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 �  The 27-volt AMF battery bank in the yellow pod (made up of three packs of 9-volt 
batteries), which was required to operate the AMF, had a charge of 18.41 volts. (Refer to 
Figure 17.) The battery bank discharge curve indicates that the battery bank voltage was 
already in rapid decline. (Refer to Figure 9.) While this charge was low, it was sufficient to 
complete the AMF sequence multiple times during tests conducted at the surface. During 
the August 23-27, 2010, MBI hearings, a subsea superintendent stated that the battery 
bank voltages were measured incorrectly (i.e., the 18.41-volt measurement) and that, prior 
to re-installing the yellow pod after it was retrieved, the voltages were rechecked and a 
battery bank voltage of 27 volts was measured. 

 �   The investigation team considers that even if the yellow pod batteries had sufficient 
charge, the status of the solenoid valve 103 would have prohibited the closure of the 
BSR from the yellow pod.

A B

Figure 16. (A) Photograph of Solenoid Valve 103 in the Yellow Pod. (B) Testing of Solenoid Coils.

Figure 17. Photograph of a 9-volt AMF Battery Pack. 
(Not from Deepwater Horizon BOP pod.)
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 �   The 27-volt AMF battery bank in the blue pod, which was required to operate the AMF, 
was reported to have a charge of 7.61 volts, which was too low to complete the AMF 
sequence. The investigation team could not determine from the available maintenance 
records exactly when the batteries were last replaced.

 �  The charge on the 9-volt AMF battery pack for SEM B in the blue pod, which was 
required to power the SEM B AMF system, was reportedly measured to be at  
0.142 volts (i.e., almost fully discharged).

Although these deficiencies were discovered after the accident, they were very likely 
present at the time of the accident because the BOP control pods located on the lower 
marine riser package (LMRP) were not affected by the explosions and fire at the surface or 
by the flow in the wellbore. 

The investigation team was unable to perform a complete review of the maintenance history 
of the BOP prior to its deployment on the Macondo well. Although requested, Transocean 
did not supply all daily maintenance records for the maintenance period between the BOP’s 
retrieval from the previous well and deployment on the Macondo well.

5.2 Leaks

The investigation team is aware of six leaks in the BOP hydraulic control system. The first 
one was reported on the OpenWells® Drilling Morning Report for February 23, 2010.  
Three more leaks were discovered during ROV intervention attempts after the accident.  
The fifth leak was discovered in the BOP stack accumulator system after the yellow control 
pod was re-installed during preparation for well kill operations. A sixth leak was mentioned 
by a senior subsea supervisor during the August 23–27, 2010, MBI hearings.
 
The February 23, 2010, OpenWells® Drilling Morning Report includes the notation that “Pilot 
leak on BOPs on yellow pod at 1 gpm. Switched to blue pod and leak slowed—put valve 
function in block—checked out OK—will put BOP stack functions in block when drill pipe is 
above stack to confirm leak is on stack.”

A review of available information showed that this leak was not reported on any Transocean 
International Association of Drilling Contractors (IADC) Daily Report, nor was it reported on 
the ROV Daily Dive Report. A number of MBI witnesses confirmed the presence of this 
leak and specified the location to be on the test VBR open circuit shuttle valve. This leak 
would not have been expected to impact BOP well control performance.

The second and third leaks, which were discovered during ROV intervention, were 
identified for further investigation to determine if they could have adversely affected the 
performance of the BOP system:

 �  A leak at a hose fitting at the close side of the upper annular surge bottle supplying 
pressure to the annular preventer operating piston.
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 �  A leak at a hose fitting at a shuttle valve in the BOP ram ST lock close hydraulic circuit, 
which was in the same hydraulic circuit as the high-pressure BSR close function.  
ROV hot stab intervention using ROV pumps could not build any measurable pressure 
on the ROV gauge against this leak. The ROV pump rate was estimated at 4 gpm to  
8 gpm. Figure 18 shows an ROV photo of the leak. 

Hydraulic analysis of the BOP control system indicated that a leak in an annular preventer 
control circuit would unlikely have affected its response time and sealing capability, due to 
the large hydraulic supply that was continuously provided by the rigid conduit line. 

Furthermore, it is unlikely that a leak in the ST lock circuit would have reduced the available 
hydraulic power provided by the BOP stack accumulators below that required for the BSR 
to shear 5 1/2 in., 21.9 ppf, S-135 drill pipe and seal the wellbore when operated in AMF 
and autoshear emergency modes. (Refer to Appendix Z. Hydraulic analyses of BOP  
control system.) 

