inherent risks due to the nature of

the work and the isolation of the locations. These coupled with the

unpredictability of offshore weather can, in a fire situation, lead to a disaster.

At 11.30 pm July 6 1988, a blast occurred at Occidental Petroleum (Caledonia)
Ltd’s Piper Alpha production platform in the North Sea, 120 miles northeast of

Aberdeen'?®. The following fire was still burning 17 hours later and flames

which soared to 700ft at the peak of the fire could be seen for 25 miles. This
disaster brought about the death of over 160 workers aboard the platform and

many others were injured from burns, smoke inhalation and broken bones from

jumping into the sea. Following this tragedy was a 13 month inquiry into the
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reason for the explosions and a series of detailed recommendations were given

in the report compiled by Lord Cullen. This whole disaster could possibly be
the worst death toll in the history of offshore platforms and lessons must be
learned from it. The philosophy of having temporary safe refuges (TSR's) Is
one step towards ensuring this scale of disaster does not happen again. The
TSR’s are to be capable of withstanding a severe (hydrocarbon) fire insult,

usually for a minimum of two hours. The Cullen report also placed the onus on

offshore operators to ensure safety, rather than just requiring regulatory
compliance. The major outcome of the Cullen report, however, was a retreat
from prescriptive design towards performance based design. This change In
design ideology gives more flexibility in the choice of materials which can be

used, and again places more onus on the operators to ensure correct and safe

design.

There are an infinite different number of fire scenarios due to fire being
dependent not only on heat source and materials but on all external conditions

also. Fire, however, can be grouped into many broad bands. A few which

may occur in offshore/petrochemical environment® are as follows:

1) Cloud Fire - Transient fire resulting from the ignition of a cloud of gas and

not subject to a significant flame acceleration via the effects of containment or

turbulence.

2) FireBall - Rapid turbulent combustion of fuel as an expanding usually rising

ball of flame. It is more intense than a cloud fire and can be comparable to an

explosion.

3) BLEVE - (Boiling Liquid Expanding Vapour Explosion) results from the
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sudden failure of a vessel containing a pressurised liquid at a temperature well
above its normal (atmospheric) boiling point.

4) Pool Fire - A turbulent diffusion fire burning above an upward facing
horizontal pool of vaporising fuel under conditions where the fuel vapour or gas
has zero or very little initial momentum. A boiling pool fire in difficult to control;
it may accompany a jet fire where liquid rains out of the jet.

5) Running Fire - A fire from a burning liquid fuel which flows by gravity over

surfaces.

6) Jet or Spray Fire - A turbulent diffusion flame resulting from the combustion
of a fuel continuously released with some significant momentum in a particular

direction.

7) Blow-Out - A form of jet fire resulting from a well blow-out.

The potential durations, temperatures and intensities of these different types of

fires are given below In table 1.1

FIRE TYPE Duration Temperature Heat Flux

°C KW/m?
1000-1700 100-1000
1000-1400 113-1200
1100-1200 150-220

800
900-1500

Blow-out Months

Fireball/BLEVE Seconds

Pool Fire Hours

Running Fire Hours

Hours 80-1550

Jet/Spray Fire

Table 1.1 - Potential durations, temperatures and heat fluxes for
different fire types.
(From BRE Client report for Department of Energy®)



1.3_EXxisting Panel Structures and their Features.

The first large scale development of sandwich materials dates back to the

second world war where the need for stiff light materials for aircraft
construction® was first realised. In building construction the use of sandwich
panels can be dated back to 1939 where steel skins separated by springs were

used to provide a light, rigid structure for Le Maison du Peuple at Clichy,

France.

Structural sandwich panels consist of two stiff, strong, relatively thin faces and

a thick layer of a much lighter, weaker material for a core. The faces can be
flat, lightly profiled, deep profiled or any combination of these. The faces of the
panel are normally made of steel, aluminium or fibre reinforced polymers
whereas the cores may consist of polymeric foams or honeycomb patterns of
paper or light metal alloys. More recently fire resistant cores have been

developed involving ceramics or non-combustible particulate composites.

These cores tend to be much heavier than the foams and honeycombs.

However, they are stronger materials. Figure 1.3.1 overleaf shows some typical

forms of sandwich panels used in construction today.

Sandwich panels are now found in most areas of construction in one form or

another. Following are a few of their advantages:
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. High strength to weight ratio due to the use of low density core. The

core need not be stiff in bending providing that it is significantly strong

and stiff in shear.

. Typically panels are fabricated to 4.0 or 6.0m lengths off site (although
some panels may be continuously laminated and supplied at much
greater lengths), this leads to ease of installation, providing shorter

construction periods and hence savings on site expenses.

. Thermal insulation for the panels is very good where low density cores
are utilised and the manufacturing process means there are no thermal

bridges between the faces.

