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Abstract
In the petroleum storage industry, floating roofs tanks are one of the most common causes of
incidents. Despite this, there is little knowledge about floating roof failures and little focus on
floating roof tanks as a safety hazard in the industry. However, with the constantly increasing focus
on safety in combination with high profile events such as hurricane Harvey (reported to have
caused dozens of floating roofs to sink in under 24 hours) this can be expected to change.
One possible reason for the low focus is that floating roof failures have so far been regarded as
unpredictable events. However, this paper shows that most serious floating roof failures are in no
way unforeseeable. Instead, they are the logical consequence of less critical failures that are not
emergencies, but that were not detected – or sometimes even neglected – and thus allowed to
escalate to serious failures that cause major damage and process upsets.
Today, risk assessment and management sciences together with learnings from previous incidents
have reached the point where most serious floating roof incidents are entirely preventable. In
combination with new technology that continuously and around the clock monitors the status of
the floating roof this has the potential to dramatically decrease one of the main risks associated
with oil storage. Applying this knowledge and technology means failures can be detected before
they escalate which allows taking preventive measures to safeguard plant, people, and business.
Being proactive when it comes to floating roof failures will thus not only increase safety, but also
avoid process upsets, reduce downtime and generally increase efficiency in the industry.
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1 Introduction and Background

Owning and managing a petroleum storage facility requires numerous activities, skills, operations,
and equipment, many of which have been captured in documents such as API 2610 1. In spite of
all the experience and accumulated industry knowledge, serious incidents continue to happen. Rim
fires occur at a rate of about 1 – 10 per 1000 tank years. Of these, 1 in about 50 escalate to tanks
fully involved in fire. 2
Floating roofs are one of the most common sources of tank incidents because they are the ‘moving
part’ within a petroleum storage tank. Although incidents involving floating roofs may not always
result in what could be called a ‘serious incident’, they always result in a business interruption and
are usually quite costly in terms of financial and operational goals.
Interestingly, there seems to be little in the literature about how to cope with the problems that
floating roofs create. We believe that because many of the failure modes of floating roofs are
‘latent’, that is, they do not manifest themselves in an obvious way, that there is little attention
paid to reducing the risk of floating roof incidents, which are almost always treated as an
‘accident’. But far from being an accident, the risk assessment and management sciences are
sufficiently advanced today such that these incidents can be entirely avoided. Moreover, new
technology (described in this paper) makes the prevention much easier than it used to be.
Even though most of the floating roof incidents do not rise to the level of a serious fire, injury or
fatalities, any floating roof incident involving failure can wipe out months or years of effort. In
causal analysis there may be no difference in the accident sequence leading to a minor or serious
incident. However, serious incidents almost always result in litigation due to property and
environmental damage or injuries and fatalities. Therefore, the tank owner/operator should
consider becoming proactive in preventing these failures before they occur.

1.1 Historical Context

In the early days of crude oil storage, tanks were constructed of wood, many of which burned down
and resulted in fires, losses, and business interruptions. Steel tanks reduced the problem, and would
soon become the dominant choice of construction material for oil storage tanks. Still, many of
these steel tanks had no roof and were subject to lightning strikes and other ignition sources, which
resulted in tank fires. These events continued to cause headaches and losses for oil men. Not long
after the advent of steel storage tanks, designers came up with the idea of a floating roof. Floating
roofs prevent evaporation, which is beneficial for several reasons:
1. To reduce the probability of fires and explosions.
2. To reduce evaporative oil loss.
3. Keep precipitation and debris out of the product.
A diagram of a tank with a floating roof is shown in Figure 1.

1
2

Design, Construction, Operation, Maintenance and Inspection of Terminal Tank Facilities. 2nd Edition. 2005
Marsh Risk Engineering Position Paper -01 Atmospheric Storage Tanks, Marsh and McLennan Companies
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Figure 1 Conceptual diagram of floating roof tank

The roof rises and lowers with the liquid level, to maintain a barrier between the environment and
the volatile liquid surface. In short, a floating roof is a large disk with this primary function: to
reduce or eliminate evaporation from the surface of the liquid stored within the tank. One can think
of a floating roof like a swimming pool cover, preventing pool water from evaporating too quickly.

2 Tanks and Floating Roofs Overview

We will be using certain acronyms frequently, please see Quick Facts 1.
There are three types of flat
bottom petroleum storage tanks,
both vertical and cylindrical,
which are commonly used to
store oil: the fixed roof tank
(FRT), external floating roof tank
(EFRT), and internal floating
roof tank (IFRT). The latter two
storage tank types utilize a
floating roof. FRTs have no
floating roof. However, a floating
roof can be retrofitted into an
FRT so that the FRT is
transformed into an IFRT.
Additional information about the
basic tank types is provided in
Appendix A.

Quick Facts 1: Tank Type Acronyms
EFRT
IFRT
FRT
EFR
IFR
FR
APFR
DDFR
EFRM
LOB

-

External Floating Roof Tank
Internal Floating Roof Tank
Fixed Roof Tank (no floating roof inside)
External Floating Roof
Internal Floating Roof
Fixed Roof (no floating roof inside)
steel Annular Pontoon Floating Roof
steel Double Deck Floating Roof
Electronic Floating Roof Monitoring System
Loss Of Buoyancy

Quick Facts 1 Tank Type Acronyms
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Floating roofs are the most complex component of a petroleum storage tank and they have
numerous failure modes. For volatile organic petroleum liquids, floating roofs play a vital role–
the reduction of evaporation losses. This has three major benefits:
1. Reducing emissions, resulting in financial, environmental, and health savings.
2. Reducing the probability of tank fires and explosions, protecting personnel and capital.
3. Keeping debris and precipitation out of the product
Floating roof failures must be actively avoided, as high potential exists for severe tank related
incidents such as fires, injuries, and fatalities when failure of a floating roof is involved.
Having a tool that allows the tank owner/operator to preemptively act to prevent a floating roof
incident from occurring would be highly valuable. In fact, in the last few years, the technology has
evolved sufficiently so that these tools are available. For example, an Electronic Floating Roof
Monitoring (EFRM) system can provide early detection of floating roof failure, preventing a
variety of serious floating roof failure modes. The implementation of an EFRM system allows oil
and chemical storage terminals assurance that a floating roof is operating as specified (additional
information in Quick Facts 2 and Appendix E).
Quick Facts 2: Electronic Floating Roof Monitoring (EFRM) Systems
Floating roofs serve a vital
role in the storage of highly
volatile and dangerous
chemicals, and roofs are an
inherent source of risk at
every chemical storage
terminal.
Failure
of
floating roofs can lead to a
wide variety of devastating
events, but new technology
can significantly aid in the
prevention of roof failure.
A multi-point roof tilt
monitoring system is a
safety tool that monitors
the difference in height
between multiple points on
a floating roof surface.
These points are converted
into a distance, and a user
specifies the distance
parameters that will trigger Figure 2 EFRM system (picture courtesy of Emerson)
an alarm or alert on the
system computer. This early alert system will prevent the tilt of a floating roof from reaching
critical levels before action can be taken to avert an event.
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For example, if an EFRM system uses three radars that read 55, 54.5, and 55.5 inches, this
measurement would be designated as nonhazardous. In this scenario, operations and
maintenance can be confident in the performance and stability of the floating roof of that storage
tank. Given another scenario where the radars measure a significant difference in the distance
to the roof, operations can be certain that the roof is tilting. Operations can then inform
maintenance to inspect and fix the cause of tilt.
Preventive maintenance is the best barrier between a company and an incident. In short, the use
of multi-point roof tilt monitoring systems is a progressive step towards personnel, asset, and
corporate image security. A multi-point tilt monitoring system applied to all floating roofs at a
terminal ensures much safer operations, prevention of emissions, better risk management, and
peace of mind. Read more about EFRM in Appendix E.
Quick Facts 2 Electronic Floating Roof Monitoring (EFRM) Systems

Our journey into the domain of petroleum tank floating roofs begins with a discussion on the types
of floating roofs.
The floating roof design criteria include (but are not limited to) the construction materials of the
roof, and required material thicknesses. EFRs are used for external applications (i.e. open top tanks
with the EFRs floating on the liquid surface), where they are exposed to the weather. For IFR
applications (IFRT), the floating roof is protected from the weather by a fixed roof that is mounted
on top of the tank. Precipitation factors heavily into the design requirements for floating roofs. As
one might expect, the EFR must be heavier-duty construction than the IFR because of exposure to
weather. Thus, all tank standards such as API 650 3 (or EN 1993-4-2: Tanks) have more stringent
design requirements for EFRs than for IFRs.
At this point, in anticipation of a natural question that arises, we discuss why are there so many
different types of floating roofs. A glimpse of the answer is in Figure 3. Floating roofs first are
divided by whether their service is internal (IFRT) or external (EFRT). Within the external branch
there are only the annular pontoon floating roof (APFR) and the double deck floating roof (DDFR)
designs. However, historically, pan roofs (described later) were used despite their disadvantages.
In addition, there were floating roof designs where a center compartment was in the middle of
what would be an APFR, but these have fallen into disuse. Nonetheless, in the population of
existing tanks there are many such old floating roof designs still in existence.