The fourth leak, also observed during ROV intervention, was on the ST lock circuit 
downstream of one of the BSR bonnet sequence valves. If the leak observed was in the 
ST lock sequence valve, it could have pressurized the closed side of the ST lock cylinder 
prematurely, thereby exerting a lateral force on the ram tail rod. This could have impeded 
the performance of the BSR. Examination of the BOP stack (when retrieved) should reveal 
further information on the condition of the BSR ST lock sequence valves. 

The fifth leak in the BOP hydraulic control system was discovered after the yellow control 
pod was recovered for modification and then re-installed 7 days later in preparation for well 
kill operations. It was found that 54 gallons of hydraulic fluid were required to recharge the 
BOP stack accumulators to the maximum pressure of 5,000 psi. 

Shuttle valve hose fitting leaked green-dyed fluid Close up of hose fitting that leaked

Figure 18. ROV Video Stills of Leaking Hose Fitting  
on a Shuttle Valve in the ST Lock Hydraulic Circuit.  

(Green-dyed water around this location indicates the severity of the leak.) 
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Assuming that the accumulators had been at maximum pressure prior to unlatching and 
recovering the control pod, a 54-gallon fluid loss would suggest that there were leaks in 
the BOP stack accumulator hydraulic system. A worst-case scenario would have been a 
single leak (equating to 0.3 gal/hour) in the pilot-operated check valve in the accumulator 
isolation circuit. If such a leak was present during the 30-hour period between the loss of 
the hydraulic conduit line and the ROV activation of the autoshear, it would have reduced 
the available hydraulic pressure in the BOP stack accumulators.

Hydraulic analysis of the BOP stack accumulator system indicated that a leak of this 
magnitude would not have reduced the available hydraulic pressure to shear the drill pipe 
and seal the wellbore.

The sixth leak mentioned in the MBI hearings was apparently in the lower annular preventer 
open circuit. This leak was detected by the flow meter on the BOP control panel. It appears 
to have been investigated by an ROV, but the source was not found. The investigation team 
has not determined whether this leak had any impact on BOP performance.

5.3 Testing

A review of the OpenWells® Drilling Morning Report, Transocean Daily IADC Reports and 
the Subsea Daily Activity Summary Report provided by Transocean indicated that the 
function and pressure testing performed while the BOP was installed on the Macondo well 
appeared to conform with:

 � Regulations (Refer to 30 CFR 250.).
 � Industry standards (Refer to API RP 53.).
 �  BP standards (Refer to Engineering Technical Practices [ETPs] GP 10-10 Well Control and 

GP 10-45 Working with Pressure.). 
 �  Transocean operating policy (Refer to Transocean Well Control Handbook  

HQS-OPS-HB-01.). 

These standards include surface tests prior to deployment, tests upon initial deployment 
and subsequent weekly (function) and bi-weekly (pressure) tests. None of these testing 
requirements include testing the high-pressure BSR close function.

The Transocean operating policy that was available to the investigation team required that 
all BOP emergency back-up systems (defined as EDS, AMF, autoshear, ROV intervention 
and any other control systems such as acoustic, if available) be tested on the surface prior 
to subsea deployment of the BOP. The daily reports reviewed did not indicate that the 
AMF and the ROV intervention functions were tested on the surface prior to the BOP’s 
deployment on the Macondo well. If so, this was not consistent with Transocean  
operating policy.

Two recent between-wells BOP surface maintenance and testing plans supplied  
by Transocean did not include testing the AMF and ROV intervention systems.  
Additionally, the investigation team reviewed 8 years of Deepwater Horizon Subsea  
and Electronic Technician Daily Activity Summary Reports. None of these reports indicated 
that there had been any function testing for the AMF or ROV intervention systems.
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The weekly function tests should have detected the leaks in the BOP hydraulic control 
system that were discovered during ROV intervention. A rig condition assessment 
performed by ModuSpec on behalf of Transocean on April 1–14, 2010, recorded a small  
leak during annular preventer function testing. The report also stated that the subsea  
engineer believed that the hose/fitting on the annular preventer surge bottle was leaking.  
This suggests that at least one leak was detected, and that the subsea engineer was  
aware of it.

The investigation team could not determine why there was no mention of leaks in any of 
the Transocean IADC or ROV Dive Daily Reports.

5.4 Modifications

Based on available records from Transocean as well as information that was generated 
after the accident, 19 known modifications have been identified in the BOP and its 
control system. (Refer to Appendix AA. Deepwater Horizon BOP Modifications Since 
Commissioning for an itemized list of these modifications.) 

The investigation team identified the following modifications as having the potential to 
adversely affect the performance of the BOP system:

 �  A modification to remove the retrievable feature of the control pods. This modification 
would require retrieval of the riser and the LMRP to repair or maintain control pods  
(e.g., ability to change batteries or repair solenoid valves), resulting in additional  
rig downtime.