There are few disadvantages for use of sandwich materials over traditional

construction methods, however, sandwich panels do have some less desirable

properties:

o Panels utilising foamed polymeric cores generally fail to meet specified

fire resistance criteria both in terms of insulation and structural stability.

. The high thermal resistance of core materials used can lead to
substantial thermal loading in direct sunlight due to the differential

expansion of the faces. This can be designed for, and is usually limited

by using light colours for external faces.
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. Foamed polymers may experience a degree of creep under sustained

loading over long periods of time.

. Traditional foaming agents (eg. CFC’s) have had a significant effect on

ozone depletion. Environmentally friendly alternatives are however being

developed, and brought into use.

So far the panel structures described have been typically for on-shore use,
offshore panels are usually of a much different construction. Externally
exposed panels on offshore oil rigs usually have demanding requirements for
strength and stiffness together with fire resistance. Typical offshore panels In
current use are deeply profiled stainless steel sheeting insulated by multiple

layers of ceramic or mineral wool. Figure 1.3.2 shows a typical cross section

through a fire resistant panel.

Multiple Layers

Insulation Pins Ceramic Wool Blanket Vapour Barrier
| and Wire Mesh

260-280mm

Profiled Steel Front Sheet

Figure 1.3.2 Typical Offsore Wind Loaded Panel



This method of construction has several disadvantages:

. Even using stainless steel, aggressive marine conditions cause corrosion

and deterioration of the panel.

. Panel structures tend to be heavy, typical external offshore panels may

be in the order of 40kg/m®. In a situation where topside weight must be

counterbalanced (one tonne above water requires an additional three
tonnes below water level) the need for keeping topside weight to a

minimum IS evident.

. The panel constructions used, by their very nature, are very thick.
Thicknesses of 250mm and over are not uncommon, and this takes up

a lot of room where space may be extremely valuable.

All the above information would lead to the decision that the current designs
of panel structures for offshore use are not economical, and that improvements
may be possible. Chapter 2 discusses In detail the use and design of
sandwich panels for offshore platforms, together with the requirements of the

face and core materials. Chapter 3 outlines the selection of materials for the

research and reasons for their use, together with the detailed development of
new and novel core materials. Chapter 3 also demonstrates the optimisation
of sandwich panel designs together with an investigation into an apparently

superior structural solution, the stringer panel.
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1.4 Existing Pipe Systems and their Features.

The pipe systems considered in this thesis are typically those of the deluge
systems on offshore structures which are designed to be operated
automatically in the event of a fire-related emergency. With existing technology,
the pipe systems will typically consist of a ring main at low level filled with

stagnant water from which vertical riser pipes will convey water to the sprinkler

heads in the event of a fire. These riser pipes are normally dry (though they
are tested at regular intervals). The whole pipe system would typically be steel

based, and this has major disadvantages over other materials:

As mentioned before, steel including stainless steel can be corroded in
aggressive marine conditions. This has related problems as well, not just to

performance of pipes, but the effect it can have on blocking sprinkler heads or

causing valves to seize.

Steel piping (in particular stainless steel) is very expensive and also heavy.
This coupled with the obvious need to replace it at regular intervals due to

corrosion shows it not to be the most economical solution.

Where the fire water system is not running as is expected (i.e. if the valves or
sprinklers are not working properly) high steam over-pressures may be

developed in fires where the piping contains static water. These over-pressures

may develop to a stage where they reach the pressure rating of the pipe
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causing it to fail. Failure in this manner is potentially explosive, and may result
In a great deal of damage in the surrounding area. This could cause not only
damage to the structure through the failure of the pipe, but also damage to the
structure and possibly loss of life from failure to contain or suppress the fire
attack. An example of the destructive potential of an exploding water filled

vessel can be seen from the Building Research Establishment tests on water

heater explosions®. In this investigation a water heater was allowed to overheat
to the point at which it exploded to simulate a blocked piping or pressure relief
system. The explosion not only destroyed the water heater, but also the

majority of the building which it was contained in. This demonstration is a good

example of the catastrophic failure that a water-steam explosion can have.
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1.5 Polymer Composites and their Advantages.

Polymer composites or fibre reinforced plastics (FRP's) can consist of one or

more out of many alternative types of fibres held in a polymer matrix. Fibres

are generally glass, however, carbon and aramid fibres are used where special
material properties are required. The polymer matrix is generally one of the
following five resins - polyester, vinyl ester, epoxy, phenolic or modified acrylic
(Modar). The reinforcing fibres, which in their unimpregnated form are only
capable of carrying tensile loads, contribute the majority of the tensile, flexural

and shear stiffness and strength of the composite. Incorporation of fibres

converts a brittle resin into a tough, fatigue-resistant composite. Chapter 3

contains more information on GRP, its manutacture and properties.

The use of glass fibre reinforced plastics offshore has many advantages over

conventional steel:

The potential weight savings for various pipe dimensions between glass fibre
reinforced plastic (GRP) and high molybdenum steel varies between 50 and
70% for large and small diameters respectively’. General weight reductions for

other applications such as tanks and cable tray ladders can be as high as 50-

60%.