3

Welded Tanks for Oil Storage. 12th Edition. 2013
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Figure 3 Floating roof taxonomy

On the internal branch of Figure 3 there is great variety. The first point to be understood is that an
EFR may be used in an IFRT, however, an IFR may not be used in an EFRT. It is mostly economics
that limit the use of EFRs in IFRT applications. This is due to the usually much higher costs of the
EFR as compared with the IFR. IFRs allow for different materials of construction, and for different
means to achieve buoyancy such as light weight panels or tubular pontoons. IFRs can use steel,
aluminum, non-metallic and even composite materials in their designs.
By far, the most robust and most expensive of all floating roofs is the DDFR. Juxtaposed against
the DDFR, the pan roof is at the opposite side of the cost and reliability spectrum. Unsurprisingly,
the pan roof was historically the most economic choice for floating roof applications. However,
industry members and standards development organizations recognized that the pan roof brought
grief to owners and operators due to its high failure rates. The industry was willing to pay more
for the better roofs. In order of robustness against failure (for EFRs), the DDFR is the best,
followed by the APFR. Today, the primary EFRT applications are APFR and DDFR types which
are the gold standard for EFRs. The rules for constructing EFRs are given in API 650 Annex C.
Because IFRTs reduce the weather exposure, and provide a benign environment for floating roofs,
API 650 provides separate Annex H for the design and construction requirements. These
requirements are less stringent and allow for construction materials other than steel- the costs of
which are far less than those of EFRT floating roofs. IFRs may be constructed of different materials
and there are advantages and disadvantages for each design and manufacturer.
Ranking these roofs for suitability for service is a challenging task that is company and service
specific. There is no universally suitable ranking method for the IFRs as being more robust or best
9

for a particular application. While IFRs are typically designed and manufactured according to API
650 Annex H, there is a small percentage of IFRTs that use floating roof designs of Annex C.
There is more detail on this in the next section.
Naturally, there are tradeoffs in costs and performance that govern what type of floating roof
should actually be selected or used for a given application.

3 Floating Roof Applications and Details
As discussed earlier there are two floating roof applications:
1. External Floating Roof (API 650 Annex C)
2. Internal Floating Roof (API 650 Annex H)

Floating roofs are separated into internal and external categories (Figure 3). IFRTs have a fixed
roof that prevents weather and wind from contacting the deck of the floating roof, whereas EFRTs
are environmentally exposed from the top and they are often called ‘open top tanks’. EFRs have
several different designs: double deck, annular pontoon, and older designs such as the high center
deck floating roof. Older editions of API 650 allowed pans to be used for external floating roof
applications. See Appendix B - Pan Roofs. Unlike the EFRs, which must be constructed of steel,
the IFRs may be constructed of aluminum, steel, or composite materials.
One major difference between the Annexes in API 650 is that Annex C for EFRs requires steel
construction and has more stringent design loading criteria to account for weather loads, such as
rain, snow, and ice. Annex H covers the design of IFRs for which the design criteria are less
stringent since these floating roofs are always protected from the weather by either a fixed steel
roof- sometimes called ‘cone roof’- or by an aluminum geodesic dome (see Quick Facts 3).
Quick Facts 3: Cone versus Dome Roofs
FRTs and IFRTs most often have fixed roofs of two types:
1. Cone
2. Dome
The cone is a shallow cone with a small slope usually 3/4-inch rise over a 12-inch run up to 2
inches in 12. The cone is 3/16-inch thick steel plate resting on steel beams (rafters). For smaller
tanks up to 50 or 60 feet the rafters can be supported with a single central column which transfers
the roof weight to the foundation.
The dome is typically an aluminum geodesic structure. These do not have to be painted as do
steel cones. However, their first cost is usually higher than steel. One major difference is that a
dome can span the tank diameter without the need for central support columns or systems of
columns that are needed for cone roofs, especially in the larger tank sizes. This is an advantage
because there is no need to have openings in the floating roof to allow the roof to move up and
down with roof support columns.

10

Figure 4 Contrast between geodesic and cone roofs
Quick Facts 3 Cone versus Dome Roofs

Bear in mind that standards such as API 650 apply only to the design of new tanks and floating
roofs. So, there are many EFRs built to API 650 Annex C standards, even though they are enclosed
by a fixed roof or geodesic dome- this is due to a change in service, in which an FRT was converted
to an IFRT. A legislative example of this is the Los Angeles region of California mandating that
all oil-refining tanks shall be ‘covered’. This meant that the many existing EFRTs had to be
converted to IFRTs by the addition of either a steel cone, or an aluminum geodesic dome. In most
cases, owners/operators chose to retrofit their tanks with geodesic domes. The floating roofs were
then under cover and therefore installed in IFRTs. This is an example of how an API 650 Annex
C floating roof ends up in an IFRT, which only requires an API 650 Annex H design. It is rare for
a new IFRT to use an EFR such as an APFR or DDFR.
In our journey through floating roofs we will limit the discussion primarily to annular pontoon
floating roofs (APFR) and double deck floating roofs (DDFR). Additional information on pan
roofs is provided in Appendix B.

4 The Workhorses of Floating Roofs (APFRs and DDFRs)
4.1 Annular Pontoon Floating Roof

The APFR is by far the most common floating roof for EFRTs. A schematic view for APFRs is
given in Figure 5. The APFR floats as a result of the buoyant forces provided by the outer pontoon
ring section as well as the deck. The ring section is made up of closed compartments, which have
11

nothing in them but air. The tops of the pontoon ring sections close off the pontoon sections and
are generally made of sheet steel. Figure 6 shows an image of an APFR in application. Note the
vertical floating roof leg sleeves. The pipes in these sleeves can be pinned into a low or high
position so that when the roof comes to rest on the tank bottom (called landing), the roof position
can be set at two different levels (usually about 3 ft or 7 ft). The deck is constructed of 3/16 inch
steel and the rectangular plates can be seen. The deck is composed of these plates lap welded
together. In the distance, the step up represents the inner rim of the annular pontoon ring section
which is covered on the top. Also, note the rolling roof ladder that allows access to the floating
roof from the gauger’s platform.

Figure 5 Schematic of an APFR
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Floating Roof Legs

Annular Pontoon

Figure 6 An overview of an APFR in application

Figure 7 shows a close up of the annular pontoon ring section. Note the pontoon access hatches
that allow entry into the pontoons for inspection as well as the leg sleeves with legs inside the
sleeves. A view of the underside of this roof is shown in Figure 8 along with the legs which hold
the roof up in the high position.

Annular Pontoon

Figure 7 Close up of annular pontoon ring section
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Floating Roof Legs
(High Position)
Figure 8 Underside of an APFR in ‘high’ position

4.2 Double Deck Floating Roof

The schematic diagram for the DDFR is shown in Figure 9. It is the heaviest construction and most
robust design against failure because of its strength. Similar to the APFR, it is constructed of steel.
The pontoon compartments are covered with 2 skins or decks that form the top and bottom surfaces
of the floating roof.

Figure 9 Schematic of a DDFR
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5 Other Floating Roof Components
5.1 Floating Roof Legs

On occasion, all of the product from a tank must
be removed, for example, during an internal
inspection or a change of service. At this time,
the floating roof must be landed, either in high or
low position. The leg position is changed by
setting steel pins about 3/4 to an inch in diameter
into the leg sleeve and leg as can be seen in
Figure 7. The high position is needed so that a
worker can move around under the floating roof
with sufficient space to comfortably walk
around. During procedures that do not require
personnel to be under the roof, such as a change
of service, the floating roof is typically set to the
low position for landing. An additional
consideration is useable volume. In order to
maximize the useable volume of a floating roof
tank it is important to run the floating roof to a
position as high and as low as possible during
normal operations. Normally, the position of a
landed floating roof is set to the low position
which maximizes the useable tank volume.

Figure 10 Diagram of leg, leg sleeve, and pin
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Quick Facts 4: Summary of Tank & Roof
Types
• There are three basic tank types (FRT,
IFRT, EFRT)
• There are two basic floating roofs that
can be used
o Steel APFR or DDFR constructed
to API 650 Appendix C in EFRT or
‘open top tanks’
o Steel, Aluminum, or Composite
material floating roofs constructed
to API 650 Appendix H in IFRTs.
An FRT has no floating roof, but if
one is put inside it then it becomes
an IFRT.
• Be warned that pan roofs have a high
probability of failure and should
phased out of use as quickly as
possible.
Quick Facts 4 Summary of Tank & Roof Types

Figure 10 shows the typical leg, leg sleeve, and pin used to assign these positions to the landed
floating roof. In reviewing Figure 8 it is apparent that legs seem skinny and flimsy. Even though
the legs are 3 – 6-inch diameter schedule 40 or 80 pipe, they can fail for many reasons:
1. Corrosion thinning of the wall thickness.
2. Legs not vertical which allows the eccentric load to cause the legs to slip sideways.
3. Uneven tank bottom caused by settlement puts indeterminate loads on some legs (some
legs carry much more weight than others).
In addition to the basic loading problems listed above operational events can cause failure:
1. Failure to pin all leg sleeves (from above the deck) can excessively load adjacent legs.
2. Failure to ensure all water and product is removed prior to landing the roof can overload
the legs.
3. Allowing the landed floating roof to collect precipitation without ensuring drainage.
There have been fatalities as a result of floating roof collapses while landed. API 2015 4 and API
2016 5 provide guidance on how to stabilize and ensure that a floating roof does not collapse on
entrants.