 �  Modifications to the configuration of the LMRP accumulators in 2004, which introduced 
a pilot-operated valve isolating these accumulators upon the loss of hydraulic power  
and increasing the control system’s dependency on the control pod pilot accumulators.  
The investigation team has concluded that this modification had no causal link to  
the accident.

 �  Undocumented modifications were discovered during ROV intervention. The pipe ram 
hot stab receptacle was connected to the test (lower) VBR and not to the middle VBR, 
as was assumed. The IMT was aware that the lower VBR was converted to a test ram. 
The pipe ram labeled on the ROV panel was assumed to refer to the middle VBR and not 
to the test (lower) VBR. These modifications were not documented on the BOP stack 
flow schematics, and they impacted the effectiveness of ROV intervention.

 
BP had requested two modifications:

 �  A change-out of the lower annular preventer from a 10,000 psi-rated (closed on 5 1/2 in. 
drill pipe) to a 5,000 psi-rated stripping element.

 �  Modification of the lower VBR to a test VBR. The modification resulted in the VBR only 
holding pressure acting from above. This reduced the number of available VBRs to seal 
the wellbore from three to two.

 
Although these two modifications changed the functionality of the BOP, the investigation 
team has concluded that the modifications likely did not contribute to the failure of the BOP 
to isolate the wellbore prior to and after the accident.
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5.5 Monitoring and Diagnostic Capability

Diagnostics of the BOP control system were available to the rig crew and subsea personnel 
through an alarm indication system and an event logger. (Refer to Figure 19.) The alarm 
system was integrated into the driller’s control panel and into the TCP.  The event logger 
was located in the subsea workshop, and it may never be recovered.

The control panels displayed alarms in two ways: through the alarm display and through 
an array of dedicated alarm lights. The alarm display provided alarm tables that were 
programmed into the programmable logic controller (PLC), based on the importance of the 
component being monitored. It displayed alarm notifications for low accumulator pressure, 
PLC system failure, pod SEM mismatch, coil fault in the active pod, hydraulic pressure unit  
not available, low pilot pressure and a number of other parameters. The dedicated alarm 
lights displayed the most critical fault alarms selected and pre-programmed from the PLC 
alarm tables.

The event logger captured information related to hydraulic system pressures and electrical 
components in the control pods. It also allowed the user to interrogate each individual SEM 
in the control pods. By selecting each SEM, the status and values of all the subsea solenoid 
coils, pressure and temperature transducers, inclinometers and SEM water monitors 
(humidity inside the SEM) could be viewed. The event logger also recorded all the BOP 
functions that were operated from the control panels.

There were three flow meters in the hydraulic control system (one at the surface and  
one in each pod) indicating hydraulic fluid flow when a BOP function was operated.  
Three digital displays on the control panels provided readings from the flow meters.  
A leak in the hydraulic system could have been detected during BOP function testing  
by selectively operating each function in turn.

The control system was capable of identifying the coil defects in solenoid valves 103 and 
3A in the yellow pod and logging them in the event logger. A failure mode effects and 
criticality analysis (FMECA) performed as part of a BOP assurance analysis of Deepwater 
Horizon BOP stack identified this failure mode. As stated in the FMECA report, when this 
failure is detected, the mitigation is “Switch to alternate pod, secure well and pull LMRP.”

The charge level of the batteries for the AMF sequence could not have been monitored on 
the surface while the BOP was deployed subsea. If the battery voltage was not checked on 
the surface prior to the BOP deployment, there would have been no means of determining 
the charge on the batteries once the BOP was deployed.
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Figure 19. Photographs of Deepwater Horizon BOP TCP and Event Logger.
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5.6 Overall Summary of BOP Condition Prior to the Accident

The lines of inquiry in this analysis indicate that there were conditions in the BOP system 
that could have impaired its performance prior to and after the accident. The investigation 
team concluded that most of these conditions (e.g., hydraulic system leaks, solenoid valve 
coil faults) should have been detected by the BOP diagnostic capability that was available to 
the rig crew and subsea personnel by the routine BOP testing and maintenance program.

6  Modes of BOP Operation
In the normal mode of BOP system operation, the annulus between the drill pipe and the 
BOP is sealed by closing an annular preventer, a VBR or both. The rig crew initiates this 
function from a control panel on the rig using separate function buttons for each of the annular 
preventers or VBRs. The well pressure is then contained by the pressure capacity of the 
annular preventer and/or VBR and the pressure capacity of the surface system at the top of  
the drill pipe.