GRP has an inherent corrosion and environmental resistance which leads to an

increased life expectancy over steel solutions. GRP can be susceptible to
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attack from ultra violet light and water absorption along the fibres however this

can be effectively prevented by using a resin rich surface layer, and liner.

GRP is a much lower cost material to work with than steel. There is no need
for on-site welding and hence it is easy to install. The weight saving topside
reduces the ballast required below the water line of the rig. The corrosion
resistance means that the expected life is longer than steel, and hence means

fewer work days are lost during replacement of components.

There is one major disadvantage of GRP when compared to other materials,
its flammability. Furthermore, there are many variations possible in the
manufacture of GRP, not just the resin and reinforcement types, but the volume
fraction of the resin, angle of winding in pipes etc. These many variables add

to the general lack of knowledge and confidence about the performance of

GRP in fire.

The use of polymer composite pipes and panels in fire will be investigated In
depth with respect to the philosophy behind the materials use, as well as the
actual performance in standard fire test conditions. Chapter 4 investigates FRP
panels and sandwich panels in fire and discusses the applicability of the testing
conditions adopted to real fire scenarios. Chapter 5 discusses the use of FRP
pipes in fire conditions, together with development work at increasing the fire

endurance of the pipes when in the critical empty and dry condition.
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1.6 Polymer Composites in Fire

As mentioned previously, fibre reinforced plastics degrade in fire and may also

be flammable. The following text is written with regard to the use of the major
resin systems - moditied acryllic, phenolic, polyester, vinyl ester and epoxy In

pipe and panel applications offshore. There has been a great deal of interest
N the use of GRP pipe systems offshore and a lot of testing has been carried

out in this field over the last ten years. The pipe area of GRP fire research will

be covered In detail In chapter 5.

All of the above resins contain carbon and hydrogen, and theretore all the

resins will burn. It is difficult to comment on the flammability of resins in general
as each resin will have different characteristics dependant on what form the

resin takes and what additives it contains. There is conflicting evidence with
regard to smoke production and smoke toxicity of burning GRP pipes, however
with regard to offshore use it is thought that smoke toxicity arising as a
consequence of burning GRP components would not be important compared

to the smoke production of a hydrocarbon fire.

Phenolic resins are well known for their high temperature resistance and low
smoke production. They yield high amounts of char during pyrolysis and are
very stable in temperatures up to 300°C. Decomposition commences at
approximately 300°C and from 300-600°C mainly gaseous components are

emitted accompanied by relatively small shrinkage. Above 600°C, the
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shrinkage is high, the density increases and the permeability markedly
decreases®. Water is one of the degradation products (in the form of steam)

and in situations where porosity is low, sufficient pressure can build up for this

to cause violent delamination of the samples.

Polyester resins are the most common form of resin used in GRP production,
and by far the most important. The resin decomposes rapidly at a relatively low
temperature when compared to phenolic resin (approximately 200-250°C).
Polyester resins are inherently flammable and the use of additives and fillers to

combat this problem will be discussed briefly in chapter 4. Vinyl ester resins
are found to perform very similarly to polyester resins in fire tests though having

superior mechanical properties.

Epoxy resins are used sparingly in GRP production as they are 2-3 times more
expensive than polyester. They exhibit superior mechanical properties to
polyesters in many cases, however, they may need to be cured at elevated
temperatures. In fire they exhibit many similar properties to polyesters, but
have the added advantage of being more stable when heated. The main

disadvantage of epoxy resins when compared to polyesters is their much

higher heat release rate.

Modified acryllic resins have a major advantage over the other resin systems,

that being their very low viscosity. The low viscosity allows the resin to be used

in a very heavily filled state whilst maintaining good workability.
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1.7 Fire Testing and Current Limitations.

For the purpose of classification of fire performance, materials and components

are considered in terms of their "reaction to fire" and their "resistance to fire".

This thesis is primarily considered with the latter.

Currently the standard method of fire resistance testing of materials and
elements of construction is the furnace test. Many alternative test methods
have been used in the testing of structures and in particular pipes, usually In
order to produce test conditions considered to be more representative of real
fires, but without standardisation of test methods there Is difficulty in analysis
of test results and comparison of fire performance. Some of these alternative

tests will be discussed later in this section.

