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Putting Deep  
Water Safety to the Test
Anticipating and testing for extreme and accidental events

In deep water operations, offshore installations 
can face extreme or accidental events in associa-
tion with site-specific metocean and operational 
conditions. Such events sometimes result in cat-

astrophic consequences that lead to casualties, 
property damage, and pollution. According to J.R. 
Spouge, author of the book, A Guide to Quantitative 
Risk Assessment for Offshore Installations (published 
by The Centre for Marine and Petroleum Technology), 
the main types of serious hazards for offshore instal-
lations include the following:
•  Process leaks of gas and/or oil that lead to fires or explo-

sions arising from various kinds of equipment including 

separators and other process devices; compressors and 
other gas treatment devices; process pipes/flanges/
valves/pumps; topsides and flowlines; wellhead equip-
ment; f lare/vent systems; storage tanks; loading/
unloading systems; or turret swivel systems

•  Riser/pipeline leaks of gas and/or oil that lead to fires or 
explosions arising from import flowlines, export risers, 
subsea pipelines, or subsea wellhead manifolds

•  Collisions causing structural damage that involve off-
shore loading tankers (shuttle tankers); drifting offshore 
vessels (semi-subs, barges, storage vessels); supply ves-
sels; icebergs; drilling rigs; drilling support vessels 
(jack-ups or barges); standby vessels; other support 

BY JEOM PAIK

The April 2010 Deepwater Horizon accident 
in the Gulf of Mexico focused worldwide 
attention on the risks associated with deep 
water operations.
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vessels (diving vessels or barges); or passing 
merchant, fishing, or naval vessels (includ-
ing submarines) or floatels 

•  Dropped objects causing structural dam-
age, which can occur during construction, 
crane operations, cargo transfer, drilling, or 
rigging-up derricks

•  Structural failures causing local or total 
collapse (such as buckling or crash) and/or 
fracture (such as mooring line failure or pipe-
line burst), which can arise from extreme 
weather and/or operation, corrosion, fatigue, 
design error, or earthquake

•  Blowouts leading to spills or explosions, 
which occur during drilling, completion, 
production, workover, or abandonment.

Essential safety measures or risk con-
trol options should be applied to mitigate the 
degree of consequence or damage from such 
hazards. Such risk control options include:
•  Blast walls to protect against explosion
•  Fire walls to control fire
•  Passive fire protection
•  Escape routes
•  Deluge or water-spray systems to control fire 

or explosions
•  Structural strengthening to improve 

structural crashworthiness and protect 
against collisions, dropped objects, or 
structural collapses

•  Subsea equipment safety systems to pre-
vent blowouts, fatigue, erosion, or corrosion, 
and to enable flow assurance or interaction 
between individual subsea components.

Paradigm change
Successful engineering and design should 
meet not only functional requirements but 
also health, safety, environment, and ergo-
nomics (HSE&E) requirements. HSE&E 

requirements address safe performance 
and integrity in extreme and accidental 
conditions, while functional requirements 
represent operability in normal conditions.

In the process of engineering and design, 
safety studies are required to ensure the integ-
rity of offshore installations in case of the 
extreme or accidental events outlined earlier. 
Today, it is well recognized that a risk-based 
approach is the best practice for safety stud-
ies. Qualitative risk approaches such as hazard 
and operability studies; safety and operability 

studies; safe job analysis; preliminary hazard 
analysis; or failure mode and effect analy-
sis need to be extensively supplemented for 
quantitatively characterizing hazards, prop-
erly managing them, or lowering risks to the 
levels acceptable for best practice. It is obvi-
ous that quantitative risk approaches should 
be applied for a more refined assessment and 
management of hazards.

Extreme and accidental events result 
in nonlinear structural consequences of 
both the geometric and material kinds. The 

The Split-Hopkinson pressure bar (SHPB) is often used in studying the strain rate effect 

on material properties, in which a striker is usually propelled by a gas gun.
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Putting Deep Water Safety to the Test continued

effects of such events are highly nonlinear, 
and involve non-Gaussian, multi-physics, 
multi-scale, and multi-criteria dimensions. 
As risk is defined as a product of the fre-
quency of hazards and their consequences, 
it is highly desirable to quantitatively 
characterize both the frequencies and con-
sequences involved.  

The application of numerical simulations 
derived from mathematical algorithms is 
often inadequate for identifying consequences 
that are highly nonlinear. It is challenging to 
obtain accurate simulations using mathemat-
ical or engineering models, such as nonlinear 
computational fluid dynamics (CFD) model-
ing or nonlinear structural modeling.