The emergency mode of BOP operation involves the operation of the BSR function to shear 
the drill pipe and seal the wellbore. 

There were six possible methods of closing the BSR in emergency mode that pertain to this 
accident (refer to Figure 20):

 �  High-pressure BSR function (crew-initiated): initiated by rig personnel from a control 
panel on the rig that closes the BSR with high-pressure (4,000 psi design) hydraulic fluid. 
This function required at least one operational control pod and an associated MUX cable.  
All three sets of accumulators provided hydraulic power for this function. There is no 
evidence to suggest that the rig crew initiated this emergency function. 

 �  EDS function (crew-initiated): initiated by rig personnel from a control panel on the rig. 
EDS was primarily designed to mitigate the risk of losing containment as a result of the 
dynamic positioning system not being able to keep the rig on station. This function also 
requires at least one operational control pod and associated MUX cable. The sequence 
activates the high-pressure BSR. All three sets of accumulators provided hydraulic power 
for this activation of the high-pressure BSR. Witness accounts indicated that the subsea 
supervisor initiated this function from the TCP, but it would have been unsuccessful because 
the MUX cables had already been rendered inoperable due to the explosions and fire. 

 �  AMF: an automatic means of closing the high-pressure BSR when electrical power, 
electronic communication and hydraulic pressure are all lost. AMF is designed to mitigate 
the risk caused as a result of catastrophic failure of the riser with the resultant reduction 
of hydrostatic head of mud in the riser to seawater hydrostatic head. This function had 
to be manually armed by rig personnel from the BOP control panel and required at least 
one operational control pod. The accumulators on the BOP stack were the only source of 
hydraulic power for this function. The investigation team concluded that the AMF very likely 
did not function due to the condition of critical components in the control pods. 
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 �  ROV-initiated AMF: a simulation of AMF conditions to close the high-pressure BSR by 
using an ROV to cut power/communication and hydraulic lines at the LMRP. This was 
attempted hours before the rig sank, but the investigation team concluded that the AMF 
very likely did not function due to the condition of critical components in the control pods. 

 �  ROV-initiated autoshear: a simulation of the autoshear condition to close the 
high-pressure BSR by using an ROV to cut through the autoshear activation rod. 
Autoshear is designed to mitigate the risk of loss of containment as a result of an 
inadvertent disconnect of the LMRP from the BOP stack. The accumulators on the BOP 
stack were the only source of hydraulic power for this function. This ROV-initiated autoshear 
was attempted hours before the rig sank, and the investigation team concluded that the 
autoshear appeared to close the high-pressure BSR, but failed to seal the wellbore.   

 �  ROV-initiated BSR: closure of the BSR by ROV hot stab using an ROV seawater pump 
or utilizing a separate hydraulic power supply provided by a bank of accumulators on the 
sea bed. This function required sufficient hydraulic power available from the ROV pump 
or bank of accumulators. Various attempts were made to close the BSR by ROV hot stab 
intervention prior to and after the rig sank, but all failed to seal the wellbore.

The rig crew attempted the normal mode of BOP system operation (using an annular preventer 
and possibly a VBR) prior to the accident. The emergency mode of well control shown in  
Figure 20 relates to the period after the accident, but only the ROV hot stab intervention 
continued after the rig sank. 

The effectiveness of the emergency system methods of operation available to rig personnel to 
isolate the wellbore was lost due to damage resulting from the explosions.

Emergency Mode of  Well Control
Normal Mode�
of Well Control

Hazard

Control the
well using 

Annular/VBR

Close High-�
pressure BSR

Initiate
EDS AMF ROV

AMF
ROV

(Auto shear)
ROV

(Hot stab)

Explosion
Spill

Rig Sinks

Well
Control
Event

Figure 20. BOP Well Control Modes of Operation.
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The normal and emergency modes of BOP system operation do not provide fully-independent 
means of closing the BOP. For example: 

 �   The six emergency methods provide different means of closing a single BSR, which must 
seal to isolate the wellbore. 

 �  With the exception of the autoshear and ROV hot stab, all normal and emergency methods 
rely on an operational control pod.

 �  The normal mode of BOP operation and the emergency methods available to rig personnel 
(close VBR/annular preventers in normal mode, close high-pressure BSR and EDS in 
emergency mode) require the same communication, electrical and hydraulic components.

This interdependency of BOP operating modes means that single failures could have affected 
multiple modes of BOP operation.

7 Key Lines of Inquiry Going Forward
The investigation team conducted this investigation with limited access to physical evidence 
and personnel with pertinent data on the condition of the BOP and its performance.  
The investigation has relied on the limited data that was available to the team, such as 
extensive modeling of wellbore and BOP behavior and physical examination of recovered 
control pods and riser kink section. 