There are two main time-temperature regimes which are used for furnace
testing, the hydrocarbon curve (eg. Mobil, DoE) and the cellulosic curve
(BS476, SOLAS, ASTM E-119). Variations do exist between the different
heating regimes and, in the tests carried out by the author, all furnace testing
was performed to either BS476 part 20'° or to the DoE interim hydrocarbon

curve®. Both of these time-temperature curves are governed by numerical

equations as follows:
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DoE hydrocarbon curve:-

T = 1100 [1 - 0.325exp(-0.1667t) - 0.204exp(-1.4171)
- 0.471exp(-15.833t)]}

The BS476 part 20 curve:-

I-T, =345 log, (8t + 1)

= |nitial room temperature

Where: T
t = Time (minutes)

O

For testing, samples of materials are either mounted to the furnace (eg panel
elements) or placed within the furnace (eg pipe loops, columns etc). The
temperature within the furnace Is measured via bare wire or sheathed
thermocouples arranged symmetrically within the furnace. The positioning of
the thermocouples 1s such that the hot junction iIs maintained at 100mm from

the nearest point of the specimen. The temperature within the furnace is
deemed to be the average of all four thermocouples at any specific time.
Failure of the samples i1s deemed to have occurred when one or more of the

following criteria has occurred:

1) Stability failure is deemed to have occurred when the unloaded
specimen under test collapses, or if deflections are beyond acceptable
limits. For load bearing specimens more stringent conditions are

applied.
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2) Integrity failure is deemed to have occurred when a crack appears in
the material through which flames or hot gasses may pass to light a
cotton wool pad held near the cold face, or if a fully developed crack
exists.

3) Insulation failure is deemed to have occurred when the temperature on
the unexposed face increases on average by more than 140°C or if the
temperature at any single point increases more than 180°C above

ambient t,. This form of failure generally limits the materials and

assemblies considered in this thesis.

Figure 1.6.1 shows a comparison of the hydrocarbon and BS476 cellulosic
curves. The hydrocarbon curve, although not reaching as high a temperature
as the cellulosic curve, does demand a very rapid increase in furnace
temperature and as such imposes a severe thermal shock to the materials
under test. The hydrocarbon curve reaches a temperature of 1100°C in

approximately twenty minutes where as the cellulosic curve takes three hours

to reach this same temperature.

There are discrepancies between these testing conditions and the ones which
may be experienced in real fire situations. It has been reported that a large
scale pool fire reached temperatures of 1200°C after only two or three minutes,
with a full temperature range of 1000-1270°C''. Hence it must be accepted that

fire testing will not necessarily give reliable results of how a material will perform

in real fire situations, rather it is a way of testing for an acceptable level of
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performance, and for comparing different materials.

Temperature (C)
1400

BS 476 Pt.22

DoE Hydrbcarbon

O 40 80 120 160 200 240 280 320 360

Time in mins

Figure 1.6.1 - Comparison of DoE Simulated Hydrocarbon Fire
Test Curve and BS 476 Simulated Cellulosic Fire Test Curve

Furnace testing to British Standard conditions may well not be the best method
of testing for fire resistance, particularly where the material under test is
inherently flammable. The control of temperature within the furnace may not
alone be sufficient where other factors such as heat flux and oxygen content
within the furnace can have a large effect on the failure time of the tested
sample. During a furnace panel test, the oxygen content may be at very low
levels, some tests have reported just 4%'Z and, in these conditions, it is likely
that the material under test will pyrolyse rather than burn. Under these

conditions the sample experiences a general heat uptake from the furnace

rather than a heat release while burning. It is thought that factors such as



20

furnace lining material and condition, fuel type, control type, number of burners
and locations, orientation of the test piece will all have an effect on the fire

endurance test results of materials. These factors will be discussed in much

greater detail in chapter 6.

Alternative test methods for fire endurance testing are many and varied,

however a few of the common ones are as follows:

Jet fire (large scale):

Jet fires typically consist of large reservoirs of stored natural gas or
propane released under great pressure through a small diameter nozzle.

Gas release rates can be anywhere between 1 and 20kg per second
and the nozzle diameter is normally in the 20-75mm diameter range.
Resulting flames can be anywhere up to 50m long, in many cases the
first 5-20m of the flame is unburned gas, and the majority of the flame
may be downstream of the target. Typical heat fluxes can be in the 100-
300kW/m:? range. Temperatures at the target are in the 1200-1400°C

typically, with corresponding flame velocities of 50-60m/s'”.

Jet fire (reduced scale):

The reduced scale jet fire testing procedure is aimed at reproducing the
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essential conditions (temperature and flame velocity) of large scale tests
at laboratory scale. Many of the tests have used premixed combustion
and high velocity gas burners, which lead to much more severe
conditions than those associated with large scale diffusion flames.
Fluxes of up to 1500kW/m: have been measured during tests, and the
relevance of these tests must be questioned. The small scale jet fire as
developed at SINTEF NBL (Norwegian Fire Research Laboratory,
Trondheim) is more representative of actual conditions in diffusion jet
fires. Typical characterisation work'*' for the SINTEF test shows
temperatures of 1250°C, total heat flux of approximately 320kW/m? and
flame velocities in the 45-60m/s range. The SINTEF test is not strictly
representative of the large scale jet fire tests due to the method of
testing. In a large scale jet fire the majority of heat available to the test
specimen is in the form of back radiation from the downstream section
of the flame. Hence, the points of maximum erosion/ablation, and
maximum heating are in different locations on the sample. In the
SINTEF test, due to its nature, the flame plume I1s generally on the
upstream side of the sample, and hence the positions of maximum

heating, and maximum erosion are much closer to each other on the

sample surface.



