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Dear Peter

Installing a physical barrier above underground gas transmission pipelines, such as a concrete slab, is a possible measure available to reduce the risk of pipeline failure due to third party external interference. Concrete slabs are often marked with distinctive yellow diagonal stripes and have marker tapes installed above them to inform third parties of the presence of the pipeline. The Health and Safety Executive (HSE) do not currently take account of concrete slabbing as a mitigation measure when determining the failure rates for underground pipelines. The UK Onshore Pipeline Operators’ Association (UKOPA) have requested that HSE consider slabbing as a measure that can be taken to reduce the likelihood of third party interference for underground pipelines. HSE have asked the Health and Safety Laboratory (HSL) to review the work that has been carried out in this area.

GL Noble Denton have undertaken some work on behalf of UKOPA [GL, 2010] to quantify slabbing risk reduction factors and have produced a report, R9551, ‘A revised fault tree method for determining the effectiveness of slabbing’ proposing the values in Table 1. The reduction factors for slabbing published in the industry guidance, IGEM/TD/2 ‘Application of pipeline risk assessment to proposed developments in the vicinity of high pressure natural gas pipelines’ [IGEM, 2008], are also shown in Table 1 for comparison.

Table 1 Reduction factors proposed by UKOPA

	Barrier Type


	Probability that Slabbing Fails

	
	GL report
	TD/2 (Rural)

	
	Rural
	Suburban
	

	Concrete Slab Only
	0.096
	0.103
	0.16

	Slab and Marker Tapes
	0.086
	0.096
	0.05


1 background

In 2007, UKOPA requested that HSE considered whether they would accept protective concrete slabbing over an underground pipeline as an acceptable risk mitigation measure and proposed risk reduction factors (see Table 2). The basis for the reduction factors was detailed in an Advantica (now GL Noble Denton) Report, R8904, ‘The effectiveness of slabbing in preventing pipeline damage due to external interference’ [Advantica, 2006]. The report presents a fault tree approach to quantifying the benefit of installing slabbed protection on transmission pipelines. 

Table 2 Risk reduction factors from R8904

	Area Type
	Protection Type
	Probability slabbing breached

	Rural
	Slab only
	0.158

	
	Slab + tapes + stripes
	0.053

	Suburban
	Slab only
	0.114

	
	Slab + tapes + stripes
	0.046


The report evaluated reduction factors for slabs both on their own and with marker tapes and coloured stripes above the slabs. The values in Table 2 have been subsequently used in IGEM/TD/2.

In the interim, Advantica produced a second report, R6249, ‘Effectiveness of safety improving measures for high-pressure gas pipelines – Phase 1’ [Advantica, 2007]. This superseded the earlier R8904 report, which was found to contain errors. The second report again used a fault tree approach to derive risk reduction factors whilst taking account of four different machinery types. HSL reviewed the second Advantica report and raised a number of concerns at a meeting with Advantica in February 2009. 

Following this meeting Advantica agreed to carry out some additional work and as a result produced the GL Noble Denton report, R9551. This report builds on the work described in the earlier Advantica report, R8904, and some experimental work carried out by British Gas (BG) in 1995 [Rose, 1995]. A fault tree approach for determining the effectiveness of slabbing is detailed, with the logic revised from earlier Advantica reports following discussions with UKOPA members and HSE/L. The work was also extended to include an assessment of different machine types and sizes, e.g. excavators, drills, spikes, draglines, drainlayers, scrapers, bulldozers. Fault trees are evaluated for each machine type and then combined, taking account of the probability that work is being undertaken by a particular machine type. 

Report R9551 will be reviewed in more detail in the Section 3 of this report.

2 other relevant literature

2.1 Pipelines protection – how protective measures can influence risk assessment [jones and gye, 1991]

This paper considers different methods for protecting pipelines from third party activities. The use of concrete slabbing as a protective measure, and associated risk reduction factors, are discussed. A reduction factor of 50% was used for the third party contribution to the rupture failure frequency. No reduction to the puncture failure frequency was given. In addition, the corrosion contribution to both the rupture and puncture frequencies was doubled. No reasoning for the reduction factors chosen is given in the paper.