The investigation team concluded that the BOP response to seal the annulus prior to the 
accident was slow, that the AMF could not function due to the condition of critical components 
in the control pods and that the BSR failed to seal the wellbore after likely being initiated by the 
autoshear. (Refer to Section 7. Work that the Investigation Team Was Unable to Conduct of  
this report.)

8 Conclusions

8.1 Prior to the Accident

Findings relating to BOP performance prior to the accident:

 �  The annulus was sealed, likely by the closure of a VBR, less than 2 minutes before the 
explosions, after hydrocarbons had already entered the riser. 

 �  The overall response of the BOP system to seal the annulus was slow from the time it 
was first activated at 21:41 hours, possibly due to the high flow conditions across the 
BOP and/or insufficient annular preventer regulated pressure.
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8.2 After the Accident

Findings relating to post-accident BOP performance include:

 �  The explosions and fire very likely damaged the MUX cables, disabling the two 
emergency methods of BOP operation available to rig personnel: the high-pressure BSR 
operation and EDS capability. The MUX cables/reels were located in the moon pool and 
had little or no resistance to explosion and fire.

 �  The AMF initiation conditions (failure of MUX cables and hydraulic lines) would have 
been met soon after the first explosion. However, it is unlikely that the AMF sequence 
could have been completed by either control pod, due to the failed solenoid valve 103 in 
the yellow pod and an insufficient charge on the 27-volt AMF battery bank in the blue pod.

 �  The ROV actuation of the autoshear function appeared to close the BSR but failed to 
seal the wellbore.

8.3 Overall BOP Condition

Findings relating to the condition of the BOP prior to the accident:

 �  Maintenance: The BOP maintenance records were not accurately reported in the 
maintenance management system, which was also identified by the BP audit performed 
in September 2009. The conditions of critical components in the yellow and blue 
pods and the use of a non-OEM part, which was discovered after the pods were 
recovered and examined after the accident, highlight the lack of a robust maintenance 
management system for the BOP. 

 �  Leaks: Six leaks were identified in the BOP hydraulic system. The investigation team has 
not been able to determine whether these leaks affected the ability of the BSR to shear 
pipe and seal the wellbore. 

 �  Testing: The reported pressure and function testing of the BOP while it was on the 
wellhead appeared to have been in conformance with regulatory, industry, BP and 
Transocean standards. However, there were no indications that the AMF and ROV 
intervention systems were tested at the surface, as was required by Transocean policy, 
prior to subsea deployment on the Macondo well. Also, the existing standards did not 
require regular function testing of the high-pressure BSR.

 �  Modifications: Since it was manufactured in 1999, a number of modifications 
were made to the BOP hydraulic system that had unintended consequences on 
its performance. With the exception of the two modifications requested by BP, BP 
was not informed of these modifications prior to their being made. The Transocean 
management of change process did not identify any failure modes or effects related to 
the modifications or post-modification verification testing requirements.

 �  Diagnostics: Deepwater Horizon BOP diagnostic practices did not cover all critical 
components of the control system (e.g., AMF batteries). Furthermore, the available 
diagnostics system appeared not to have been utilized effectively to detect control 
system defects (e.g., faulty solenoid coil, leaks).
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9 Recommendations
The investigation team has developed recommendations in response to the findings and 
conclusions presented in Section 5. Deepwater Horizon Accident Analyses. (Refer to Section 
6. Investigation Recommendations of this report.) These recommendations comprise two 
categories: (1) those related to BP’s Drilling and Well Operations Practice (DWOP) and its 
Operations Management System (OMS) implementation and (2) those related to BP’s 
Contractor and Service Provider Oversight and Assurance. 
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As this was a BP internal investigation, the recommendations in this section relate to BP, its 
contractors and its service providers. Some recommendations concern matters that the team 
viewed as inconclusive with respect to causing or contributing to the accident. It should not be 
inferred that by making such recommendations, the team viewed those matters as causal or 
contributing factors in this accident.

The investigation team developed a series of recommendations based on eight key findings. 
These recommendations cover two broad areas:  

 �  Drilling and Well Operations Practice (DWOP) and Operating Management System 
(OMS) implementation. 

 � Contractor and service provider oversight and assurance.

The purpose of these recommendations is to enable prevention of similar accidents occurring in 
the future by strengthening the defensive physical or operational barriers needed to eliminate or 
mitigate hazards. (Refer to Figure 1.) The recommendations are intended to provide a basis for the 
consideration of actions that can be implemented by both BP and by the contractor community 
that provides critical services and products to BP’s exploration and production operations. 
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 Figure 1. Barriers Breached and the Relationships of Barriers to the Critical Factors.
Adapted from James Reason (Hampshire: Ashgate Publishing Limited, 1997).
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Others in the industry may benefit from consideration of these recommendations as well. 
Full implementation of the recommendations would involve a long-term commitment and a 
prioritized action plan with due dates and accountabilities for each element of the plan, with 
each of the actions tracked to completion. Some of the recommendations are dependent on the 
cooperation of entities outside BP.