Pool fire (full scale):

The pool fire test is normally carried out on either a full scale
construction, or an element of one. The test fuel could be one of many,
however in known test data'' the fuel was kerosene. As its name
suggests, the fuel source lies in a pool around the tested structure and
IS kept replenished via underground supply pipes. As mentioned

previously rapid increase in temperature may be observed with

temperatures over 1200°C after only 2 or 3 minutes. Total heat flux

during the test referenced was typically 200-350kW/mz . Pool fires are
greatly influenced by prevailing weather conditions, and as such

temperatures and total heat fluxes observed during tests may vary. This

of course will also be true if different fuel types are used.

Propane multiburner test (or sandbed diffusion burner):

This test method is generally used for fire testing water filled pipes or fire
protected pipes. Flame velocities and heat flux tend to be low. In the
case of the multiburner test’® the flame control is based not on
temperature, but maintaining a total heat flux of 113.6kW/m? (+/- 10%)
12.5 +/- 1icm above the centreline of the burner array which
corresponds to the lowest point of the test specimen. The sandbed

diffusion burner method'’ appears to be less controlled, and average
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temperatures at the lowest point of the samples was in the 800-850°C
range in known tests. Samples were mounted 350mm above the
diffusion burner, and the temperature on the upper surface of the pipes

may well have been higher than the figures reported due to back

radiation from the flame.

As mentioned previously, furnace testing cannot be expected to be
representative of some of these conditions (especially jet fires and pool fires),
however it does give a common ground for materials to be assessed on and
also a standard testing procedure. There are an infinite different number of test
scenarios which could be adopted, many of those which have been used are
likely to have been to assess a material or structure in a specific type of fire
insult. The problem with non standard test methods is in the comparison of

test results with those tested in furnace conditions.

Recently a modification of the hydrocarbon curve has been adopted in some
test procedures, using what is known as the "simulated deluge ramp". As its
name suggests, the reason for this adaptation is to simulate the cooling effect
of the sprinkler/deluge system coming into operation during the progression of
the fire. In these tests the control curve for the furnace normally follows the

hydrocarbon curve for a specified period of time (usually five minutes) after
which it is reduced to a constant temperature (usually 870°C). This again

indicates the desire to represent real life fire situations in test arrangements.

However the applicability of test results to what may be expected in real fires
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cannot be commented on without defining the fire situation to be replicated.

It is doubtful however that performance in test situations will mirror real fire

performance.

These alternative test methods have been studied, and where possible, results
obtained from other sources testing to these methods have been reviewed, and
used to provide a "feel" for a materials performance in fire. Within this thesis

however the standard furnace based fire resistance testing has been adopted,

In particular furnace testing to simulated hydrocarbon fire conditions.
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1.8 Numerical Modelling and the need for Reproducible Furnace

Characteristics.

In both the onshore and offshore construction industries it is common to
develop structural panels with specified fire resistance requirements. The most
widespread method for development of these panels is on the basis of past
experience, together with indicative and full scale furnace tests. A typical
development process would start with small scale tests to determine material
properties, indicative fire tests on basic panel elements, indicative fire tests on
jointed panel elements and finally end with full size furnace testing. As can be
seen, this method is both lengthy and correspondingly costly. Numerical
modelling could ease the burden of need for testing dramatically as it can be
used as a tool to predict the performance of a panel in a fire test. For this
numerical prediction to be made, accurate test data Is required about the

thermal properties of the materials concerned.

As mentioned previously, furnace testing provides a common ground for the
comparison of materials in fire situations. However a recent study of three
different furnaces'® concluded that different test furnaces had differing degrees
of thermal severity during the test runs. The reason behind this is the non-
standard design of fire test furnaces throughout Europe. Variations exist not
just in the lining materials, but also in dimension, burner locations, fuel types

etc. Numerical modelling, if it is to be an effective tool, needs "standard" test

data for input. In the absence of non-standardised testing methods it is



26

essential that there are numerical data on the effect that the variations in test
methods will have on fire test results. Cooke'® forecast that to standardise
approved test furnaces in Europe may cost in the region of £50 million and
hence there is no clear incentive for the laboratories to perform this work.
Furnace characterisation is covered in chapter 6, where the effects of furnace

variables on heating rates of calibration rods and standard test pieces are

investigated in greater detail.

Cone calorimeter data may be of great use in the numerical modelling as it is
a standard test apparatus which has international standards and requirements.
It is unlikely that cone calorimeter results alone will yield sufficient data for
modelling for fire performance, however, coupled with knowledge of the effects

of furnace variations on fire resistance tests it could provide accurate data sets

for numerical predictions.