Therefore, it is not surprising that 
some benchmark studies on CFD simula-
tions associated with fires or explosions 
can show results that differ by more than 
a factor of five. In such cases, experimental 
investigations on prototype models should 
be applied to validate the numerical simu-
lations and ensure the safe performance of 
structures and equipment. Prototype mod-
els should be full scale, or at least large scale 
in relation to the real structures, because 

scaling effects are generally significant and 
quite uncertain; and even more so in non-
linear problems.

Our purpose here will be to examine 
test facilities for safety studies that deal with 
HSE&E requirements.

Test facilities for  
material properties
Dynamic strain rate-related structural phe-
nomena are often classified into five groups. 
These include:
•  Creep, where the strain rate is lower than 

10-5/second
•  Static or quasi-static (for example, dead or 

live loading of a ship hull), where the strain 
rate is 10-5/second to 10-1/second

•  Dynamic for example, dynamic pressure 

loads arising from sloshing or slam-
ming), where the strain rate is 10-1/
second to 101.5/second

•  Impact (for example, explosions, collisions, 
or dropped objects), where the strain rate is 
101.5/second to 104/second

•  Hyper-velocity impact (for example, bomb-
ing), where the strain rate is greater than 
104/second.

Among these groups, most hazards in off-
shore installations are of the impact type.

The effects of low or elevated temper-
atures also are significant for material 
properties and, ultimately, for structural 
response. The hazards of extremely low tem-
perature conditions apply to operations in 
arctic regions and to liquefied petroleum gas 
(LPG) and liquefied natural gas (LNG) facili-
ties. The hazards from elevated temperature 
arise mainly from fires or explosions.

Structural responses under impact loads 
or temperature extremes are, by nature, 
quite different from responses under static 
or quasi-static loads at room temperature. 
A major factor in such differences is that the 
mechanical property of structural steel can 
be significantly affected by loading speed or 
strain rate and temperature. Therefore, it is 
important in safety studies to take the correct 
as-changed material properties into account, 
to correctly include the effects of strain rates 
and temperatures on nonlinear structural 
responses. As the actual material properties 
can be defined only by experimental inves-
tigation, it is essential that test facilities be 
designed to accommodate this reality.

The Split-Hopkinson pressure bar 
(SHPB) is often used in studying the strain 
rate effect on material properties, in which a 
striker is usually propelled by a gas gun. The 
test specimen is placed between the ends of 

The first wave, called the transmitted wave, travels 

through the specimen and into the transmitted bar, 

causing plastic deformation in the specimen.

The pulse pressure loading rig tests the performance of small-scale walls or plate panels under blast pressure loads, 
and is now used at the Korea Ship and Offshore Research Institute in Pusan National University in South Korea.
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two straight bars—the incident bar and the 
transmitted bar. At the end of the incident 
bar (some distance away from the speci-
men, typically at the far end), a stress wave 
is created that propagates through the bar 
toward the specimen. This wave is referred 
to as the incident wave, and upon reach-
ing the specimen it splits into two smaller 
waves. The first wave, called the transmitted 
wave, travels through the specimen and into 
the transmitted bar, causing plastic defor-
mation in the specimen. The second wave, 
called the reflected wave, is reflected away 
from the specimen and travels back down 
the incident bar. Most modern test setups 
with SHPB use strain gages on the bars to 
measure the strain caused by the waves. 
Assuming that deformation in the speci-
men is uniform, the stress and strain can 
then be calculated from the amplitudes 
of the incident and the transmitted and 
reflected waves.

The disadvantage of the SHPB device is 
that it is unable to treat test specimens with 
thick walls, or walls in the actual shapes or 
sizes that are usual for the basic components 
of offshore installations. To overcome this 
disadvantage, an innovative device is now 
available in which the impact of a striker gen-
erated by hydraulic power is transferred to the 
test specimen. The weight of the striker can 
be changed depending on the desired impact 
kinetic energy. The device successfully gener-
ates a maximum load of 1,000 kN at the impact 
speed of 20 m/second for a tensile coupon test 
specimen with a thickness of 20 mm, which 
is equivalent to a strain rate of 800/second. In 
such test chambers, the temperature will often 
need to be precisely controlled to be anywhere 
between -170 and 700° C.

Test facilities for fires
Outdoor or indoor test facilities are used for 
safety studies associated with fires. Outdoor 
fire test facilities are used for applying high 
fire loads to larger process modules or 
equipment under jet or pool fires. Jet fire test 
facilities will typically include high-pres-
sure gas storage and networks of above- and 
below-ground pipework with valves and 
pressure or f low control systems. These 

systems enable a wide range of pressurized 
gas releases under controlled conditions. 
Liquid hydrocarbons such as LNG, LPG, or 
oils, either alone or mixed with gases, are 
released to form jet or pool fires.