2.2 pipeline protection measures field trial – final report [rose, 1995]

This report details the British Gas field trials carried out in 1995. The experiments involved burying protected sections of pipeline and asking contractors, who were not informed of the presence of the pipeline, to excavate trenches across them to a depth greater than the pipeline cover. The tests were carried out with a range of excavators from 15 – 26 tonnes in size.

Tests were observed with hidden video surveillance cameras to determine the reactions of the excavation team on contact with the barrier. The results of the 53 tests carried out are summarised in Table 3. 

In the three tests with concrete slabs where damage occurred, the slab was damaged and removed by the excavator. In one of these tests no serious attention appeared to be paid to the slab, in another the driver stopped upon finding the concrete but continued soon afterwards. In the third test, the material around the pipeline was removed using the excavator bucket causing damage to the pipeline.

Table 3 Results of the protective measures field trials

	Type of protection
	No. of tests
	Summary of test results
	Damage reduction factor

	No protection
	2
	Pipeline damaged in both cases
	1

	Warning tapes above pipeline
	5
	Pipeline damaged in three tests
	1.67

	3m wide concrete barrier above pipeline
	16
	Pipeline damaged in three tests
	5.33

	3m wide yellow striped concrete barrier and warning tapes
	15
	No pipeline damage observed in any test
	31

	3m wide yellow striped steel plate and warning tapes
	15
	No pipeline damage observed in any test
	


From Table 3, the probability that the slabbing is breached for concrete slabbing only is 0.1875 (i.e. 3 out of 16 tests). The presence of striped slabs and marker tapes appears to significantly reduce the likelihood that the pipeline is damaged. 

The report also describes a statistical analysis that was carried out on the test results and concludes that the 16 tests on the concrete slab without tapes/stripes provide an acceptable indication of the probability of third party damage to pipelines protected by concrete slabs. However, the true probability that the slabbing is breached (for a large population) is calculated to lie between 0 and 0.395 at the 95% confidence level. For the tests that used slabs in combination with yellow stripes and warning tapes the true probability that the slabbing is breached (for the population as a whole) is calculated to lie between 0 and 0.191 at the 95% confidence level.

Additionally, it was concluded in this report that the concrete slab may be seriously damaged or penetrated by large capacity (>20 ton) excavators. It was noted that excavator drivers tended to operate their machines more carefully after penetrating the concrete slab but that damage was likely to be inflicted on the pipeline during the subsequent removal of the surrounding earth.

2.3 gas industry publications

Slabbing is considered as an impact protection measure in the Institute of Gas Engineers publication ‘Steel Pipelines for High Pressure Gas Transmission’ [IGE, 2001]. The guidance states that the use of any protection measure may alter the distribution and intensity of external loads around the pipeline and that care should be taken to ensure that the satisfactory operation of any cathodic protection system would not be affected.

Supplements to IGEM/TD/2 and the British Standard PD8010 ‘Guide to the application of pipeline risk assessment to proposed developments in the vicinity of major accident hazard pipelines containing flammables’ [BSI, 2009] both give the reduction factors for slabbing shown in Table 1 of this report. Both supplements also state that the installation of slabbing over a pipeline may restrict access to the pipeline in the event of coating deterioration or corrosion damage.

3 GL NOBLE denton report, R9551

As discussed earlier, this report uses a fault tree approach to determine the effectiveness of slabbing as a barrier to protect transmission pipelines. The approach takes account of a number of factors that will influence the outcome of third party activities in the vicinity of a pipeline protected by concrete slabbing. These factors include:

· Type of activity being undertaken;

· Type and size of machinery being operated; and

· Human factor characteristics exhibited by the machine operator.

Account is also taken of whether the operator knows about the presence of the pipeline prior to commencing the activity, is aware of the exact location of the pipeline, and whether the barrier is noticed by the operator.