Accurate data sets for numerical modelling can aid successful forecasting of fire

test performance. Figure 1.7.1 overleaf shows the results of an actual fire test
carried out on a sandwich panel consisting of 6mm GRP faces with a 60mm
Vermiculux core. The core in this case is hygroscopic, and the faces pyrolyse
during the test (and hence burn away leaving only a glass tissue). Both of
these factors make the numerical analysis increasingly difficult. The predicted
result shows how accurate and useful numerical analysis can be when applied
to fire testing. The use of numerical modelling as a design tool is considered

in detail in chapter 4 for panels, and chapter 5 for the case of FRP pipes.
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CHAPTER 2 - POLYMER COMPOSITE STRUCTURES

2.1 Sandwich Panels

For the purpose of design and analysis, sandwich panels may be broadly
categorised into one of two main formations, those with lightly profiled or thin
faces, and those with deeply profied or thick faces. Figure 2.1.1 gives
examples of these forms of construction. The thin faced panels are, in the

majority of cases, used for wall elements and the thick faced panels for wall or

roofing elements.

Sandwich panels consisting of two relatively thin metallic faces and a foamed
polymer core have been finding increasing use as the cladding of buildings
over the last 25+ years. In an offshore environment it is unlikely that they will
satisfy the structural performance requirements, and almost certainly not satisfy
the fire requirements. To this end there has been increasing research into the
use of non-polymer based panel cores and GRP faces with a view to their use

iNn fire situations.

There are several classes of fire resistant panels, most common in offshore

situations are those denoted A60, H60 and H120. The letter of the panel A or
H refers to the fire environment for which it is suitable, A represents cellulosic
fire conditions, H represents hydrocarbon fire conditions, and the number

represents the required fire resistance time in minutes. In addition to fire
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ratings, panels may be required to have structural strength to resist offshore

wind loads in the case of external panels, or point/line loads for internal panels.

The structural capacity of the panel is essential if it is to perform its function,
and the ability to design a panel numerically 1Is a great aid to reducing

development costs.

2.2 Materials for Sandwich Construction - Skin Materials

2.2.1 Selection of skin materials

As has been mentioned previously, sandwich panels can take many forms, and
skin materials vary greatly. Steel and Aluminium skinned panels are quite
common, although their performance in fire is limited when foamed plastic
cores are used. The skin materials selected for the research work are all fibre

reinforced polymers, in the vast majority of cases e-glass fibre reinforced
polyester. The combination of glass fibre and polyester resin was selected due

to its common use, and price considerations.

There are many different resins which can be used in the production of GRP,

being broadly grouped under the headings of polyesters, vinylesters, epoxies

or phenolics. In addition to these, certain hybrid resins may be availabie such

as polyester-polyurethane which may exhibit greatly enhanced properties over

either of the parent ingredients. Epoxy resins are renowned for their superior

strengths to polyesters, however they do carry a cost premium, as do phenolic
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resins which are noted for their temperature stability and low smoke index in

fire. As with resins there is a great variety of available reinforcing fibres. Glass
Is one of the most common, but for more mechanically demanding elements,

aramid or carbon fibres may be used.

2.2.2 Requirements of the skin

The requirements of the skin material have been briefly described in the
previous sections. The main requirement of the skins in a structural sandwich
panel iIs to resist bending moments in conjunction with the core maintaining
them at the required distance apart. It would be a misconception to presume
that the skins of an FRP faced sandwich panel must provide a degree of fire
resistance as this is not necessarily the case, however, they must not
substantially add to the fire load when in a fire situation, nor provide a
substantial increase to the toxicity of the burning products. The primary fire
barrier of an FRP faced panel is usually the core material. Other requirements

of the skins are that they must be reasonably light weight, must be easily

fabricated and easily installed in the form of the completed panel.

In addition to the above, to prove financially viable, the panel faces must be
corrosion resistant, giving an increased life expectancy over mild and stainless
steel alternatives and reduced maintenance and hence reduced cost during its

lifetime. To this end fibre reinforced plastics appear to be an obvious material

for use, however, the inherent flammability of the resin matrices, and lack of
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design standards have brought about a lack of confidence in, and a lack of
enthusiasm for their use. Overall, there appears to be little understanding
about how these materials perform structurally, both in the short and long term,
and in fire situations. To begin to understand the structural performance of the

materials it iIs probably easiest first to investigate their macrostructure and

possible failure mechanisms.

2.2.3 Macrostructure of FRP

Reinforcing fibres may carry only tensile loads when in their unimpregnated
form. However, they provide the majority of the tensile, flexural and shear
strength and stiffness to a laminate when combined with a suitable resin.

Incorporation of fibres (which act as microscopic crack arrestors) converts what

may be a brittle resin into a tough fatigue resistant composite. GRP being a

fibrous composite is inherently much stiffer and stronger than its constituents
in bulk form'®. This is due to the near perfect structure of fibres, and hence
fewer defects than would be expected in a bulk material. Fibres in general are

characterised by very high length to diameter ratios.