DWOP and OMS Implementation

1 Procedures and Engineering Technical Practices                        

1.1  Update and clarify current practices to ensure that a clear and comprehensive set 
of cementing guidelines and associated Engineering Technical Practices (ETPs) are 
available as controlled standards. The practices should include, as a minimum:

 � Clearly defined mandatory practices.
 � Recommended practices and operational guidance.
 �  Definitions of critical cement jobs.
 � Description of the technical authority’s (TA’s) role in oversight and decision making.

1.2  Review and update ETP GP 10-10 Well Control, clarifying requirements for subsea 
blowout preventer (BOP) configuration: 

 �  Establish minimum requirements for ram types, numbers and capability. 
 �  Establish minimum requirements for emergency well control activation systems. 
 �  Conduct a gap assessment of the BP-operated and BP-contracted rig fleet and put 

corrective actions in place to assure conformance. 

1.3  Update the relevant technical practices to incorporate the following design 
requirements:

 �  BPA-D-003 Tubular Design Manual: Consider load conditions for negative-pressure 
tests in the casing design assessment for subsea wells.

 �  DWOP :  Standardize the installation of the locking mechanism of the casing hanger 
seal assembly to the high-pressure housing for subsea wellheads.

1.4  Review and update ETP GP 10-45 Working with Pressure to include negative-pressure 
testing; this practice should provide as a minimum:

 � The purpose of the test. 
 � A definition of the barriers to be tested.
 � Identification and evaluation of the consequences of failure. 
 � A contingency plan of action in the event that failures occur.
 �  A requirement for detailed procedures which should include as an example:

 � The configuration of test lines and correct valve positions.
 � All operational steps and decision points.
 � A description of the roles and accountabilities for the personnel involved.
 � Clearly defined success/failure criteria for the test.
 �  Authorization instructions if results are outside the defined success criteria.  

 �  Assurance that contractor procedures are consistent with ETP GP 10-45. 
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1.5  Clarify and strengthen standards for well control and well integrity incident reporting 
and investigation. Ensure that all incidents are rigorously investigated and that close out 
of corrective actions are completed effectively.

1.6  Propose to the American Petroleum Institute the development of a recommended 
practice for design and testing of foam cement slurries in high-pressure,  
high-temperature applications.

1.7   Review and assess the consistency, rigor and effectiveness of the current risk 
management and management of change (MOC) processes practiced by Drilling and 
Completions (D&C) by:      

 �  Implementing an action plan to address areas that should be strengthened to 
conform with OMS expectations.

 �  Defining minimum requirements of D&C functional teams to deliver consistent and 
effective application of MOC and risk mitigation from planning through execution.

 �  Assessing high-consequence drilling activities as a priority, starting with the Gulf of 
Mexico Exploration and Appraisal drilling team.

2 Capability and Competency

2.1  Reassess and strengthen the current TA’s role in the areas of cementing and zonal 
isolation. Ensure adequate TA coverage to support all the D&C global operations. As a 
minimum, a TA should:

 �  Review and approve all critical zonal isolation engineering plans and procedures.
 �  Provide assurance of contractors for all services related to zonal isolation 

engineering and technical services, including engineering competency, service 
quality and adherence to relevant standards.

2.2  Enhance D&C competency programs to deepen the capabilities of personnel in key 
operational and leadership positions and augment existing knowledge and proficiency 
in managing deepwater drilling and wells operations by: 

 � Defining the key roles to be included in the enhanced competency programs. 
 � Defining critical leadership and technical competencies.
 �  Creating a ‘Deepwater Drilling Leadership Development Program.’ The program 

would build proficiency and deepen capabilities through advanced training and the 
practical application of skills.

 �  Developing a certification process to assure and maintain proficiency.  
Conduct periodic assessments of competency that include testing of knowledge 
and demonstrations of the practical application of skills. 
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2.3  Develop an advanced deepwater well control training program that supplements 
current industry and regulatory training. Training outcomes would be the development 
of greater response capability and a deeper understanding of the unique well control 
conditions that exist in deepwater drilling. This program should:

 � Embed lessons learned from Deepwater Horizon accident. 
 �  Require mandatory attendance and successful completion of the program for all 

BP and drilling contractor staff who are directly involved in deepwater operations, 
specifically supervisory and engineering staff, both onshore and offshore.

