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W ithin the pipeline industry, 
there is a concerted 
push towards reducing 
the risks associated 

with the transportation of hazardous 
products. In the event of hydrocarbon 
liquid pipeline failure, major concerns are 
the negative effects on the environment 
and the socioeconomic impacts on the 
neighbouring population. The impacts 
are highly variable and depend on the 
type of fluid released and the locations 
affected by the spill; however, there 
is agreement that the consequences 
of failure increase with the amount of 
product released. Therefore, the ability 
to predict the potential volume of a 
spill due to a hazardous liquid release is 
an important consideration in assessing 
the risks associated with pipeline failure, 
and in preparing for and mitigating any 
detrimental effects.

Analytical models have been 
developed to make spill volume 
predictions based on pipeline and terrain 
characteristics. However, we wanted to 
address the same issue by looking at 
what the historical data says about the 
outcomes of previous pipeline failures, 
and to use that information to make 
predictions about future spills. As such, 
our analysis focused on examining publicly 
available historical failure records to 
determine whether correlations could be 
drawn between key pipeline attributes and 
the reported spill volumes.



Developing a model based on historical data
The records made available by the Pipeline and Hazardous 
Materials Safety Administration (PHMSA) were the source 
for our analysis. The records contain information about 
accidents involving hazardous liquids that have occurred in 
the United States.1 PHMSA requires operators to report the 
details of these accidents, including information about: 

 ) The equipment that failed. 

 ) The volume of product spilled. 

 ) A description of the context surrounding the event. 

We were primarily interested in the reported spill 
volume, along with how it correlates with the other recorded 
parameters, such as pipeline attributes, fluid types and the 
manner of failure.

Selecting a relevant dataset
We selected records from 2002 to 2019 to obtain a consistent 
dataset containing data sufficiently recent to be representative 
of current practices, as well as large enough to be statistically 

relevant. The records were then filtered to include only spill 
events involving:

 ) Low vapour pressure (LVP) liquids that stay in liquid form 
after a spill.

 ) Onshore pipelines.

 ) Pipe body failures (including welds or repair sleeves).

 ) Non-zero release volumes.

 ) Nominal pipeline size (NPS) greater than 1.

Categorising the data
We categorised the selected records to reflect the mode 
of failure, such as ruptures or leaks of varying sizes. Based 
on an interpretation of each incident report, including 
effective opening sizes, failure causes and the operator’s 
description of the event, we ultimately divided the data 
into two groups:

 ) Small openings (or ‘leaks’): failures with an effective 
opening area less than a 10 mm dia. hole.

 ) Large openings: any failure with a larger 
opening than the ‘small openings’ category, 
including full ruptures.

We made this distinction based on a 
preliminary investigation, which revealed that 
spill volumes from small openings tend not to 
vary systematically with pipeline attributes, 
while volumes from large openings did. 
Ultimately, from the set of all 5865 hazardous 
liquid releases in PHMSA’s database, 886 were 
found to be applicable to our assessment: 248 
large openings and 638 small openings. 

Fitting the data

Large openings
By analysing the reported parameters in the 
large openings dataset, we found that spill 
volume is significantly correlated with pipe 
diameter. Other parameters did not exhibit 
similar levels of correlation; most notably, the 
specific opening size was found not to be a 
significant factor. Using regression analysis, we 
determined that spill volume was approximately 
proportional to the square of the pipe diameter. 
This makes sense, since the spill volume is 
largely dependent on the drainable volume of 
fluid within the pipeline. Given this, and the 
fact that the drainable length (as affected by, for 
example, the elevation profile of the pipeline 
in the vicinity of the break point and the block 
valve locations) is effectively random, the spill 
volume is thereby proportional to the circular 
cross-section area or pipe diameter squared.

Figure 1. Spill volume vs. pipeline diameter (historical data from PHMSA and 
corresponding non-exceedance percentiles for large opening releases).

Figure 2. Spill volume vs. pipeline diameter (historical data from PHMSA and 
corresponding non-exceedance percentiles for small opening releases).
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We defined the correlation 
between spill volume and pipe 
diameter squared by calculating a 
proportionality constant that caused 
the averages of both predicted and 
actual spill volumes to be equal. 
While this correlation expresses the 
mean spill volume expected for each 
pipe diameter, it does not give a full 
picture of the variability in the data. 
This variability is an indicator that 
there are other parameters at play, 
with information on many of these 
other parameters not being available 
in the historical incident data. 

To reflect this uncertainty, we 
introduced a model error term. We defined this term as a 
random quantity defined by a statistical distribution that 
explicitly reflects the variability in the actual-to-predicted 
data. Using a least-squares fitting method, we found the 
set of actual versus predicted spill volume ratios to be best 
represented by a log-normal distribution with a mean of 1.0 
and standard deviation of 2.53. This was found to be a good fit 
across the entire dataset, implying that, though there is a high 
level of uncertainty, it can be confidently characterised by 
including this formulation of the model error term.

The percentiles of the model error distribution 
correspond to the “probabilities of non-exceedance” for a 
spill volume estimate. This means that the model allows you 
to calculate the spill volume at which the probability it will 
not be exceeded in the event of a failure is equivalent to a 
chosen distribution percentile. Figure 1 shows a selection of 
non-exceedance percentiles for large opening spill volumes, 
along with the raw data points used to calculate the 
distribution. 