5.2 Pontoon and Compartment Access Hatches

Pontoon compartments provide the inherent buoyancy needed to keep the roof afloat. An access
hatch is needed for each compartment in APFR. This allows inspection of the pontoons for leakage.
The hatch necks and covers are visible in Figure 7 and give a sense for the number of compartments
needed for a robust floating roof. The integrity of floating roofs is highly dependent on the
properties of these compartments and on the covers. Many roofs have sunk as a result of inadequate
compartment design, inspection, covers, and more. See Appendix C.

4
5

Requirements for Safe Entry and Cleaning of Petroleum Storage Tanks. 7th Edition. 2014
Guidelines and Procedures for Entering and Cleaning Petroleum Storage Tanks. 1st Edition. 2001
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Quick Facts 5: API Pontoon Buoyancy Requirements Overview
The American Petroleum Institute (API) sets standards for the buoyancy requirements for
floating roof in API 650 Annex C and Annex H, for external and internal floating roofs
respectively. An overview of these requirements are listed here: read API 650 Annex C.3.4
and Annex H.4.2.1 for more details.
Both floating roofs must be designed to be buoyant in liquids of specific gravities (SG) at least
as low as the SG of the product stored or 0.7, whichever is lowest.
API 650 Annex C – External Floating Roofs
EFRs must still be operative and intact while subject to the following scenarios:
• under 10-inches of rainfall, over the entire area of the roof, over a period of 24 hours
without drainage; OR
• with two adjacent pontoon/buoyancy compartments are punctured and flooded, while
the roof is under no water or live load; OR
• under unbalanced snow loading
An APFR must be designed with enough strength to prevent permanent distortion resulting
from a rainwater load in the center of the roof (see Figure 16).
Penetration of the EFR must not allow product to flow onto the roof.
API 650 Annex H – Internal Floating Roofs
IFRs must by designed to be buoyant enough to support at least twice its own weight, and to
offset friction exerted by the seals on the edges of the roof.
IFRs with multiple flotation compartments must be floating even after any two compartments
are punctured and flooded.
IFRs must be designed to be meet the above puncture requirement and support at least two
men while it is floating, without allowing product on the roof.
Quick Facts 5 API Pontoon Buoyancy Requirements Overview

5.3 Vacuum Breakers

When liquid is rapidly pumped into the tank or out of the tank, the fitting shown in Figure 11
allows air movement to pass through the floating roof with little resistance. This is so that excessive
internal or external pressure is not applied to the floating roof due to the displacement of air caused
by the liquid’s transfer. This fitting is nothing more than a pipe which is long enough to open the
fitting cover when the roof is landed. Once floating, this fitting is closed.
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Figure 11 Vacuum breaker

The floating roof could rotate if the guidepole that passes through it were not present. The
guidepole (Figure 12) is a pipe, usually 8 inches in diameter, that comes up vertically through the
gauger’s platform. It doubles as a sampling device so that liquid samples from any level in the tank
can be pulled up in a small container called a ‘sample bomb’ and taken from the guidepole by the
operator for lab analysis.

18

Figure 12 Guide pole

5.4 Seals

Floating roof seals are varied but the basic idea is a mechanism that performs as follows. It reduces
emission by providing a barrier between the liquid in the annular space between the floating roof
and the tank shell. Tanks are never perfectly round, but an annular gap of 4 – 8 inches is typical so
that the floating roof does not bind on the shell as it moves up and down. The seal typically has a
plastic sheet that prevents the vapors from freely moving up out of the exposed liquid annular area
between the seal and the floating roof. Good, tight fitting seals are important to reduce the
likelihood of tank seal fires due to lightning or maintenance activities.

6 Floating Roof Failure and Risk

There are many ways that a floating roof can fail in the various different life cycle stages of the
floating roof. Figure 13 shows the concept of failure as it applies to the various life cycle stages of
a floating roof. The grey boxes are not explored in detail in this document, but these failure modes
occur, and they should be considered in any tank safety management program. As a direct result
of improper design, maintenance, and construction, there have been many serious incidents
involving floating roofs throughout the history of the oil and gas industry. The focus of operational
tank safety, especially floating roofs, is on many different and complex failure mechanisms.

19

Figure 13 Failure domains of floating roofs

6.1 Failure Causation

Floating roofs are the most complex component of a petroleum storage tank and they can fail in a
variety of ways. Proper tank safety management requires asking questions like: “How can my
floating roof fail? Where is it most vulnerable? What can I do to systematically prevent failure of
a floating roof? Am I willing to take the chance of a serious incident caused by a floating roof
fire?”.
There are many points of potential mechanical failure of floating roofs, so many, in fact, that
determining causation is a significant problem. One method to conceptualize floating roof failure
is using diagrammatic fault trees. Fault trees can be used in either a qualitative, or quantitative
manner, and are particularly useful qualitatively to determine floating roof failure modes.
For additional information of fault trees related to failure of APFRs, see Appendix D.
Most of the failures that lead to serious top events, such as fires, business interruption, or injuries
and fatalities, begin with a loss of buoyancy (LOB) event. We cover the significant types of
buoyancy failure modes in the following section.
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Quick Facts 6: Fault Trees
Fault trees use a top down logic diagram approach to analyze system failures. The methodology
of the fault tree is deductive, and maps causation in the tree. The basic ideas of the fault tree are
most easily understood by examining the simple fault tree diagram below. This diagram has
events classified as the top event, intermediate events, or basic events. We start at the top of the
diagram with the top event, which is the hazard, or negative outcome that we are concerned about.
For examining floating roofs with fault trees, the top event might be Partial Sinking of Floating
Roof. The rectangles represent top events or intermediate events. Basic events are circles, and
represent the lowest level of resolution we are working at. They represent the components or
system elements which can initiate the sequence of events leading to the top event. We see in the
figure that in order for the top event, Partial Sinking of Floating Roof, to occur, both the rain
must occur AND drainage from the floating roof must be inadequate. The AND gate represents
the logic that requires both events to be true before the path upward can continue. The OR gate
shows that the open valve condition can occur if either the valve was left open or if the valve
fails. Although AND/OR gates are the workhorses of the logic used in fault trees, they are not the
only type of gates. Note, at the base level of the tree, basic events are shown as circles (but other
symbols are used). The events which are either a top event or events to be further analyzed are
shown as rectangles. The ‘inadequate drainage’ box shows an OR gate below, indicating that any
one of the initiating causes could lead to the inadequate drainage event.
Notice the red ellipse. These events are all able to be continuously monitored by tilt monitoring
systems. Safety management of floating roofs using roof tilt monitoring system dramatically
reduces the chance of an event. Appendix D - Fault Trees shows many more floating roof failure
scenarios.

Figure 14 Partial sinking of floating roof

Because of the diagrammatic nature, as well as the computational methodology used, the fault
tree can serve as both a qualitative and quantitative model in risk assessment.
Quick Facts 6 Fault Trees
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6.1.1 The Loss of Buoyancy Event
Although the LOB event is not the only category leading to serious incidents, however, it is by far
the most common failure mode for EFRs and IFRs. Additional information of the types of failures,
how they occur, and the consequences of such failure is covered in Appendix C - Floating Roof
Failure Modes, along with additional information about LOB events.
6.1.2 APFR LOB Event from Corrosion
One of the most common and serious failure modes for a floating roof is the loss of buoyancy
caused by corrosion due to corrosion holes or weld cracks as in Figure 15. These damage
mechanisms lead to loss of buoyancy of either a pontoon compartment or the center deck in an
APFR.