 �  Where appropriate, seek opportunities to engage the broader drilling industry to 
widen and share learning.

2.4  Establish BP’s in-house expertise in the areas of subsea BOPs and BOP control 
systems through the creation of a central expert team, including a defined segment 
engineering technical authority (SETA) role to provide independent assurance of the 
integrity of drilling contractors’ BOPs and BOP control systems. A formalized set of 
authorities and accountabilities for the SETA role should be defined. 

2.5  Request that the International Association of Drilling Contractors review and consider 
the need to develop a program for formal subsea engineering certification of personnel 
who are responsible for the maintenance and modification of deepwater BOPs and 
control systems.

3 Audit and Verification

3.1  Strengthen BP’s rig audit process to improve the closure and verification of audit 
findings and actions across BP-owned and BP-contracted drilling rigs.

4 Process Safety Performance Management

4.1  Establish D&C leading and lagging indicators for well integrity, well control and rig 
safety critical equipment, to include but not be limited to:

 � Dispensations from DWOP.
 �  Loss of containment (e.g., activation of BOP in response to a well control incident).
 � Overdue scheduled critical maintenance on BOP systems.

 
4.2  Require drilling contractors to implement an auditable integrity monitoring system to 

continuously assess and improve the integrity performance of well control equipment 
against a set of established leading and lagging indicators.
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Contractor and Service Provider Oversight and 
Assurance

5 Cementing Services Assurance

5.1 Conduct an immediate review of the quality of the services provided by all cementing 
service providers. Confirm that adequate oversight and controls are in place within the 
service provider’s organization and BP regarding:

 � Compliance with applicable service provider, BP and industry standards.
 � Competency of engineering and supervisory personnel.
 �  Effective identification, communication and mitigation of risk associated with 

providers’ services. 

6 Well Control Practices

6.1  Assess and confirm that essential well control and well monitoring practices, such as 
well monitoring and shut-in procedures, are clearly defined and rigorously applied on all 
BP-owned and BP-contracted offshore rigs (consider extending to selected onshore rigs 
such as those for high-pressure, high-temperature, extended reach drilling [ERD] and 
sour service applications). These practices should be:

 �  Defined and codified as BP minimum standards for demonstrated practice  
and proficiency. 

 �  Formally bridged into contractor rig site well control policies and procedures, with a 
self-verification and reporting process. 

 �  Reinforced by regular audit by BP well site leaders.

7 Rig Process Safety

7.1 Require hazard and operability (HAZOP) reviews of the surface gas and drilling fluid 
systems for all BP-owned and BP-contracted drilling rigs. Include a HAZOP review as 
an explicit check for rig acceptance and rig audit. Phase 1 should address offshore rigs. 
Phase 2 should address selected onshore rigs such as those for high-pressure,  
high-temperature, ERD and sour services applications. 

7.2  Include in the HAZOP reviews a study of all surface system hydrocarbon vents, 
reviewing suitability of location and design.
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8 BOP Design and Assurance

8.1  Establish minimum levels of redundancy and reliability for BP’s BOP systems.  
Require drilling contractors to implement an auditable risk management process to 
ensure that their BOP systems are operated above these minimum levels.

8.2  Strengthen BP’s minimum requirements for drilling contractors’ BOP testing, including 
emergency systems. Require drilling contractors to:

 �  Demonstrate that their testing protocols meet or exceed BP’s minimum 
requirements. 

 � Perform self-audits and report conformance with their own protocols.  

8.3  Strengthen BP’s minimum requirements for drilling contractors’ BOP maintenance 
management systems. Require drilling contractors to:

 �  Demonstrate that their maintenance management systems meet or exceed BP’s 
minimum requirements. 

 �  Perform self-audits and report results to confirm conformance with their own 
management systems. 

 
8.4  Define BP’s minimum requirements for drilling contractors’ MOCs for subsea BOPs. 

Require drilling contractors to:

 � Demonstrate that their MOC systems meet or exceed BP’s minimum requirements. 
 �  Perform self-audits and report results to confirm conformance with their own  

MOC processes. 

8.5  Develop a clear plan for ROV intervention (independent of the rig-based ROV) as part 
of the emergency BOP operations in each of BP’s operating regions, including all 
emergency options for shearing pipe and sealing the wellbore.

8.6    Require drilling contractors to implement a qualification process to verify that shearing 
performance capability of BSRs is compatible with the inherent variations in wall 
thickness, material strength and toughness of the rig drill pipe inventory.

