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Extended Abstract 

As part of the Carbon Capture Utilization and Storage (CCUS) chain, it is widely accepted 
that pressurised pipelines offer the safest and the most economical way of transporting large 
quantities of carbon dioxide (CO2) captured from industrial emission sources and fossil fuel 
power plants for permanent geological storage or utilisation. However, given that CO2 is an 
asphyxiant at connections > 10% v/v1, in the unlikely event of the failure of such pipelines 
near a populated area, the potential consequences could be significant.  

A recent case in example is the rupture of a 24-inch pressurised CO2 pipeline in Satartia, 
Mississippi in Feb 2020, releasing liquid CO2 that immediately began to vaporize at 
atmospheric conditions2. 45 people required hospitalisation; some having been found 
unconscious in their cars whilst attempting to escape the engulfing CO2 plume. The incident, 
currently under investigation by the US Department of Transport has since resulted in 
significant public backlash, potentially jeopardizing the chances of CCUS deployment in the 
US. 

The unique thermophysical properties of CO2, make CO2 pipelines particularly susceptible 
to the risk of a small diameter through-wall defect transforming into a propagating fracture 
resulting in the release of a massive amount of inventory in a very short space of time. Such 
an event may significantly undermine the effectiveness of emergency response planning 
including emergency pipeline isolation or public evacuation.  

CO2 pipelines can fail either in ductile, brittle or the combination of the two fracture modes. 
Figure 1 shows a schematic representation of both types of failure depicting their different 
propagation characteristics and pipeline deformation. 

 
 

Figure 1. Schematic representations of ductile and brittle pipeline fractures 
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In the case of ductile fractures, if the fluid decompression wave velocity is larger than the 
crack velocity, the crack tip stress will decrease, eventually dropping below the arrest stress 
causing the crack to arrest. Conversely, if the decompression wave velocity remains smaller 
than the crack velocity, the crack tip pressure will remain constant resulting in indefinite 
propagation. 
 
Compared to natural gas, CO2 has an unusually high saturation pressure thus making CO2 
pipelines particularly susceptible to ductile fracture propagation failure3. As such accounting 
for any parameters that may modify the CO2 depressurisation trajectory is of paramount 
importance when modelling ductile fractures in CO2 pipelines. One such important factor is 
the impact of impurities given that even small amounts will significantly increase the CO2 
saturation pressure4. 
 
The failure mechanism for the transition of a through-wall defect into a brittle fracture is 
somewhat different. Here the Joule Thomson expansion cooling of the escaping CO2 can 
lead to temperatures as low as -70 oC. If the pipe wall temperature drops below the pipeline 
material ductile to brittle transition temperature, a significant drop in the pipeline fracture 
toughness will incur. If, and when the accompanying thermal and pressure stresses during 
the decompression process exceed the pipeline fracture toughness, a propagating brittle 
fracture will occur.  
 
This paper investigates the impact of the typical CO2 impurities associated with different 
types of capture technologies, covering pre-combustion, post-combustion and oxyfuel on 
the propensity of CO2 pipelines in undergoing ductile and brittle fracture propagation failures. 
 

Methodology 

The background theory based on a fluid-structure interaction model for simulating ductile 

and brittle fracture propagation in CO2 pipelines is published elsewhere 5,6. Briefly, the 

transient fluid flow behaviour during decompression is obtained based on the numerical 

solution of the conservation equations using the Method of Characteristics implemented into 

the PipeTech7 pipeline rupture software. The conditions at the rupture plane are determined 

by carrying out an energy balance across the orifice assuming isentropic expansion. The 

accompanying 3-D thermal and pressure stresses in the proximity of the defect are obtained 

using finite element analysis accounting for the initial through-wall defect geometry.  

Figures 2 & 3 show the corresponding calculation flow algorithms for ductile and brittle 

fracture modelling respectively. 
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Figure 2. Ductile fracture propagation 
calculation algorithm  

Figure 3. Brittle fracture calculation algorithm. Ti ,To , 
Tav = Inner, outer & av. pipe wall temp, KI= Stress 
intensity factor, KDBT = Material fracture toughness at 
DTBT, θT = Radial + tangential thermal stresses,  
θp= Radial  + tangential pressure stresses, Lc = 
critical crack length  
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Results & Discussions 

Ductile Fracture Investigations: Sample results  
Table 1 shows ductile fracture propagation simulation data in the fluid temperature range of 
0 to 30oC at 10oC intervals expressed in terms of the variation of the ratio of crack length to 
pipeline length for the various capture technologies including pure CO2. A ratio of unity 
means a crack propagating through the entire pipeline length. Table 2 shows the pipeline 
characterises employed for the above case study.  

 

 

Brittle Fracture Investigations: Sample results 
Figure 4 shows the variation of the pipe wall temperature in the proximity of a 20 mm 
puncture for different CO2 compositions typical of the various capture technologies including 
pure CO2 after 10,000 s of depressurisation. As it may be observed, along with a significant 
drop in the pipe-wall temperature, in contrast to ductile fracture behaviour, within the ranges 
tested, the pipeline’s propensity to brittle fracture is marginally impacted by the CO2 stream 
composition. 

 

Table 1. Ductile fracture propagation simulation 
data for different CO2 composition streams  

Table 2. Pipeline characteristics and prevailing 
conditions for ductile fracture simulation  

Figure 4. The variation of the temperature profile in the proximity of a 20 mm through 
wall defect at 10,000 s following depressurisation for various CO2 stream impurities  
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Conclusion 

 

The safe operation of high-pressure CO2 transportation pipelines is of paramount 
importance to the success of CCUS as a viable technology for tackling global warming. In 
this paper, we presented the main features of fluid-structure interaction models along with 
their applications for simulating brittle and ductile fractures in CO2 pipelines containing the 
various CO2 impurities typical of post-combustion, pre-combustion and oxyfuel technologies. 
The results show that both the fluid temperature and the CO2 composition have a profound 
impact on the pipeline’s propensity in undergoing ductile fracture failure. In contrast, in the 
case of brittle fracture propagation, within the ranges tested, despite a significant drop in the 
pipeline temperature profile in the proximity of the puncture posing the risk of brittle fracture 
failure, the CO2 mixture composition has a marginal impact on the brittle fracture failure.  
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Table 3. Pipeline characteristics and prevailing conditions for brittle fracture simulations. 