Figure 15 Corrosion hole in floating roof pontoon

The buoyancy forces of the APFR support the deck and the compartmented pontoon ring. API 650
Annex C allows for any APFR to have a punctured center deck and two adjacent punctured
pontoon compartments without the roof sinking or ceasing function as intended. However, it is
unlikely that the effects of corrosion will occur within these parameters. When corrosion failures
occur, they tend to occur in numerous locations almost simultaneously. For example, if there is a
fatigue crack near a floating roof leg, due to landing the roof many times or otherwise, it is likely
that other similar locations will imminently fatigue crack within just a few weeks or months later.
Moreover, the design criteria of API 650 are often not met, because many tank manufacturers
neglect to design floating roofs to meet these criteria. Checking that API 650 criteria are fulfilled
requires advanced structural engineering, and that is problematic for even major integrated oil
companies.
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Figure 16 Forces experience by an APFR due to product or water on center deck

The major effect of the center deck filling with product fluid is that the circumferential stresses
become extremely high. Even if the design criteria are met, the potential for sudden buckling and
sinking of the floating roof exists. The net forces causing the potential for buckling are shown in
Figure 16. The photo below (Figure 17) shows the inner rim of the pontoon ring section completely
failed by buckling. When buckling occurs it is unlikely the floating roof will maintain buoyancy,
and a LOB event will occur.
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Figure 17 Buckled inner rim section of an APFR

Figure 18 Schematic of a punctured pontoon compartment

6.1.3 Loss of Buoyancy in Pontoon Section
A punctured pontoon compartment schematic is depicted in Figure 18. A punctured compartment
causes varying effects, but generally results in tilting the deck surface. This subjects the floating
roof to an asymmetrical load, and the roof begins to lisp, as shown schematically in Figure 19 and
Figure 20.
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Figure 19 Lisping due to an asymmetrical load

In addition to lisping, or tilting, the pontoon weight that is unsupported by the buoyancy force will
sag, creating uneven stress in the pontoon ring section, further weakening the roof structure. The
combined lisp and tilt is often sufficient to cause the edge of the floating roof to dip into the liquid,
often causing a hazardous and costly cascading failure of the roof, as in Figure 20. Should the
floating roof not fail in this event, a common emergency response action is to foam the roof. The
additional weight of the foam and water, on the already compromised deck, can trigger a buckling
and subsequent sinking of the floating roof.

Figure 20 Effects of a Loss of Buoyancy (LOB) event
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6.1.4 Loss of Buoyancy DDFR
DDFRs are the most expensive roof to construct. They are used either on very small diameter tanks
about 30 feet and under or on tanks that are typically over 280 to 300 feet in diameter. For the
small roof the cost of construction of a double deck is actually cheaper than that of an annular
pontoon. However, this cost advantage quickly evaporates at diameters above 30 feet. When tanks
are over about 280 to 300 feet in diameter APFRs are just too flexible and flimsy to remain robust
against wind flutter, liquid turbulence and heavy precipitation. When the deck can vibrate from
wind, fatigue becomes a common mode of failure. Repeated stress fatigue can cause deck cracks,
which lead to flooding of the deck with product. Most companies with experience recognize the
need for more robust DDFR designs on tanks over about 280 feet in diameter. Experience shows
that DDFRs have survived earthquakes, hurricanes and other loads that would typically result in
sunken floating roofs.
Because double deck floating roofs can have numerous compartments and the entire floating roof
is partitioned into bulkheads, it is very stable and hard to sink. Moreover, large volumes of water
cannot accumulate on the decks of floating roofs because there is not a ring acting as containment
for rain water as there is with an APFR. As a result, it is very rare to have double deck floating
roofs sink as a result of water or product overloading. However, poor maintenance has led to some
serious incidents. There are cases where allowing the pontoons of double deck floating roofs to
become corroded and filled with product and vapor have resulted in explosions caused by
lightning. In several cases, as a result of poor maintenance and failure to repair leaking pontoons,
lightning ignited the vents or pontoon covers and exploded the DDFR top skin. Portions of the
pontoons were blown out of the top of the open top tank. The bottom portions of the roof were
pushed down, settling to the bottom and resulting in a major incident and fire.

7 Consequences of Floating Roof Failure

The consequences of a floating roof failure can be grave, due to the hazardous nature of storing
volatile organic liquids, which are now free to evaporate. Although there are many ways to model
‘accident sequences’, perhaps the most useful and easiest way to understand the methodology of
failure events is by utilizing diagrammatic event trees.

7.1 Event Trees

In contrast to the deductive nature of the Fault Tree method of analysis, the Event Tree Method is
an inductive procedure used to diagram events that can progress from some initiating event to an
undesirable outcome. They are usually done in the context of safeguards which either work or do
not work. If the safeguard fails, then the next step in the event chain can be stopped or mitigated
by another safeguard or condition. The failure of the safeguards results in what is called the
‘accident sequence’ for the incident of interest. Note in the event tree below (Figure 21) that the
up branch is the success branch and the down branch is the failure branch.

26

Figure 21 An example event tree

Event trees are useful tools because they describe scenarios that can lead to concerning events. It
is rarely possible to list all event trees because there are generally too many possible scenarios.
Fortunately, floating roof risks have natural and convenient groupings which begin with initiating
events: for example, a sunk floating roof.
Event trees are often best restricted to binary events where an event either results in a success or a
failure. Some useful analysis outcomes of event trees are:
•
•
•
•

Specific cause-consequence pairs of interest can be identified.
The event sequence is easy to understand and to communicate.
Doing the exercise forces one to think through those events and likelihoods that the
scenarios can turn to unwanted directions.
The step-by-step nature of the event trees shows how failure paths can be pruned away by
risk reducing projects, changes in operations or procedures.

At each branch point the event probability can be estimated by experience or expert opinion. Since
each event variable should be independent of its predecessor the probabilities through any of the
branching scenarios can be multiplied to obtain the probability of that particular scenario
occurring.

7.2 The Importance of Risk Analysis

The common theme behind floating roof accident scenarios is that they generally involve fire and
explosion, resulting in fatalities, injuries, and business interruption. By examining many initiating
events, it is possible to see exactly how these events create the potential for scenarios to evolve,
and also show how the scenarios can be avoided at critical points throughout the evolution of the
event tree.
A good example would be to analyze a floating roof sinking issue. There are several initiators such
as corrosion, cracking of pontoons or decks, and inadequate water drainage from the roof. If
prevention of this scenario warrants a high priority-level, an EFRM system (See Appendix E 27

Electronic Floating Roof Monitoring (EFRM) ) can be installed, giving a higher probability to the
success branches.
Many owners/operators do not go through the formal exercises of risk analysis; however, the
importance of risk analysis cannot be over emphasized. Although these exercises take time,
money, and effort, there are often significant improvements in day-to-day operations that result
from improvements to the management systems.

8 Prevention and Mitigation

Preventing a floating roof from sinking is the best thing a company can do to reduce serious and
expensive incidents from occurring at petroleum storage terminals. Generally, the best preventive
measures related to incident likelihood reduction involves inspections of the floating roof, such as
opening manways to pontoon compartments and visually inspecting them, atmospheric testing,
etc. Most, if not all, operators do not perform these activities on a regular basis because they are
not required to, there does not seem to be an immediate benefit, the activities detract from the
bottom line, there are not enough operators to do the job, and failure of the management to
understand the likelihood for the consequences of these events.
Perhaps an important reason that these preventing measures are not used more often is that they
are potentially hazardous to employees. Entering the tank to access a floating roof is not only a
confined space entry, but also subjects workers to a potential incident of asphyxiation by
hydrocarbon vapors, or serving as a source of static electric ignition. If personnel descent onto a
floating roof is required then the provisions of API 2026 6 “Safe Access/Egress Involving Floating
Roofs of Storage Tanks in Petroleum Service”) should be followed. Checking if liquid is in floating
roof compartments, or sniffing annular or double deck compartments for flammable vapors, is not
a trivial process. Surveying, or testing each floating roof compartment is not typically performed,
except when the tank is out of service for an internal inspection.
An EFRM System can be fitted to monitor the tilt of a floating roof due to the physics of buoyancy.
These systems (see Appendix E) provide the early warning that is necessary to prevent event
sequences from proceeding. A EFRM system uses sensors to indicate abnormalities early in the
failure process, where action can be taken to interrupt the burgeoning incident.

8.1 Floating Roof Monitoring Systems

In the past, the only way to monitor for buoyancy problems in a floating roof system was to actually
enter the tank, and perform a visual inspection, as well as atmospherically test of each
compartment- tasks that are rarely performed with rigor. We estimate that about 2-5% of the tanks
within the typical chemical, petrochemical, and refinery facility tank farms have failed pontoons.
Failure is defined as having liquid or hydrocarbon vapor in the pontoons or compartments and
typically goes unnoticed in the early stages. In part, this is because the failure is not overtly evident
and besides, API requires that floating roofs continue to operate normally with multiple punctured
compartments. However, eventually the failure mechanism, whether corrosion or cracking,

6

Safe Access/Egress Involving Floating Roofs of Storage Tanks in Petroleum Service. 3rd Edition. 2017.
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continues until enough compartments are failed and enough buoyancy is lost to buckle, partially
sink, or completely sink the floating roof.
The latest EFRM technology offers floating roof monitoring sensors, making the monitoring
function far easier, and safer than in the past. The EFRM systems provides early warning by
detecting the indications of failure in buoyancy, due to the changes in local floating roof buoyancy.
Once alerted, an operator is able to conduct an examination of the floating roof, to determine what
exactly is wrong with the floating roof and to correct it.

8.2 Emergency Response and Preparation

When discovering an event that could compromise the integrity of the floating roof, an effective
plan is needed to minimize the potential for a worst-case incident evolving down the event tree.
The prevention of subsequent events down the chronology of the event tree is of vital importance
to an emergency response procedure. A general list of considerations is:
•

Immediate response: Are workers allowed on the floating roof? If liquid is on the floating
roof, how is it drained or siphoned from the roof?