Typical outdoor fire test projects aim to 
study the effects that the following factors 
have on have on the expansion of heat fluxes: 
topology or layout, geometry, congestion, 
confinement, gas concentration, ventilation, 
ignition position, leak position/rate/direction/
duration, or wind speed/direction. Also stud-
ied are the impact these factors have on the 
temperatures associated with radiation and 
convection. Such tests enable the detection of 
nonlinear structural responses in fires.

Indoor jet or pool fire test facilities 
include a large floor area with a high ceiling, 
and systems for wall cooling; smoke evacua-
tion; air supply; air inlet; and wind simulation 
with a flexible door. The test hall should be 
able to withstand test fires with or without 

extra wall protection. Furnaces heated by 
gas also are used to test equipment or struc-
tures in fires. Because structural responses 
in fire may differ according to posture and 
orientation (among other factors), interna-
tional standards and good practices require 
furnace testing in both the vertical and hori-
zontal positions. Temperature changes in the 
test models over time are measured using 
thermo-couplers. The test results are used 
to quantify the characteristics of gas cloud 
temperatures in fires around the models. The 
temperature of steel in the models also can be 
measured in these tests.

Structures in fires also are usually 
subjected to mechanical loads due to the 
weight of equipment and utilities. Heated 
structures grow weaker and are vulnera-
ble to collapse. Test facilities are therefore 
used to investigate structural performance 
under combined mechanical and fire 
loads. Hydraulic jacks are used to apply 
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mechanical loads in fixed or variable static 
conditions onto test structures positioned 
inside the furnace. Such test facilities can 
be used to study structural collapse behav-
ior under various combinations of fire and 
mechanical loads.

Examples of outdoor fire test proj-
ects include studies on the performance of 
structures (for example, topside modules, 
buildings, or pressure vessels); structural 
components (for example, walls or plate 
panels, windows, and doors); and equip-
ment or fire-risk control options (for example, 
water-deluge systems, fire walls, passive fire 
protection, and escape routes). Such tests can 
be conducted on near full-scale models. In 
the jet fire tests that are widely used by the 
oil and gas industry and regulatory authori-
ties, a typical primary concern is whether the 
passive fire protection system can endure a jet 
fire for a period of 2 hours at up to 3 kg/sec-
ond and 60 bars. Other examples of outdoor 
projects include testing the performance of 
firewalls to protect against jet fire attack and 
the response of gas storage vessels under 
fires that result in boiling liquid–expanding 
vapor explosions such as that of fuel tanks. 
The related explosion tests can help indicate 
how to prevent catastrophic failures through 
appropriate ventilation.

Wind tunnel tests are usually used to study 
smoke ingress and ventilation problems on 
offshore platforms. Examples of wind tunnel 
test projects associated with fires include the 
study of wind effects on gas releases and fire 
scenarios. Such tests can facilitate the identi-
fication of regions with poor ventilation and 
subsequent remedies.

Test facilities for explosions
Outdoor or indoor explosion test facilities are 
used to study the performance of structures 
(for example, topside modules or buildings), 
structural components (walls or plate panels, 
windows, doors), or equipment; or the char-
acteristics and effectiveness of explosion risk 
control options (such as blast walls, deluge 
systems, or escape routes). As in fire test facil-
ities, the effects of various parameters can be 
studied, but in this case with a focus on gas 
dispersion or accumulation, overpressure or 

impulse profiles, drag forces, and structural 
response to explosions.

Offshore module test rigs and prototype 
models of real structures often are used for 
safety studies regarding explosions. Offshore 
module test rigs are made with walls and roofs 
that enable wide flexibility in confinement 
configurations. Deluge systems are installed 
to supply water, which is a typical option for 
explosion risk control. A highly pressurized gas 
supply system enables dynamic release in terms 
of speed and pressure that is suited to desig-
nated explosion scenarios. Internal pipework 

and vessels are added or removed to provide 
different levels of congestion as necessary.

Outdoor explosion test facilities are used 
to study the performance of blast walls in 
explosions that occur due to the ignition of 
released gas in a chamber.

Outdoor test facilities for similar purposes 
are usually instrumented to measure over-
pressure by using transducers that record on 
high-speed data acquisition systems. Such 
systems can measure flame arrival times. 
Other instruments, including displacement 
transducers or accelerometers, high-speed 

Putting Deep Water Safety to the Test continued

This dropped object test facility is composed of a jacket-type frame and a striker.
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Test specimen



April 2014  marine technologywww.sname.org/sname/mt (17)

video recorders, and strain gauges, are used 
to detect structural responses.