8.7   Include testing and verification of conformance with Recommendations 8.1 through 8.6 
in the rig audit process.
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Although the investigation team has taken a broad approach to making recommendations within 
the intent of its Terms of Reference, the team believes that as the findings in this report are 
considered and discussed, they may give rise to broader systemic responses or recommendations 
associated with possible broader industry issues. These issues might include industry working 
practices; training and competency assessment; and interfaces among operators, drilling 
contractors and service providers. 
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Section 7. Work that the 
Investigation Team Was Unable  
to Conduct
The investigation team considers its work to have provided a robust basis for its conclusions 
and recommendations. This section describes in outline three additional areas of work that the 
investigation team would have conducted if it had been able to do so. Other investigations or 
inquiries may have the opportunity to conduct this work. One of these areas of work relates to 
cement slurry testing; the others relate to blowout preventer (BOP) status and operation.

Cement

Due to the unavailability of Halliburton cement additives and products, the investigation team  
was unable to undertake testing of cement slurries containing those additives and products.  
As described in Analysis 5A. Well Integrity Was Not Established or Failed, the investigation team 
arranged instead for testing of slurries based on the Halliburton formulation using representative 
cement products and additives. 

The testing program that the investigation team would have conducted on cement slurries 
containing Halliburton cement additives and products includes:

 � Test nitrified cement slurry at downhole temperature and pressure.
 �  Test to determine if cement with 55% to 60% quality foam can be generated using an injection 

pressure of 1,000 psi.
 � Test base and foam cement slurries for gel strength development.
 � Test fluid rheology.
 � Test contamination effects of base oil, spacer and mud on the nitrified foamed cement slurry.
 �  Determine the effect of Halliburton additives (defoamer, liquid retarder, KCl and EZ-FLOTM) on 

nitrogen breakout and stability.
 � Determine the effective use and concentration of Halliburton’s SA-541 suspending additive.
 � Conduct settlement testing and free water testing on the base slurry.
 � Test for fluid loss on the foam and the base slurry.

This area of work is associated with Analysis 5A. Well Integrity Was Not Established or Failed. 
Refer to 2.2 Cement Testing Recommendations.



190 Deepwater Horizon Accident Investigation Report

Section 7.  Work that the Investigation Team Was Unable to Conduct

Deepwater Horizon BOP

At the time this report was written, the investigation team had not had physical access to the 
Deepwater Horizon BOP. Without access to the BOP or others' evaluation of the BOP,  the 
investigation team was unable to conduct the following examinations and tests:

 �   Examine the BOP stack to confirm the status of variable bore rams (VBRs) and blind shear  
rams (BSRs). 

 �  Determine configuration and material properties for any drill pipe section(s) crossing the  
BOP stack.

 �  Determine the as-existing configuration of the BOP hydraulic control system to confirm the 
results of the hydraulic analysis.

 �  Examine the BOP stack to ascertain nitrogen pre-charge pressures in the BOP  
accumulator bottles. 

 �  Determine the conditions of the two check valves in the stack accumulator hydraulic circuit and 
the BSR ST lock sequence valves.

 �  Examine and test the blue pod automatic mode function batteries to determine their condition 
and establish their date of manufacture.

At the time this report was written, the investigation team did not have access to the yellow pod 
solenoid valve 103 and was unable to evaluate the reasons for its failure.

This area of work is associated with Analysis 5D. The Blowout Preventer Did Not Seal the Well.

Representative Cameron BOP

At the time this report was written, the investigation team had been unable to obtain access for 
testing of a representative Cameron BOP system. Accordingly, the investigation team was unable 
to conduct the following:

 �  Full-scale testing to determine the response time of annular preventers and VBRs under 
wellbore pressure conditions.

 �  Full-scale testing of the BSR operated by the BOP stack accumulators, with a representative 
leak in the ST lock hydraulic circuit, and test its ability to shear the pipe that was present across 
the BSR. 

 �  Conduct testing of the annular preventer elastomeric sealing element under a representative flow 
condition to determine its erosion characteristics.

This area of work is associated with Analysis 5D. The Blowout Preventer Did Not Seal the Well.



Deepwater Horizon Accident Investigation Report

Appendices

191

A
p

p
en

d
ic

es

Appendices

Appendix A.  Transocean Deepwater Horizon Rig Incident Investigation Into the Facts and 
Causation (April 23, 2010)

Appendix B.  Acronyms, Abbreviations and Company Names 

Appendix C.  Macondo Well Components of Interest

Appendix D.  Sperry-Sun Real-time Data—Pits 

Appendix E.  Sperry-Sun Real-time Data—Surface Parameters 

Appendix F.   Roles and Responsibilities for Macondo Well 

Appendix G.  Analysis Determining the Likely Source of In-flow

Appendix H.  Description of the BOP Stack and Control System 
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