•

Understanding the product stored and its hazards: A good working knowledge of the
fire properties of the liquid and relevant behavior is needed. For example, when fuel
ethanol is stored, when is the liquid within the explosive limits? How much water dilution
is needed to reduce the fire and ignition hazard to minimal levels? How toxic is the vapor?

•

Decision process: Getting the liquid off the roof or landing the roof? Sometimes the most
effective way is to send a worker onto the floating roof to set up a pumping system, at other
times, it may be more effective to raise the roof to maximum level for accessibility to
remove liquid.

•

Confined space entry issues: While atmospheric hazards can be controlled, in confined
spaces the risk of various alternatives must always be considered. The most important goal
of any floating roof action is to prevent injury and harm to workers. Specific hazard
considerations for the multitude of incident scenarios are crucial elements to determine
sound, and defensible safety decisions.

•

Emergency response preparation: Plan for a fire before one occurs. Even though a fire
may never happen, it is critical to think ahead and prepare for a tank fire, so that operations
will not be dumbfounded when a fire occurs. One indication about how effective a facility
emergency response plan is to review the pre-fire plans. If fire plans are nonexistent or not
up to date with information about the specific liquids in the tank, the water available, the
incident command system and operational aspects, then there is greater likelihood that a
small event has devastating consequences. The history of tank fires shows this to be the
case in repeated fire related floating roof events.

•

Emergency response preparation: Always have a section dedicated to floating roof risk
where large amounts of flammable liquids are stored. The emergency protocols must be
incorporated into corporate management systems.
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9 Summary and Conclusion

As we have learned, floating roof integrity is critical for tank safety and incident free operations.
Poor maintenance and failure to understand that there are many different failure mechanisms can
lead to devastating incidents and business interruptions. Not only does the floating roof reduce
evaporation which results in loss of revenues but it protects the environment by reducing
hydrocarbon vapor emissions. But most importantly, emissions from poorly functioning rim seals,
damaged floating roofs, or floating roofs with product in the pontoons or compartments or on the
deck resulting from poor housekeeping result in tank fires.
Event and fault tree analysis have shown that by far the most common failure mode for floating
roofs is loss of buoyancy. These events are often unnoticed because they do not manifest
themselves in an obvious way. Entry onto the floating roof (a daunting task while the tank is in
operation) is difficult.
Fortunately, today, technology exists to acquire early warning of problems as much as months or
years in advance of an incident developing by tools such as roof tilt monitoring systems.
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Appendix A

Tank Types

A.1 Overview

Flat bottom, vertical, cylindrical tanks used to store oil can be classified into three basic types:
1. Fixed roof tank (FRT)
2. External floating roof tank (EFRT)
3. Internal floating roof tank (IFRT)

A.2 Fixed Roof Tank (FRT)

A fixed roof tank schematic is shown in Figure 22. Note that they have a lid or a cover which is a
shallow cone. Thus, these tanks are often called a ‘cone roof tank’. Another type of fixed roof is a
geodesic dome (Figure 23).

Figure 22 Fixed Roof Tank (FRT)

Figure 23 Tanks with Aluminum Geodesic Domes
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PV Valves (short for pressure-vacuum) are used on fixed roof tanks. They are simple devices as
shown in Figure 24. These are attached to fixed roof tanks to minimize air flow into and out of the
tank. In this way evaporation is minimized. While not as efficient, in general, as a floating roof to
reduce emissions, they are far more efficient than simply leaving an opening in a fixed roof tank.

Figure 24 A pressure vacuum vent valve (permission Emerson Enardo)

Figure 25 shows the simple mechanism which relies on gravity to hold the stoppers or plates called
‘pallets’, atop the open hole. When the pressure is sufficient to lift the weight of the pallet, the air
or gas can pass through the opening. Notice the clever design where two such pallets can be
arranged so that when one lifts up it reduces pressure inside the tank and the other allows air to
flow into the tank when a vacuum is developing. API 2000 covers the detailed requirements for
venting of fixed roof tanks.

The blue pallets have a specific
weight that acts over the open
area providing the set pressure
point at which they start to
open. The left pallet opens on
increasing internal pressure
while the right pallet opens in
increasing vacuum and allows
outside air to enter the tank.
Figure 25 Cut Away Diagram of Pressure Vacuum Vent Valve
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A.3 Floating Roof Tanks

There are 2 types of floating roof tanks: external and internal (EFRT and IFRT, respectively).
Figure 26 shows a schematic of EFRT.
A floating roof tank (either EFRT or IFRT) uses a floating disk that rests on the liquid surface,
which rises and lowers with the liquid level (see Figure 26 and Figure 27). The main function of
the floating roof in most cases is to prevent vaporization of the stored liquid. In fact, the US EPA
requires the use of a floating roof for controlling evaporative emissions when the vapor pressure
of volatile organic liquids exceeds 11psia. Below, Table 1 shows some examples of common
liquids that are stored with and without a floating roof. Note that any of the floating roof tank types
(EFRT or IFRT) may store any of the fuels, but not all fuels or organic liquids should be stored in
FRTs, noting the exceptions in the table notes.

Figure 26 Open Top or External Floating Roof Tank (EFRT)

Storage Options for Bulk Liquids
Product
FRT
EFRT
Crude Oil (low vapor pressure)
Yes
Yes
Crude Oil (high vapor pressure)
No*
Yes
Gasoline
No*
Yes
Diesel Fuel
Yes
Yes
Ethanol
No
Yes

Table 1 Storage Tanks by Bulk Liquid

IFRT
Yes
Yes
Yes
Yes
Yes

*In upstream tanks, volatile crude oil is often stored in small tanks (< 30ft diameter). When regulations require or when the owner must control
vapors, then vapor recovery systems can be applied to these fixed roof tanks. If storing volatile organic liquids in a fixed roof tank, the pressurevacuum or PV vent valve should be the vapor recovery system used.
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Figure 27 External Floating Roof Tank (EFRT) Cut Away (courtesy Emerson)

A.3.1 External Floating Roof Tank (EFRT)
Tanks with open tops are not used without a floating roof (see Figure 27). That is, when product
is stored in an open top tank, then there is always a floating roof, and therefore it is an EFRT. The
‘E’ means external and that the floating roof is exposed to the atmosphere. Even though the tank
itself is an open top tank, the term is not used because an open top tank always has a floating roof
in it. When a tank has a fixed roof constructed on top of the cylindrical shell, then it is an IFRT. A
tank which has no floating roof is an FRT. An FRT always has a fixed cover to protect the liquid
from the weather.
Perhaps the most common tank type is the EFRT. Additional information on the rules for the
design of these floating roofs is provided in API 650 Annex C. Appendix C governs the EFR
design requirements. For example, EFRs must be constructed of carbon steel. The relatively highlevel design requirements appear in this Annex because the tank can be constructed without a fixed
roof (reducing capital costs for the tank itself), and then the floating roof constructed to float on
the liquid surface of the open top tank. The dominant types of floating roofs are the APFR or
DDFR. These must be able to withstand the weather conditions from its exposure through the open
top. These floating roofs must also have inherent buoyancy, in the form of closed compartments
referred to as pontoons. Compartments are separated from each other by bulk heads. Annex C
requires that the floating roof be able to operate with no more than two adjacent pontoons
compartments combined with a punctured center deck. The most common designs of external
floating roof tanks are the APFR and the DDFR. These roofs are fitted with drainage hoses that
pass through the rain water to the base of the tank where it can exit through one or more of the
tank shell nozzles.
A.3.2 Internal Floating Roof Tank (IFRT)
The internal floating roof tank (Figure 28) provides the best protection against tank floating roof
incidents. This is because the IFRTs prevents wind and weather from contacting the deck of a
floating roof. Preventing weather reduces the risk of failure from overload precipitation, corrosion,
and blocking wind reduces the evaporation of liquid. As shown in Figure 28, the internal floating
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roof is protected from the weather by the fixed roof above it. Fires in IFR tanks are rare compared
to EFRTs, because the cover prevents lighting and static charges from being an ignition source.

Figure 28: Internal floating Roof Tank (IFRT)

A tank with a low vapor pressure liquid, such as diesel fuel, does not need a floating roof since
there is little evaporation. If the tank service is changed to something like gasoline, then a floating
roof may be required by regulations, or the tank owner may wish to control evaporation with a
floating roof. In the case of a fixed roof tank, an internal floating roof can be installed, and the tank
is then classified as an internal floating roof tank (IFRT). Many times, an EFRT is converted into
an IFRT by retrofitting an aluminum geodesic dome.
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Appendix B

Pan Roofs

B.1 Pan Roof Types

Figure 29 shows the concept of a pan roof. Note the simplicity. Despite the large size of floating
roofs, a single pinhole can sink it.