Small openings
Unlike releases associated with large openings, spill 
volumes from small openings were found to be effectively 
independent of pipe diameter. Therefore, we treated the 
spill volume itself as a random variable and calculated a 
best-fit distribution, which was log-normal with a mean of 
31.6 m3 and standard deviation of 390 m3. This fit was found 
to be generally good; however, there was a slightly weaker 
agreement for the very small volume estimates, which is 
likely the result of operators conservatively over-estimating 
spill volumes for very small releases. Fortunately, the ability 
to estimate the mean and upper bound spill volumes is 
generally of greater importance and the fit in this region is 
quite good. Figure 2 shows selected spill volume percentiles 
for small openings, along with the raw data points used to 
calculate the distribution. 

Comments on variability
The spread of the data shown in Figures 1 and 2 is large, 
which makes it clear that some parameters, such as valve 
spacing or shutdown times, play a significant role that 
isn’t captured by the simple relationships that have been 

developed. Despite that fact, the goodness-of-fit for each 
of the model error distributions gives confidence that this 
uncertainty is generally well-described by the models.

Using the models
The models developed can be used to estimate spill volumes 
for specified probabilities of non-exceedance. This invites the 
question: what are the probabilities of interest and what are 
the applications? 

To illustrate model use, a selection of spill volumes, 
calculated using the models previously described, is shown in 
Table 1, corresponding to various exceedance percentiles and 
pipe sizes. A description of how they can be applied in useful 
ways is provided below.

The ‘expected’ spill volume
In some applications, such as in the case of a risk assessment, 
the expected spill volume may be of primary interest. In 
such circumstances, the mean of the fitted distributions in 
each model can provide credible estimates of the size of 
the release expected from a given pipeline for a given failure 
mode. The expected values for large openings vary with 
diameter. 

For example, a large opening failure in a pipeline with a 
nominal pipe size (NPS) of 10 in. has an expected spill volume 
of 188 m3, while that of an NPS 24 pipeline is 939 m3. On the 
other hand, as previously noted, spills resulting from small 
opening failures have been found to be effectively diameter-
independent and a spill volume of 31.6 m3 can be expected 
on average, regardless of the size of pipe involved.

Unlike with a standard normal distribution, the mean 
value is not the same as the 50th percentile, since the models 
are based on skewed log-normal distributions. For example, 
even though 50% of the large opening releases from an NPS 
24 pipeline are expected to have a volume less than 346 m3, 
the mean release volume of 939 m3 is the preferred estimate 
where the expected value is of interest.

Worst-case spill volumes
Where the worst-case scenario for pipeline spills are of 
most interest, the release volumes associated with high 

Table 1. Selection of predicted spill volumes for small and large opening releases at various 
pipe sizes and percentiles

Release type NPS / OD mm Predicted release volume at a given percentile (m3)

5th 10th 50th Mean* 90th 95th

Small openings All 0.0635 0.143 2.54 31.5 45.1 102

Large openings 4 / 101.6 1.19 1.98 12.1 33 74.4 124

10 / 273.1 6.77 11.3 69.3 188 425 710

14 / 355.6 11.5 19.2 118 320 720 1204

18 / 457.2 19 31.7 194 528 1190 1990

24 / 609.6 33.8 56.4 346 939 2116 3537

30 / 762.0 52.7 88.2 540 1467 3306 5527

36 / 914.4 76 127 777 2113 4761 7958

*The mean percentiles are 87 and 76 for small and large openings, respectively.



probabilities of non-exceedance provide credible bounding 
release volume estimates. 

For example, it is predicted that 95% of all spills from 
an NPS 24 pipeline will not exceed 3537 m3, based on the 
prediction calculated for the 95th percentile.

A range of likely spill volumes
Another application use of this model is to gain an 
understanding of the range of potential spill volumes. This 
is particularly relevant in emergency response planning, 
where the ability to prepare for both the most likely and 
the most extreme events is important. 

For example, if you were interested in knowing the 
range of potential spill volumes within which 90% of the 
spill volumes are likely to occur, you can calculate the 
lower and upper bounds of the range by using the 5% and 
95% non-exceedance levels, respectively. For small opening 
releases, the range is 0.06 to 102 m3. For large openings, the 
range depends on diameter. For a smaller pipe, such as NPS 
4, that same range is 1.19 to 124 m3, while a larger NPS 36 
pipe has a likely spill volume range of 76 to 7958 m3.

Conclusion
By analysing PHMSA’s public dataset of historical liquid 
pipeline failures, we developed correlations that provide 
credible spill volume predictions as a function of pipeline 
diameter and failure mode. We found that release volumes 
for large openings are a function of the pipeline diameter, 
with larger diameter pipelines typically spilling more, 
while releases resulting from small openings were found 

to be largely independent of pipe diameter. The model 
as developed provides the means to calculate expected 
release volumes and the likely range of volumes for a given 
spill. 

Given that spill volumes are a primary consideration 
when assessing the environmental impact severity of a 
hydrocarbon liquid release, these simple release volume 
estimation models are useful for benchmarking exercises 
where the goal is to estimate expected or most-likely 
release volumes; for calibrating and/or validating more 
complex, pipeline-specific release volume estimation 
models; and for estimating credible worst-case release 
volumes for emergency response planning purposes. 

Note
This article is a description of findings reported in greater 
detail in PAXMAN T, and STEPHENS M., (2020), ‘Analysis 
of hazardous liquid pipeline spill volumes. Proceedings 
of the ASME 2020 13th International Pipeline Conference’; 
28 September - 2 October, Calgary. New York (NY): 
American Society of Mechanical Engineers. IPC2020-9155.
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