Indoor explosion test facilities are use-
ful for studying the structural response or 
performance of small-scale or even full-
scale components and equipment under 
blast pressure. The pulse pressure loading 
rig (PPLR) is a unique test facility for study-
ing the performance of small-scale walls 
or plate panels under blast pressure loads. 
The PPLR was originally developed by the 
Impact Research Centre at the University of 
Liverpool, and is now implemented at the 
Korea Ship and Offshore Research Institute 
in Pusan National University, South Korea. 
This rig is composed of two pressure cham-
bers with a film diaphragm, clamping ring, 
and end-cover plates. The PPLR is able to 
produce a repeatable and uniform transient 
pressure loading over an exposed area. The 
test plate is attached to the support plate with 
a clamping frame. The chamber is then sealed 
with a rigid cover plate over a nozzle at one 
end, and a thin film diaphragm covering a 
nozzle at the other end. The chamber is then 
pressurized to the desired pressure on each 
side of the support plate such that no net load 
is applied to the test plate. At firing, the dia-
phragm is melted along its circumference 
by energizing a fuse wire. This initiates the 
rupture of the diaphragm and a rapid blow-
down of the chamber. The pressure difference 
arises because the pressurized air evacuates 
much more quickly through the nozzle than 
through the holes in the plate. The rig also can 
be operated in static mode by having the end 
cover attached at both ends. More details can 
be found in the volume 2, number 4 issue of 
the Central European Journal of Engineering.

Dropped objects and collisions
Test facilities are now available to study the 
performance of full- and small-scale struc-
tures, structural components, and equipment 
under the impact of dropped objects. These 
facilities are composed of a jacket-type frame 
and a striker. In one of the available test facil-
ities, the maximum weight of the striker is 3 
tons, the maximum height of its fall is 10 m, 
and the maximum speed of impact is 14 m/
second. Such testing can generate an impact 

energy of up to 300 kJ. The test also will need 
to be conducted at temperatures ranging 
between -170 and 700° C, representing either 
LNG-induced cryogenic condition or fire-
induced high temperature. This facility can 
accommodate a test model with a maximum 
size of 3 m x 3 m x 2 m.

Structural failure  
under extreme loads
It is highly desirable to study structural fail-
ure under extreme loads using full-scale 
prototype test models. Mooring line failure in 
extreme tension and pipeline burst in extreme 
internal pressure, as well as buckling and plas-
tic collapse of hull structures and structural 
components, are good examples of such tests. 
Test facilities for this purpose are composed of 
a loading frame and hydraulic jacks to manage 
combined loads and/or high speed loading in 
room and low or elevated temperatures. One 
available facility has a maximum test floor size 
of 42 m x 13 m x 5 m. The maximum loading 
capacity of the hydraulic jacks is 30,000 kN in 
tension or compression, 5,000 kN in bending 
under all quasi-static conditions, and 5,000 kN 
under dynamic conditions.

Subsea system failure
Various subsea equipment and components, 
including pipelines, risers, or flowlines, are 
subjected to high pressure both inside and 
outside that may cause blowouts or burst. 
The maximum pressure outside the equip-
ment or component depends on the water 
depth. The external pressure can reach sev-
eral hundred bars, considering that operating 
water depths have grown increasingly deeper, 
nearing almost 6,000 m. The maximum pres-
sure inside pipelines is often more than 700 
bars. The temperatures inside pipelines often 
are more than 200° C.

An additional important consideration 
is that subsea equipment and components 
are remote from the topsides of offshore 
installations where functions are controlled. 
Therefore, before starting the operation of off-
shore installations, it is necessary to ensure 
the performance of various individual sub-
sea components, not only as standalone units, 
but also as assembled systems. This helps to 
determine their total functional and HSE&E 
requirements in terms of risk management, 
flow assurance, remote-control security, and 
fatigue performance.

A cylindrical chamber is used to study the 
performance of subsea equipment under high 
external pressure. For example, one available 
facility has a chamber 1.8 m in diameter and 
4 m deep. The maximum pressure this facility 
can apply is 660 bars, which is equivalent to a 
water depth of 6,600 m.

Subsea test beds on land are useful for 
studying the performance of subsea compo-
nents in association with integrated safety 
systems. In such test beds, the environ-
mental conditions inside the components 
(in terms of pressure and temperature) can 
be manipulated to match those in subsea, 
with pressures external to the test at atmo-
spheric conditions. The principal advantage 
of a comprehensive total subsea test bed is 
that the integrated performance of full-
scale subsea equipment can be tested and 
ensured with all of the components assem-
bled before the equipment is installed at 
the operating site. Such testing under real 
conditions enables risk levels in design 
and operation to be greatly reduced. MT 
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Hydraulic jacks are used to apply mechanical loads in 

fixed or variable static conditions onto test structures 

positioned inside the furnace.