Figure 29 Pan roof diagram

Figure 30 shows a photo of a pan roof in use, which reveals that a real pan roof is so large that it
would be far too flexible and flimsy to construct and operate without the system of guy wires and
beams that are shown. Nonetheless, a single pin hole from corrosion or a crack can cause flooding
of the entire surface of this floating roof and sink it.
The difference between a pan roof and an APFR, or DDFR, is what we call ‘inherent buoyancy’.
Although the pan roofs are obsolete, and no reputable vendor would supply them today, there are
many in the existing tank populations. A single small hole, or a moderate amount of liquid on the
surface will sink a pan roof. It has no inherent buoyancy meaning that it has an ‘Achilles heel’.
They cannot generally be made strong enough to resist the liquid loads from even just a few inches
of product. The deck becomes stretched into an arc shape, and as it does, exerts compressive forces
on the rim. The rim is very weak structure and it can buckle when subjected to these compressive
forces, leading to a sudden and catastrophic failure.
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Figure 30 Truss supported pan roof

A better, but still highly vulnerable design, is the bulkhead pan roof. In Figure 31 the schematic of
a bulkhead pan roof is shown. The bulkheads provide additional floatation should a hole or cracks
develop in the roof. Therefore, they do have more robust buoyancy. Unlike the annular pontoon
roof, the top is open, and there is very little strength for this type of roof to handle oil, water, or
firefighting foam that could enter the bulkhead areas.

Figure 31 Schematic of steel bulkhead floating pan roof
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Figure 32 Bulkhead pan roof failed by liquid in pontoons buckling the outer rim

The incident illustrated in Figure 32 shows the outer rim buckled as a result of gas blowing into a
pipeline breakout tank. The bubbling of nitrogen gas used to push liquid out of a pipeline and into
a tank causes overflow of diesel over the outer rim. The excessive forces from the liquid weight in
the open pontoons caused the rim to buckle and the roof to sink.
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Appendix C

Floating Roof Failure Modes

C.1 Excessive Flexure of Floating Roofs

DDFRs are generally too stiff to have excessive flexural failure modes. In contrast, APFRs are
highly flexible structures. Because of the APFRs flexibility, especially in the larger sizes, it is
critical that the designer considers the freeboard height when the roof is distorted by liquid in
pontoons or rainwater on the deck under various loading conditions. For example, a center deck
with a hole in it deflects downward into the product. Some large APFRs can contain depths of rain
water of up to 4 or 5 feet. If the floating roof support legs are not designed with sleeves that are
above the liquid level, then product can well up through the leg sleeves and continue the flooding
process eventually sinking the floating roof. This freeboard concept also applies to APFR fittings
such as vacuum breakers and vents.
Another common issue can occur at the pontoon compartments lid or cover. The covers go over
the pontoon compartment access hatches. The purpose of access hatches is for internal inspection
of the pontoon compartments. Many existing tanks have loose covers, as shown in Figure 33. While
hatches may appear suitable from inspection, problems arise when an initiating event occurs such
as excessive wind or precipitation. It has also been observed that local wind eddy currents inside
the shell of an EFRT can be of sufficient velocity to dislodge these covers.

Figure 33 Bad: Pontoon Cover is Loose

A floating roof that is partially submerged is better than a totally sunk floating roof, from a safety
and incident cost perspective. There have been cases where the loose covers have blown off
pontoons because of firefighting during a rim seal fire. While the rim fire could have been a
relatively minor incident, it escalates to a major full surface fire because the lids are missing. The
product then gushes into the pontoons, eliminating its buoyancy and causing it to sink.
The proper design for floating roof access hatch is a sealed and gasketed cover, which is bolted or
affixed to the neck of the entry hatch. Proper use and maintenance of a pontoon access hatch is
shown in Figure 34. A gooseneck type small diameter pipe is used to ventilate the pontoon since
it must equalize any changes in pressure due to the atmosphere or leaks. The turned down vent
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maintains buoyancy, even if that part of the floating roof submerges below the product surface,
maintaining as much buoyancy as possible.

Figure 34 Good - Pontoon Access Hatch Has Locked Down Lid

C.2 Mechanical Impact:

If a rolling roof ladder, the primary access to a floating roof, becomes jammed or stuck, it can force
the floating roof to tip sufficiently to sink or collapse shown in Figure 35. This can result from a
floating suction, or internal piping sticking in a position that when the roof descends, it cannot
move and tips over sideways. If the tank becomes too out of round, or the design of the seal system
is inadequate, the floating roof can bind on the shell, fixed roof columns, or floating roof
guidepoles. A binding floating roof can result in:
• Prematurely wearing seals
• Hanging floating roof and possible submergence or sinking
• Damage to tank internals

Figure 35 Failure by ladder impact or sticking

C.3 Seal Failure

Seals confine the annular area between the floating roof and the shell, by applying a fabric to cover
the open space. The rim seal is the part of the roof responsible for preventing the evaporation of
product, so it is an important consideration for floating roofs. A schematic for a rim seal is shown
below, in Figure 36.
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Figure 36 Rim seal diagram

Rim seals are a moving part, and can wear quickly and they can bind, causing the floating roof to
tip. There have been extreme cases where the seal has frozen in cold weather to the shell, and
refused to move allowing the roof to stick and suddenly drop, causing failure.
If the floating roof is not level, then the rim seal will not be sufficient to trap the vapors below.
The rim seal is designed to fit perfectly when the roof is operating on a level plane. If the plane of
the roof begins to tilt, then vapors can rise through open spaces between the seal and shell. Poorly
maintained rim seals lead to evaporation of product, a significant waste and hazard and possible
violations from the local regulatory air quality management district.

C.4 Gas Blowing

Some terminal operations require that pipelines connected to the terminal be cleared for
maintenance. One way is to use nitrogen and pigging operations (or gas blowing) to force liquid
back into tanks (see Figure 37). Pigs, which are foam or ball like plugs used to clear lines, are
pushed by an inert gas (usually nitrogen). This allows the lines to be cleared of most liquid and
allows maintenance to make repairs and modifications to a process.

Figure 37 Pipeline and pipeline pigs

For one reason or another gas can get past the pig or the pig can be stuck. If gas enters the tank
then it accumulates under a floating roof has caused many floating roofs to sink, as shown in Figure
38. The gas tends to accumulate under the floating roof, and is trapped by the floating roof seals.
The roof lifts and can tip enough to sink. Gas entry can also cause gurgling of liquid and vapors
through the seal area. This tends to create an eruption of product onto the floating roof.
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Figure 38 Failure by gas blowing

C.5 High Flow Operations

Because flow rates in, or out of tanks can be extremely high, vibration of the floating roof can
cause fatigue failures. These are cracks that occur in deck plates welds and around fittings such as
legs. The cracking leads to product entry into the compartments or the deck of floating roofs.

C.6 Exceeding Travel Limits

Floating roofs are designed to remain below the maximum safe filling height of a tank. If the fill
limit is exceeded the seals can catch on the top edge of the tank, or on internal trappings, such as
firefighting foam chambers. When the liquid goes down the floating roof will hang up and tip or
buckle.

C.7 Stress Corrosion Cracking

Although uncommon, the introduction of ethanol for motor fuel oxygenates has caused some
floating roofs to crack at welds due to stress corrosion. API 939 has details covering this failure
mode.

C.8 Design Flaws

The most serious and overlooked failure mode for floating roofs is bad design. Because the stability
of a floating roof is a complex structural engineering problem, many tank manufacturers, as well
as owners, do not know how to evaluate them. All issues related to loss of buoyancy are directly
dependent on the efficacy of the design.
A largely overlooked design problem is the sizing of the floating roof drainage system. Because a
floating roof operates from levels as low as 5 to 6-ft up to more than 40-ft, the available head or
driving pressure for drainage is limited to the gravitational head. A floating roof may expel water
at the API intended flow rate when full, but it will have a significantly reduced flow capacity when
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the roof is low. Due to the dynamic nature of rain intensity, and the flow rate at the drain sumps,
computations of required flow versus actual flow capacity are often either overlooked, or
oversimplified utilizing rules of thumb. These methods may work due to chance, but they are not
a systematic solution to reducing risk and protecting personnel.

C.9 Non-Operational State Failures

There are many maintenance failures that result from failure to conduct an adequate job hazard
analysis, including fires and explosions from residual fuel in hidden locations, during hot work.
Floating roof supports are another source of common failures. When landing floating roofs, the
legs are pinned in a ‘high’ position so workers can enter below the floating roof. If operations fail
to pin every leg at the same position, then some legs will be taking excessive loads and collapse is
possible. There have been many other failures resulting in collapse of floating roofs during
maintenance, due to instability. API 2016 provides guidance on how to stabilize landed floating
roofs during maintenance.
Maintenance fires are very common because flammable liquids have many places to ‘hide’ in the
floating roof components such as support legs, pontoons, the seal, and any space that is not visible
within the floating roof construction.

