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ARRESTING PROPAGATING SHEAR
IN PIPELINES
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Abstract. The consequences of what has been termed running ductile fracture require that pipelines be designed to arrest propagation, and so avoid 
major incidents due to this type of failure. Approaches to characterize pipeline response and their resistance to such failure to ensure arrest rely 
on semi-empirical models developed in the mid-1970s. Continuing reliance on such semi-empirical models, which were calibrated using full-
scale tests done on segments of pipelines, persists because this failure process involves three interacting nonlinearities, and so is complex. These 
nonlinearities include: 1) plastic � ow and tearing instability, 2) soil-structure interaction, and 3) expansion wave response and decompression in 
the pressurizing media. This paper � rst reviews the history and related developments that represent almost 40 years invested in fracture-based 
approaches to quantify propagating shear in pipelines. Graphical evidence of the full-scale failure process and related phenomenology lead to an 
alternative hypothesis to quantify this failure process that is based on plastic collapse rather than fracture. It is shown that the phenomenology 
does not support a fracture-controlled process, and that instead the metrics of arrest should re� ect the � ow properties of the steel. Finally, aspects 
of fracture-based approaches are related to the collapse-based concept as the basis to understand the success that at times has been achieved using 
fracture-based approaches. Surrogates for CVN energy that has been used in the BTCM as a measure of fracture resistance are reevaluated as 
functions of the � ow response, which provides the basis to rationalize the historic successes on the fracture-based formulation. Finally, remaining 
gaps and issues are addressed. 

Keywords: propagating shear, fracture, arrest, arrestor, tough steel, Battelle two-curve model, through-wall collapse, plasticity, CVN, DWTT, steel, separa-
tions/splits, model development.

Introduction
to propagating fracture

The phenomenon historically termed running fracture 
referred to the rapid axial propagation of a fracture along 
a transmission pipeline pressurized with natural gas or 
a super-cooled � uid. Ductile propagation occurs by the 
axial extension of shear failure (propagating shear) that 
continues until the decompression front formed in the 
transported product in the wake of the expansion wave 
caused by the rupture exceeds the speed of the propa-
gating shear. Arrest occurs because the pressure driving 
this process falls below its critical value. The balance 
between the decompression speed and the speeds of the 
propagating shear is dependent on the � uid’s properties, 
the line-pipe’s size and its resistance to failure, and the 
back� ll conditions. 

Traits of propagating brittle fracture
The consequences of running fracture require that pipe-

lines be designed to avoid related incidents with a high le-
vel of certainty. This was a problem for the line pipe steels 
of the 1960s and before because offered little resistance to 
running fracture. In some cases, the steels made prior to the 
late 1950s had a fracture appearance transition temperature 
(FATT) well above the service temperature, which opened 
to the potential for brittle long running fracture. Failed 
pipes showed chevrons on � at through-wall fracture sur-
faces, and propagation occurred at very high speeds, well 
above 500  meters/second (m/s). Multiple fracture paths 
were common in some full-scale tests and in-service fail-
ures, because the energy available to drive fracture often far 
exceeded the resistance of the steel under such conditions. 
Brittle propagation tracked a sinusoidal shape that was as-
sociated with elastic stress waves triggered by fracture ini-
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tiation, which propagated at speeds comparable to the frac-
ture and directed its path(s). 

Fig. 1 presents views typical of such cracking that have 
been adapted for present purposes from archival records of 
some early work done at Battelle. The traits of brittle propa-
gating fracture are typical of dynamic fracture evident in 
steels studied in regard to Naval and other structu res begin-
ning in the 1940s. Initiation gave rise to a crack that could 
be seen in high-speed � lms of the process to extend axially 
with a sharp crack-tip, consistent with linear-elastic frac-
ture mechanics (LEFM) concepts [e.g., see  1], which had 
been emerging in the work of Irwin and others in the same 
timeframe [e.g.,  2]. Because the initiated fracture contin-
ues to propagate axially, the term “propagating fracture” is 
physically descriptive of the phenomenology as evident in 
the high-speed � lms. Brittle propagating fracture ran in the 
line-pipe steels of the 1950s and before at speeds the order 
of the acoustic velocity in the pressurizing media. 

The fracture features in Fig.  1,  a show little evidence 
of through-wall thinning, while the brittle cleavage mecha-
nism that underlay this process required very little energy 
to create new crack surface. On this basis, crack advance 
occurred with very little energy being dissipated per unit 
area of new surface being created. Fig.  1,  b is typical of the 
sinusoids observed, with the amplitude and period of the si-
nusoid being a function of the pipe diameter and thickness, 
and other factors that controlled the process. 

As the signi� cance of fracture mode was understood, 
steels were developed that were capable of much lower val-
ues of the FATT. Accordingly, the concern for brittle fracture 
was managed by appropriate steel design and speci� cations. 
With the expectation that such ductile steels would end con-
cern for running fracture, full-scale experiments were done 
to con� rm that expectation. But, as history demonst ra tes, 
where test circumstances at hoop stresses typical of service 
led to fracture speeds that outran the decompression front, 

dynamic propagation remained a concern. The only diffe-
rence was that the mode of failure had shifted from brittle to 
partially or fully ductile. Given that as Figure1a shows little 
dissipation occurred in regard to plastic � ow local to the 
fracture plane, arresting this failure process was dif� cult, 
with very long fractures possible, some of which ran many 
miles. Arrest in such cases was plausible only if a reduction 
in the factors that drive this cracking occurred, due to a de-
creased hoop stress, or if pipe joints were encountered that 
had a FATT below the test or service temperature, thereby 
providing more dissipative properties. 