The fault tree is calculating the probability that the pipeline protection is not successful in preventing an activity making contact with the pipeline and causing damage. The report notes that this event is addressing the frequency of damage incidents only and does not calculate the probability that damage results in a gas release. Therefore, account is not taken of any change in failure probability due to the potential for the barrier to affect the severity of damage.

The top event, the probability that the physical barrier (e.g. concrete slabbing) fails, occurs if either the barrier is breached or it fails to prevent lateral encroachment (e.g. from an activity that uses a machine that approaches the pipeline from the side). For the barrier to be breached, the slabbing must fail to stop the activity and the machine being used must be capable of breaching the slab. The basic top level structure of the fault tree is shown in Figure 1.
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Figure 1 Basic structure of the fault tree logic in R9551

The logic in the fault tree below Gate 19 is further developed to explore the reasons why an operator might not stop an activity, e.g. the operator decides to continue with the activity despite having noticed the slabbing.

The fault tree logic appears to be reasonable although the logic used to determine the probability that an operator fails to stop an activity given the barrier is noticed is not straightforward or particularly easy to understand. However, the fault tree is dominated by Events 4, 5 and 6, with these 3 events contributing around 90% to total probability that the barrier will fail for all machine types.

3.1 event probabilities

The events have been quantified using available data (mainly from the BG field trials discussed in Section 2.2) and engineering judgement where no data is available. 

The report acknowledges that there is ‘significant uncertainty’ about the effectiveness of slabs against certain machine types. In particular with respect to the response of the machines on impact with the slab and whether the machine is capable of breaking through the slab and damaging a pipeline, i.e. the dominating events 4, 5 and 6.

To try and reduce this uncertainty, a questionnaire was prepared and sent to a number of building/construction contractors with experience of the machines being considered. However, a limited response was obtained with only two questionnaires completed, one with very little detail.

It is also stated that in order to gain a realistic view of the types and sizes of machines that will be able to breach a slab, a further experimental programme may be necessary.

A workshop was held with UKOPA members following initial estimates for event probabilities to review and refine the methodology and assumptions. A record of the agreed methodology and assumptions was circulated and approved by UKOPA.

3.1.1 Event 4 – Fails to prevent lateral encroachment

This event is quantified using the results from the BG tests for excavators that are less than 25 te. This seems reasonable, however, because contact appeared to be made with the slab prior to the pipeline in all of the 46 tests a probability of zero has been used for excavators that are less than 25 te. This does not seem to be conservative given the relatively small test sample size.

For all other machine types, engineering judgement has been used. It is not clear, though, if the responses from the questionnaires have been considered. One of the questionnaire responses states that draglines and scrapers are likely to catch the slab edge and lift/move it which may cause damage to the pipe if contact is made. A value of 0.1 has been assigned for these particular machines which appears to be too low given the operators’ comments.

The values assigned for the other types of machine appear reasonable.

3.1.2 Event 5 – Machine able to breach barrier

This event is quantified using the questionnaire responses and engineering judgement.

For excavators, it is stated that the probability of being able to breach the slab is low (i.e. 0.1) for small excavators, up to 5 te, and for large excavators (greater than 25 te) is 1. However a value of 0.9 for large excavators is used in the analysis.

For scrapers, trenchers and bulldozers a value of 0.5 is assigned which appears to be low given both questionnaire responses stated that all three machines were capable of breaking through the slab.

The values assigned for the other types of machine appear reasonable.

3.1.3 Event 6 – Operator fails to notice barrier due to type or size of machine

The BG tests are used to quantify this event for excavators that are less than 26 te. The test results show that the slabbing appeared to be noticed in all tests and a probability of 0.02 is calculated. It is noted however that further experimental data will be required to determine a reliable estimate for this probability. This seems reasonable.

For other machine types, the event is quantified using the questionnaire responses and engineering judgement. However, for drills and larger trenchers, the questionnaire responses tend to indicate that although an operator might notice impact with the slab, it is likely that they would assume they had hit rocky ground and continue. This suggests that the assigned value of 0.1 for these machines is not conservative.