The strength of GRP laminates cannot be readily predicted from the properties
of its constituents and as such must be evaluated with reference to test data®.
Properties which may be required for the design of GRP are tensile,

compressive and flexural strengths and stiffness, together with in plane and
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inter laminar shear properties.

GRP may experience a decrease in strength when exposed to water®’, the rate
of which depends on the resin matrix, laminate composition and quality,
thickness, curing conditions and curing agents. This may be allowed for in the
design of the structure by the use of a small material safety factor if desired,
although as will be shown later, the faces of the panel are rarely the critical

element. The effect of 5-10 years submersion in water may reduced the

structural properties of GRP by more than 10%%.

2.2.4 Failure mechanisms of FRP

The tensile failure mode of FRP is governed by microscopic defects distributed
randomly along the length of the fibre from the manufacturing process. Failure
occurs at the most severe defect, transterring load to others, then progressively
to the next severe defect until all fibres fail. More complex failure mechanisms
may be evident where unidirectional fibres are used. Here, if the strain to
failure of the resin is lower than the strain to failure of the fibres then resin
cracking will occur prior to fibre fracture (except where the fibre volume is very
low). Failure due to fibre fracture generally results in an irregular failure surface

where fibre pull out may be apparent. If the fibores have been degraded In

some manner then a smooth failure surtace may occur where the pull out force

required is greater than the fibre strength.
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Failure of a unidirectional fibre reinforced plastic laminate under tensile load
across the line of fibres occurs by fibre debonding and matrix cracking. The

faillure load is normally less than that of the unreinforced matrix.

Where cross ply or fabric reinforced laminates are used, the failure mode is

ikely to be intermediate between the longitudinal and transverse strength of
unidirectional fibres outlined previously. As such, the expected strength of the

laminate will lie between the two also.

Under compression, failure is most likely to occur via microscopic buckling of
individual fibres which act ascylindrical beams and columns in an elastic

foundation of surrounding matrix. Buckling may be extensional (out-of-phase)

at low shear stresses or of shear form (in-phase) leading to the formation of
'kink bands’ which are commonly seen in the compressive failure of laminates.

With high rigidity fibres (i.e large diameter holiow and/or high modulus) shear

failure of the matrix may precede fibre instability.

The compressive strength of GRP is strongly influenced by imperfect fibre

straightness, fibre continuity, deficient fibre/matrix adhesion and voids

(particularly at the fibre-resin interface).

Fibre reinforced laminates, particularly flament wound cylinders may be more
susceptible to fatigue failure under compressive than under tensile loads. It has

been found that an increase in fibre contents results in an improvement of
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fatigue strength.
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2.3 Materials for Sandwich Construction - Core Materials

2.3.1 Selection of core materials

There are several core materials in current use incorporating many different
formulations and manufacturing methods. As this research is based around
offshore structures it was decided to select a few available core materials which
may show sufficient fire resistance, and also to develop a new material which
may be used in severe fire situations. The requirements for the new material
were that it must provided adequate structural and fire performance whilst

remaining easy to manufacture and incorporate low cost constituents. The new
material development will be presented fully in chapter 3. The predominant
materials selected for investigation within this research were the fire resistant

core materials as produced by Cape Boards Limited, namely Vermiculux (two

different formulations), and Newtherm. In addition to these, phenolic foam of
nominal density 150kg/m° by Permali was also investigated. It was felt by the
author that investigation of other foamed polymer core materials such as
polystyrene and polyurethane was not required in the investigation due to their
relatively poor fire performance. The materials selected were seen as being the

state-of-the-art available materials at the time of research.

Fibrous core materials such as stack bonded mineral and ceramic fibres were

not investigated in the authors research. The research was predominantly to

deal with core matenals available for use with fibre reinforced polymer faces.
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The difficulty in working with these fibrous materials negated the possibility of
Including them within the research. However, ceramic fibre was included within
the work used as a core material for the structural stringer panel investigation.
In this case it was used as a non-structural core of low density and high
thermal resistance and was used in the form of a pressed blanket. Stack

bonded fibrous cores are manufactured from parallel bonded fibres which are

pressed with the inclusion of a resin binding agent, cut to lengths (100mm for

example for a 100mm thick core) and then bonded between the panel faces.

Thus a series of sections are used "on end" for the core construction.

2.3.2 Requirements of a core material

The main structural requirement of a sandwich panel core is to maintain

iIntegrity and support the faces at the required distance apart whilst carrying the

shear between the two faces. The core should be relatively stiff in shear

however it need not have excessive compressive strength as long as it can

carry the design load without crushing at supports or points of load. Another

requirement of the core is that it should be sufficiently strong to stabilise the

faces and resist compression or shear buckling. The resistance to buckling is

also effected by the bonding method between the core and the faces.