C.10 Insufficient Draining of Precipitation

Although overloading the floating roof with product is uncommon, overloading of an external
floating roof by precipitation, such as rain and snow, is common. API Annex C requires that
APFRs must remain buoyant with 10 inches of rainfall in a 24-hour period. The 10 inches
requirement should be based on the full plan view area of the tank. So, a 100ft diameter tank should
be able to support about 25 tons of water without sinking (i.e. the weight of 10 inches of water
over an area of 7854 square feet. These standard precautions have often proven insufficient for
tropical storms and other naturally occurring phenomena as results show in Figure 39. The effects
of precipitation are like those of product entry on the floating roof- the additional weight can
overload the available floatation buoyancy forces. When sufficient overloading occurs, a bucking
failure or a sinking event may occur.

Figure 39 Inadequate precipitation drainage

In Figure 40 we show an EFRT which drains precipitation from the roof through an articulated
piping system or a flexible hose which is typically 3 to 6-inches in diameter. There may be multiple
hoses for multiple drains. Failure of the hose could lead to a major oil release. A manually operated
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valve is usually located on the outside of the tank so that it can be kept closed except when draining
water off the floating roof.

Figure 40 Schematic diagram of APFR drainage systems

Double deck floating roofs are not subject to the API rain requirement because DDFRs cannot
accumulate as much volume of water. The double deck drains precipitation off by a system of roof
drains, and they also have overflow emergency drains which dump rainwater directly into the
product if the water level rises too high. The APFR, on the other hand, must carry the full amount
of rain that falls on the footprint of the tank, specifically on the center deck. API 650 has the 24hour time limit in the requirement because the floating roof drainage system has a limited capacity,
and it may take a significant time to drain the water off the roof.
A key principle that is often unrecognized by the tank engineer is that the driving force for
precipitation drainage from a floating roof is strictly limited to the height of the floating roof above
the drainage nozzle. A typical tank would have less than 40 feet of head. But if the floating roof is
not a maximum level, then the head for driving flow may be less than 10 feet. If a heavy rain
occurs when the floating roof is low, the reduced flow rate may cause water to accumulate until
the intensity of precipitation falls. This balancing act is governed overall by the criteria in API 650
Annex C which requires draining 10 inches of rain over a 24 hour period.
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Other problems with floating roof drains are the ‘laydown’ pattern. Unless carefully designed,
when the floating roof is descending to a ‘landing’ the hoses for drainage must be clear of the
floating roof legs (see Figure 41). If they are not clear, then the legs will puncture the hose. If the
drain valve exterior to the tank is not closed then the entire contents of the tank can drain out.

Figure 41 Floating roof's drain hose

Each type of floating roof drain hose has its own failure modes. For example, a rubber hose, if
heated beyond its specified temperature range in a crude oil service can actually continue to
vulcanize so that the rubber is ‘cooked’ which results in reduced life or even premature cracking.
An articulated design can fail by excessive movement if one of the chains used to restrain
flexibility breaks. Yet other hoses constructed with compression fittings or ferrules have in the
past slipped off of the hose allowing a complete break of the hose system. It is up to the owners
and users to review and study the failure modes and effects and make a decision as to what type
of drain hose is optimal in the intended service for the intended operating interval.

C.11 Loss of Buoyancy Due to Corrosion

APFRs and DDFRs are subject to various environments depending on location. For example, the
top of the floating roof is exposed to the elements for an EFR. Because the deck will often be
subjected to rain water for significant amounts of time, the coating system should generally be
suitable for ‘immersion service’. It is common to see corrosion on these exposed surfaces in EFR’s.
For internal or external service, when sour products are involved, the corrosion may be accelerated.
This can be on the outer rim of the floating roofs under the seals where the closed space can
maintain high humidity for long periods of time. Corrosion of the outer rim of floating roofs is a
common problem but aggravated by services which tend to be corrosive.
Typically, the underside of a floating roof is not welded as the seams are lap welded above. This
means that crevice corrosion can occur at the crevices between the joints near the topside fillet
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welds. Some owner/operators have seal welded the lapped plates on the underside to reduce crevice
corrosion.
Anywhere product comes into contact with metal the surfaces of the tank components, corrosion
may be accelerated, especially when gas accumulates under the deck of the floating roof.
Below, Table 1 shows that many failure modes are associated with penetration of the steel
membrane in floating roofs by corrosion. Common corrosion failures are:
1. Moisture and debris corrode the deck surfaces from the topside, and penetrates the deck,
allowing oil to flood the deck. Corrosion from the underside is common where the product
is corrosive.
2. Corrosion in the pontoons leads to flooded pontoons. Because most companies are not
rigorous about pontoon inspections, the pontoons can not only be flooded, but also fill with
flammable vapors. Even though API allows for two pontoons to be flooded, it is common
to have more than two flooded, and depending on the specific roof details, the roof can tilt,
buckle, or collapse.
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Appendix D

Fault Trees

D.1 Introduction to Fault Trees

Fault trees use a top down logic diagram approach to analyze system failures. The methodology
of the fault tree is deductive and looks for causation. The basic ideas of the fault tree are most
easily understood by examining the simple fault tree in Figure 42. The diagram has events which
are classified as either the top event, intermediate events or basic events. We start at the top of the
diagram with the top event which is the hazard, event or problem that we are concerned about. The
rectangles represent either the top event or intermediate events. Basic events are circles and
represent the lowest level of resolution we are working at. They represent the components or
system elements which can initiate the sequence of events leading to the top event. We see in
Figure 42 that the top event, failure of secondary containment, means that both the secondary
containment must be filled with oil and there must be an open valve. The AND gate represents the
logic that requires both events to be true before the path upward can continue. The OR gate shows
that the open valve condition can occur if either the valve was left open or if the valve fails.
Although AND and OR gates are the workhorses of the logic used in fault trees they are not the
only type of gates. Examples of some other gates are shown in Figure 43.

Figure 42 Simple Fault Tree Example
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Because of the diagrammatic nature as well as the computational methodology used, the fault tree
can serve as both a qualitative and quantitative model in risk assessment.

Figure 43 Some Common Gate Types used in Fault Trees

D.2 Qualitative Fault Trees

The examples in Figure 44, Figure 45, Figure 46, and Figure 47 are qualitative fault trees dealing
with failures of interest. The top event for the first fault tree is excess water on the deck of an
APFR which we know can lead to a sunken floating roof.

Figure 44 EFRT failure modes by precipitation
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Another top event of concern is product entering the roof deck or pontoon. The diagram shows
explicitly the causes and conditions needed to arrive at the top event of concern. In this way, it is
possible to consider mitigations or changes that can prune out failure branches.

Figure 45 Floating tank failure by product penetration of roof or pontoons

Figure 46 Mechanical failure modes of floating roofs
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Figure 47 Design and construction of failure modes of floating roofs

D.3 Quantitative Fault Trees

Quantitative fault trees have probabilities attached to basic events (shown as circles). In this way,
the probabilities for failure can be rolled up the tree so that the likelihood of various failure paths
can be estimated and dealt with.
As an example of a failure of a quantitative fault tree, consider a floating roof drain hose (Figure
48). We recognize that although no tank rupture is involved, the catastrophic release from a failed
drain hose has occurred many times in the industry. The quantitative failure probabilities are
labeled by Q. In the figure, it can be seen that the annual probability of a hose rupture leading to a
major spill into the secondary containment is 0.0004695.
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Figure 48 Spill into secondary containment from floating roof drain hose

In this fault tree scenario, we see that two prerequisite conditions are required for the tank to empty
through the floating roof drain hose. First, the hose must be compromised so that liquid can pass
through the wall of the hose, called ‘Drain Line Breach’ in the figure. Second, the tank floating
roof drain valve which is controlled by operations must be open.
Figure 49 gives an example of how many factors can apply to the development of the drain line
failure.

Figure 49 Drain line breached
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D.4 Mechanical Causes

We see from Figure 50 that there are six basic event failures leading to sunken floating roof:
1. Rolling ladder off track or stuck
2. Floating suction malfunction
3. Broken articulating drain pipe wedged against roof
4. Floating roof caught on foam changes or other fittings from filling tank too high
5. Seal frozen to shell
6. Overfill

Figure 50 Mechanical causes for sunken floating roof
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Appendix E

Electronic Floating Roof Monitoring (EFRM)