The values assigned for the other types of machine appear reasonable.

3.1.4 Gate 19 – Operator fails to stop activity given barrier is noticed

In general, the approach taken to quantify the events that form the logic under Gate 19 appears reasonable. Some of the events rely heavily on information gained during the BG tests and it has already been acknowledged that this data might need to be updated with new experimental data, especially given the relatively small sample size and the limited range of machinery types of the original tests.

Event 9 (Pipeline hazard ignored) considers the likelihood that the pipeline hazard is ignored and a human error analysis is carried out to determine an appropriate value. This analysis has been considered by human factors experts at HSL. Whilst they agree with the generic violation behaviours assigned, it is thought that some of the violation producing conditions (VPCs) should have been applied, e.g. inconvenience and no disapproving authority figure present. Use of these VPCs would result in the probability being higher than that stated.

3.2 sensitivity study

Given some of the uncertainties discussed in Section 3.1, a sensitivity study has been carried out to ascertain the effect these have on the top event. The fault tree has been re-evaluated using the event probabilities shown in Table 4 and the top event probability determined to see the effect of each change individually and in total. All other event probabilities are as stated in report  R9551. The probabilities that have been changed are highlighted in Table 4.

Table 4 Probability values used in the sensitivity study

	Machinery Scenario
	Event 4
	Event 5
	Event 6
	Event 9

	Excavator (<5 te)
	0.01 
	0.1
	0.02
	0.05

	Excavator (<10 te)
	0.01
	0.28
	0.02
	0.05

	Excavator (<15 te)
	0.01
	0.46
	0.02
	0.05

	Excavator (<20 te)
	0.01
	0.64
	0.02
	0.05

	Excavator (<25 te)
	0.01
	0.82
	0.02
	0.05

	Excavator (>25 te)
	0.1
	1
	0.1
	0.05

	Backhoe Loader
	0.01
	0.5
	0.02
	0.05

	Drill
	0.5
	0.9
	0.5
	0.05

	Spike
	0.5
	0.1
	0.1
	0.05

	Dragline
	0.2
	0.9
	0.9
	0.05

	Drainlayer
	0.1
	0.1
	0.1
	0.05

	Scraper
	0.2
	0.9
	0.5
	0.05

	Trencher
	0.1
	0.9
	0.5
	0.05

	Bulldozer
	0.1
	0.9
	0.5
	0.05

	Plough
	0.1
	0.1
	0.1
	0.05

	Tracks
	0.1
	0.1
	0.1
	0.05


Table 5 shows the results of the sensitivity study on the probability that the slabbing is breached using the values shown in Table 4. The changes for each event are considered in turn in addition to their combined effect.

Table 5 Probability that the slabbing fails for the changes shown in Table 4

	Area Type
	Probability that slabbing is breached

	
	Event 4 changes
	Event 5 changes
	Event 6

changes
	Event 9

changes
	Combined

changes
	R9551 

	Rural
	0.105
	0.107
	0.114
	0.111
	0.150
	0.096

	Suburban
	0.112
	0.110
	0.122
	0.115
	0.145
	0.103


The sensitivity study shows that the fault tree top event, the probability that the slabbing is breached, is sensitive to the changes made. The effect of the individual event changes ranges from a 10 – 20% increase, whilst the combined changes increase the probability that the slabbing is breached by around 50%. The changes made to Event 6, operator fails to notice the barrier due to the size or type of machinery, have the largest effect. 

3.3 discussion

The process and methodology described in the report R9551 appear reasonable given the limitations described in the report concerning the uncertainty for some machine types. Little historical or experimental data is available to use when populating the fault tree and the authors of the report have had to rely on the BG field trials, engineering judgement and the limited questionnaire responses.

The logic used in the fault tree analysis appears to be sensible, however, some of the event probabilities assigned do not seem to be cautious estimates. A sensitivity study has been carried out to ascertain the effect of using slightly more cautious probabilities for a small number of events. This is useful to demonstrate a likely upper bound to the top event probability determined by the fault tree analysis.