The core should have a certain integral amount of toughness to absorb shock
loads and dynamic stresses as well as the ability to recover and ensure reliable

functioning of the component over its designed lifespan. It is a requirement



38

also that the core and skins are chosen to complement each other. For
Instance if the skin requires a high curing temperature then a core must be
chosen which will withstand that temperature. This point of choosing a core
and skins to compliment each other is essential in continuous production

processes. However, where core and skins are manufactured separately and

then bonded together it becomes less of a problem as long as a suitable glue

or resin IS chosen that will not attack the face or core.

One important requirement of the core material, particularly for offshore use, is
fire resistance. The core may act as the primary fire barrier in panels which
require a high degree of fire resistance. To this end it must resist the passage

of heat through it at the same time as maintaining structural stability and

Integrity. These factors are very important in the case of GRP faced sandwich

panels as due to the nature of the faces it is likely that they will burn and

disintegrate as the fire progresses, and may even fall off. The fire requirements

of a panel and core will be presented in greater detail in chapter 4.

2.3.3 Failure Mechanisms of the Core

Structural failure mechanisms of core materials depend on the nature of the
materials used. With cores of low compressive strength crushing at supports
or points of load may be a likely failure mechanism. If the loaded face is flat or
only lightly profiled the point or line load is resisted predominantly by the core.

It is also possible that the crushing load may interact with bending forces which
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are also present hence reducing the bending resistance of the sandwich

section.

Apart from the local influences of load, i.e. near points of support etc, the only
other significant stresses within the core of a sandwich panel are the shear

stresses necessary to obtain composite action. These shear stresses within the

core although not being uniform are close enough to be treated as such.
Providing that the shear strength of the core, and the bond strength of the core

material with the faces are known, the shear capacity of the sandwich section

can be designed for as shown later in this chapter.

In practice, with GRP faced panels and substantial fire resistant cores, the

design limitation will often be one of allowable deflection. This is due to the
relatively low elastic modulus of fibre reinforced plastics (when compared to

steel), and reasonably high shear strength of fire resistant cores which tend to
be substantial and relatively dense materials when compared to thermoplastic

foams.
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2.4 Determination of Design Parameters for Sandwich Materials

Material design parameters are generally obtained through the testing to failure
ot small samples in compression, flexure and shear. Several samples cut from
a single original, or from several mother samples may be used in these tests

to provide a reliable average of the materials performance and also to give

information on the standard deviation of structural properties to provide a

reasonable safety factor.

The following sections give information on the testing methods adopted within
the research to obtain the mechanical properties of core and face materials

required for designing panels.

2.4.1 Compression test

This test is used to determine the compressive strength and corresponding

relative deformation of a material.

Specimens of 50 x 50 x 50mm thick of the core are tested between two flat
hardened steel plates in a universal testing machine or compression machine.
This size of sample adopted for the research is not always adopted in standard
compression tests. A sample size of 100 x 100 x 100mm thick is also
frequently used and referred to in national and international standards. It was

decided that a standard strain of 2% per minute should be adopted for all
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materials up to a maximum strain of 10%. The compressive stress at failure of

the sample can be calculated as:

P

max
OC”' y
A

and the elastic modulus can be determined from the load-deflection curves

produced during the test on an autographic recorder.

Typical cube compression traces are shown in figure 2.4.1 for varying materials.

The oscillating curve for the phenolic foam is due to the build up of stress and

crushing of layers of cells rather than the whole sample at once.
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Figure 2.4.1 Typical Cube Compression Traces for
Different Core Materials.
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2.4.2 Flexural test

These tests were performed on a simple support frame, loading the samples
at midspan via a load hanger and spreader plate. The test is not effective for
determining whether a sandwich sample would fail in shear or bending (cracks

progressing from the tension surface), however,it does provide a ’feel’ for the

materials bending characteristics.

Load was applied in steps of 0.2, 0.5, 1.0 or 2.0kg during the test depending
on the strength of the sample and the deflection was measured using a dial
gauge with a gauge step of 0.01mm. The results were then plotted to provide
as load-deflection curve to failure from which the elastic modulus in bending

may be determined. The maximum stress at failure may be determined from:

Where W = Load (N)

2.4.3 Shear tests

The shear tests performed during the research consisted of either four point

bending tests, or four pinned square shear tests. These are not the only tests

available to determine the shear modulus and shear strength of materials.

However, they are the preferred manner of determination of material properties.
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Lapped shear tests may be performed to determine shear parameters, but they
appear to be unduly pessimistic when used to determine design values®".

Davies®® summarises the findings of Basu®* when investigating the effect of test

method on derived shear properties.

The four pinned square shear test (as shown in figure 2.4.2) is designed to
iInduce pure shear into a sample with thick metal faces glued to its edges. The
sample 1s then loaded In compression along its edges via two small bars
between the joining points of the steel faces at two opposite corners. The load-

deflection characteristics are recorded on an autographic recorder. The core

shear properties can be found from the following equations:

Y
a.c.\/i
Y - _2'6
a2
Where

a/2 = the distance between opposite diagon