As previously mentioned, serious incidents involving floating roofs rarely happen suddenly and
without warning. As shown in fault trees, major failures are consequences of less serious faults
that have gone undetected or that have been known but with no measures taken. Seemingly less
urgent issues will escalate over time until emergency action is required.
So why are early indications and faults not discovered? Detecting faults in floating roofs requires
manual inspections to be made at regular intervals. It is common that such inspections are not
carried out thoroughly, or not at all. Further, even a careful inspection cannot possibly discover all
faults such as corrosion of roof drain system and damages to roof underside and roof legs unless
the tank is taken out of service entirely.
Factors that hinder inspections or may lead to issues being overlooked include:
• Dangerous working environment to climb down to floating roof
• Extensive permit process
• Operating parameters not right for inspection (e.g. if the tank is in service, it is preferred to
enter roof when the tank is full)
• Visual inspection sometimes made only from gauging platform without climbing down to
roof
• Lacking clear guidelines for when issue is serious enough to report for immediate repair
• Corrosion and similar issues easily overlooked if not immediately visible on top of roof
With modern technology it is possible to receive early indications of escalating errors without
relying on manual inspections. Solutions for Electronic Floating Roof Monitoring (EFRM) can
provide around-the-clock monitoring of floating roof status.
The principle of EFRM is to detect how the roof is floating. The specifics will vary depending on
which technology is used, but in general it is measured if and by how much the roof is tilting. An
excessively tilting roof is one of the early indicators that something is not working as intended
with the roof, for example a pontoon may be punctured, there may be liquid pooling on the deck,
or there may be vapor build up under the roof. An EFRM system thus can give early indication
that something is outside ordinary working parameters, which should trigger sending personnel
out for inspection.
Examples of technologies used in EFRM systems are radar, inclinometers, and floats. In the case
of radar, three or more radar gauges are used to measure the distance from the tank top to the
floating roof. The distance values are then compared to detect roof tilt (Figure 51). An alternative
method is to install Guided Wave Radars (GWR) that protrude through the roof and into the
product. By comparing the ullage from multiple GWRs it can be detected if the roof tilts (Figure
52). Inclinometers work in a similar fashion with multiple measurement points being attached to
the floating roof and monitoring the roof tilt. Tilt monitoring by using floats typically requires
more measurement points and also need to penetrate the roof to be in contact with product liquid.
Installation of an EFRM is usually quite straightforward, but GWRs and floats which need to
penetrate the roof and have contact with the product may need some additional consideration. In
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the best case, there are already suitable nozzles available on the tank. If not, installation could still
be possible without taking the tank out of service by means of removing some of the roof legs and
using those openings. Of course, such modification should only be done following an engineering
analysis showing it to be acceptable and that it will not lead to risk of damaging the roof when
landed.
Though each technology will have different pros and cons, the key benefit is that a modern
automatic system monitors the floating roof 24/7 and is connected into the control room to alarm
the operator if the roof goes outside of normal operating parameters. It allows terminal personnel
to be proactive and take control of a progressing situation before it escalates into something worse.

Figure 51 Electronic Floating Roof Monitoring with Non-Contacting Radar

Figure 52 Electronic Floating Roof Monitoring with Guided Wave Radar
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Appendix F

Corrosion

F.1 Corrosion Penetrations in EFRs

APFRs and DDFRs are subject to various environments depending on location. For example, the
top of the floating roof is exposed to the elements for an EFR. Because the deck will often sit for
a significant percentage of the time with standing rain water, the coating system should generally
be suitable for ‘immersion service’. A look at the topside of EFRs quickly reveals that the coating
is soon destroyed and atmospheric corrosion is attacking the upper surface.
For internal or external service, when sour products are involved then the corrosion may be worst
where there is moisture and the compounds with sulfides. This can be on the outer rim of the
floating roofs under the seals where the closed space can maintain high humidity for long periods
of time. Corrosion of the outer rim of floating roofs is a common problem but aggravated by
services which tend to be corrosive.
Typically, the underside of a floating roof is not welded as the seams are lap welded above. This
means that crevice corrosion can occur at the crevices between the joints near the topside fillet
welds. Some owner/operators have seal welded the lapped plates on the underside to reduce crevice
corrosion.
Anywhere there is product can be a source of corrosion especially when gas can accumulate under
the deck of the floating roof.
Below, Table 2 shows that many failure modes are associated with penetration of the steel
membrane in floating roofs by corrosion. Common corrosion failures are:
1. Moisture and debris corrode the deck surfaces from the topside, and penetrates the deck,
allowing oil to flood the deck. Corrosion from the underside is common where the product
is corrosive.
2. Corrosion in the pontoons leads to flooded pontoons. Because most companies are not
rigorous about pontoon inspections, the pontoons can not only be flooded, but also fill with
flammable vapors. Even though API allows for two pontoons to be flooded, it is common
to have more than two flooded, and depending on the specific roof details, the roof can tilt,
buckle, or collapse.
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Roof Type

Application

Steel pan roof EFR or IFR

Steel
Bulkheaded
pan roof

Steel Annular
Pontoon
(APFR)

Double deck

EFR

EFR or IFR

EFR or IFR

Damage
Location

Likely Consequence

Product
contact
surfaces

Pans have no inherent buoyancy and a single
pinhole can bring down a pan roof. Almost
certain sinking during firefighting.

Product
contact
surfaces

Although roof can survive one or two flooded
compartments, the roof is inherently weak and
may suddenly fail by buckling. Almost certain
sinking during firefighting. Some have sunk
because gas blowing put a small amount of
liquid into the open bulkheads by gurgling fuelnitrogen up through the rim space

Topside
bulkheads

Effective bulkhead area increased due to hole.
Failure event much more likely do to this latent
failure mode.

Product
contact
surface
pontoons

Flooded compartment flooded and vapor hazard

Product
contact
surface deck
surface

Flooded center deck and vapor hazard

Above liquid
level in rim
area

Vapor hazard

Above deck
pontoon at
base of
pontoon

Compromised buoyancy

Various

Failure modes similar to AFPR

Table 2 Roof corrosion summary
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Appendix G

Tank Fire Types and Causes

There are many types of fires associated with tanks. A fire can occur anywhere on the floating roof
where vapors can emit from it. They can even result from failure to clean oil spills on the top of
the roof resulting from oil which has seeped, spilled or bubbled up through the seals onto the deck
or by gurgling through leg sleeves or fittings. When not cleaned this house keeping issue is a fire
hazard. There are two commonly recognized major fire categories for IFRTs or EFRTs:
1. Rim seal fire: If a fire is initiated by maintenance, or by lightning on an external floating
roof, then the space between the floating roof and the tank shell can burn- usually burning
away the seal fabric. There is often an explosion under the seal, which bends the weather
shields away from the floating roof, as shown in Figure 53 and Figure 54. Although the
floating roof rim fire can appear to be catastrophic, it is typically easy to extinguish. If
foam is properly applied over the rim area, the fire can be extinguished quickly. One
strategy is to spray foam over the edge of the interior shell, and let it run down into the seal
space where it extinguishes the fire. Another strategy is to lob foam from the gauger’s
platform using foam handlines. However, there are many variables that govern the outcome
of tank rim seal firefighting. Success of the firefight often depends on the fire departments
experience, skill, knowledge and practice drills.

Figure 53 Rim Seal Fire Diagram

Figure 54 Rim Seal Fire Image
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2. Full surface or fully involved fire: A fully involved fire occurs if there is a fire in a fixed
roof tank (without a floating roof), or if either an EFR or IFR roof sinks partially or
completely. A common scenario is a rim seal fire that escalates to a fully involved fire,
which can happen if some of the roof pontoons explode, or the roof is sunken by improper
firefighting techniques. The fully involved fire is orders of magnitude more difficult to
extinguish for several reasons. Most of the foam use and fire pre-planning for tanks with
IFRTs and IFRTs assumes that the floating roof is intact, and that the exposed maximum
liquid surface area that can burn is only that of the annular strip near the tank shell. If the
liquid area increases based on partial or total sinking of the floating roof then the design of
the foam application systems as well as the foam available will typically be insufficient to
fight the fire. The devastating results of a full surface fire are shown in Figure 55.

Figure 55 Full Surface Tank Fire

G.1 Other Serious Fire Events

Crude oil with boilover properties which is stored in fixed roof tanks is subject to the ‘Boilover
Event’. When crude oil has a wide boiling range, it will have boilover properties. This means that
if there is a fully involved fire, the crude will burn off the light ends initially. A thick layer several
feet thick begins to form at the top which is devoid of the light ends but which has denser heavy
ends. Because the top several feet of the burning tank oil is of a higher density due to the burn off
of light ends, the heavy layer begins moving downward through the crude oil at a rate of several
feet per hour. After several hours, the hot layer may be over 500 F (260 C) and because crude oil
tanks always have water or brine at the bottom of the tank, the hot layer contacting the water layer
will cause the water layer to vaporize. As it does, the burning froth consisting of oil and steam start
to eject from the tank perhaps hundreds of feet into the air. Because the crude cover on top of the
water layer is reduced by the burning ejected crude, the steam at the bottom at the water layers has
less weight to contain it. The process is a positive feedback system where the process of the
boilover makes the burning ejecta worse as it continues. The end result is that the entire crude
contents of the tank can be ejected as a burning 2 phase oil/steam mixture that is almost explosionlike (Figure 56).
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Figure 56 Simulated Boilover Event

The burning crude volume can be much greater than the tank volume because it is a steam-oil mix
where the superheated steam can expand to about 1700 times the original water volume. Secondary
containment may not contain the burning flames. The most notable boil over was the event on
December 19, 1982 at a power plant in Tacoa, Venezuela where over 150 fire fighters, emergency
responders, law enforcement agents, news media personnel and neighbors were killed (Figure 57).
The Boilover is the most dangerous type of terminal or refinery fire, and it greatly endangers
personnel and firefighters.
We reiterate the point that you cannot get a boilover unless you are storing crude oil in fixed roof
tanks (FRTs) and not in IFRTs or EFRTs.
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Figure 57 Tacoa Venezuela Boilover
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