It should also be noted that the damage distributions used in models to predict pipeline failure probabilities are derived from incident data for pipelines that are generally unprotected. It is possible that the presence of a slab above a pipeline may alter the predicted damage distributions for a number of reasons:

· The machine operator may be more careful after encountering the slab;

· Only larger machines may be able to breach the slab and these may tend to produce more severe damage;

· Contact with the slab prior to impact with the pipeline may reduce the impact force.

Careful consideration should therefore be given to whether or not altered damage distributions need to be used when assessing the failure frequency of pipelines with slabbing protection.

In addition, if slabbing becomes more common on the UK pipeline infrastructure, then the strike rate, e.g. the frequency of pipeline being hit per year, would be expected to fall, and care must be taken to ensure that any slabbing reduction factor that is applied when calculating pipeline failure frequencies, does not lead to double counting.

Table 1 shows that the presence of stripes and markers has little effect on the probability that concrete slabbing is breached. This is because the three events which dominate the risk, Events 4, 5, and 6 are not particularly influenced by the presence of stripes and markers that are buried underground. This explains why the addition of these measures has a much smaller effect than suggested in TD/2. Table 1 also shows that there is no significant difference between rural and suburban pipelines.

The sensitivity study has shown that the probability that the slabbing is breached is affected by changes to the dominating events and Event 9. Using slightly more cautious probabilities for these events for some of the machine types has been shown to increase the top event probability by around 50%.

Given the acknowledged uncertainty in the probabilities assigned to the fault tree events for certain machine types and the lack of experimental or historical data, a cautious best estimate for the probability that the slabbing is breached is estimated to be 0.2.

4 summary and conclusions

The review has found that there is little relevant information available on the effectiveness of concrete slabs as a protective measure to prevent pipeline damage during third party activities. Field trials carried out by British Gas in 1995 demonstrate that concrete slabs reduce the likelihood that a pipeline is damaged during excavation work. However, the field trials were only undertaken using excavators that were less than 26 tonnes. No experimental data is available for larger excavators and other machinery types that are likely to be involved in third party activities in the vicinity of underground transmission pipelines.

The process and logic used to derive the probability that a concrete slab is breached in the GL Noble Denton report, R 9551 appears reasonable. However, it has been shown that a slightly more cautious approach to assigning event probabilities for certain machine types gives an estimate for the probability of slabbing being breached of 0.2, i.e. that concrete slabbing is likely to reduce the strike rate from third party activity on an underground pipeline by around a factor of 5. Given the significant uncertainty that has been described in report R9551 for certain scenario event probabilities, it is recommended that a value of 0.2 is used for the probability that a concrete slab is breached during third party activities. This value is appropriate for both rural and suburban pipelines.

The field trials detailed in Rose [1995] showed that the presence of marker tapes and stripes in addition to slabbing considerably reduced the likelihood that the pipeline was damaged for smaller excavators. Whilst the use of marker tapes and stripes may not be effective for larger machinery, it is recommended that they are used in conjunction with concrete slabbing to ensure maximum protection in all cases.

A number of other factors may be important to consider:

· Does the presence of concrete slabbing affect the damage distributions used in pipeline failure frequency models?

· Are the consequences of a pipeline failure affected by the presence of a slab above the hole – is a jet diverted or could a missile be created?

· Historical failure rate data already contains some mitigating factors, e.g. slabbing. Whilst this may not be an issue currently as slabbing is not widely used, it may lead to double counting in the future. 

· Industry guidance states that the presence of a slab may alter the external loads around a pipeline.

· Slabbing may restrict access to the pipeline in the event of coating deterioration or corrosion damage.

Yours sincerely

Deborah Keeley
Risk Assessment Specialist
Mathematical Sciences Unit
Direct Tel:
+44 (0)1298 218313
Direct Fax:
+44 (0)1298 218590
Email:
deborah.keeley@hsl.gov.uk
cc:


-

enc:


-
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