Traits of propagating ductile fracture
or propagating shear

Fig. 2 shows the traits of ductile fracture propagation 
developed in some of the early testing, which as for the 
prior illustrations have been adapted from archival records 
in regard to related work by the author. Fig.  2 develops in 
parallel to the elements of Fig.  1,  a. Fig.  2,  a illustrates a 
transitional situation wherein the steel’s response is partial-
ly ductile, whereas Fig.  2,  b shows traits that were typical 
of fully ductile response. 

The transitional response presented in Fig.  2,  a shows 
� at fracture typical of brittle behavior at mid-wall, while 
shear fracture is evident at the inside and outside surfaces 
of the pipe. There is very little evidence of through-wall 
thinning that re� ects plastic � ow very local to the fracture. 
Such thinning is only evident over a distance less than one 
wall-thickness from the plane of the failure. Fig.  2,  b is 
typi cal of the fully ductile response evident for convention-
al steels produced circa the mid to late 1960s. Although this 
shows shear response across the full wall thickness, the ex-
tent of the through wall thinning in just marginally greater 
than that evident for the transitional behavior. However, the 
thinning is limited to about 10  % of the wall thickness and 
this develops over a distance the order of twice the wall-

Fig. 1. Traits of brittle propagating fracture – full-scale testing circa 1960:
a – characteristics of the fracture process and path; b – post-test photograph of the fracture path indicating the scale the sinusoid in inches
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thickness from the plane of the failure. As such, even for 
fully ductile response, the amount of energy dissipation due 
to plastic � ow local to the rupture plane is small, and as the 
surface is rather featureless the energy required to create 
new surface is relatively small per unit area created. 

Early models characterizing propagating
shear failure

Even in the 1960s and early 1970s, a full-scale experi-
ment to quantify the response of the pipeline to possible 
propagating shear failure was expensive. These experi-
ments also involved signi� cant preparation time and even 
then success was not guaranteed. Finally, the utility of the 
outcomes of such tests were limited to the speci� c steel and 
experimental parameters evaluated. While these aspects re-
main the same today as in the 1960s, the passage of time 
has produced much better instrumentation, with high-rate 
data capture, and computer-based data management, and 
analyses. Even so, the high cost when weighed against the 
limited generality of each full-scale test motivates the de-
velopment of models that capture the controlling factors to 
determine if a given steel meets the requirements of a pro-
posed advanced pipeline design. 

Rudimentary nonlinear fracture mechanics (NLFM) 
technology [e.g., see  1] was emerging in the 1960s in paral-
lel with the view that propagating shear failure was an safe-
ty concern. Because the available technology then fell well 
short of addressing the coupled nonlinearities evident in the 
full-scale testing, it was expedient then to formulate an em-
pirically calibrated semi-analytic model. While NLFM has 
come a long way since, the complexity of the physics and 
mechanics means that even today the work on modeling 
continues to rely on empirical calibration. In this context, 
while current modeling work appears elegant, in most ways 

it is no more fundamental in its formulation than the work 
done at Battelle beginning in the 1970s. 

The battelle two-curve model
Battelle [3] developed independent expressions for 

the gas-decompression behavior and fracture resistance 
that were coupled in a model through what was termed a 
back� ll coef� cient, denoted herein as CBF . The approach to 
characterize decompression was analytic and based on the 
Benedict-Webb-Rubin equation of state (EoS), as modi� ed 
by Starling [4, 5] (BWRS). This EOS covered a spectrum 
of gas compositions through inclusion of binary interaction 
coef� cients for natural gas liquids up through C6, and also 
the presence of CO2 . This fundamentally sound formula-
tion proved viable for the gas compositions of interest then, 
and remains quite robust today in dealing with the rich 
(dense-phase) gas compositions of recent interest [e.g.,  6]. 
The speed of the propagating shear failure was expressed 
analytic functional form based on mechanics analysis for 
plastic wave propagation. It became empirical through its 
calibration in reference to both � ow properties and frac-
ture resistance for the steels involved. These one-dimen-
sional expressions for the propagating shear speed and the 
decompression speed and were then empirically coupled 
through  CBF . 

Determination of the toughness required for fracture ar-
rest came by identifying the toughness that caused these 
two independent velocity expressions to become just tan-
gent. As the solution was done graphically, the two curves 
representing each of the expressions involved, this model 
became known as the Battelle Two-Curve Model (TCM). 
This TCM became the standard by which the arrest tough-
ness was determined, and remains in use today by virtue 
of its being the only simply practical model capable of ad-
dressing such situations. 

Fig. 2. Characteristics of the fracture process and path for transitional and ductile response:
a – transitional response circa the mid-1960s testing; b – fully ductile response circa the late 1960s testing
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Because the Battelle TCM (BTCM) required an iterative 
solution, and many of the situations of concern involved 
single phase or nearly single-phase gases, the BTCM was 
used parametrically to solve a matrix of cases under the 
gene ral assumption that the gas was lean and the pipeline 
was back� lled with soil. The cases considered included: 
outside diameters from 12 to 48  inches (305 to 1219  mm) 
and wall thickness, t, �  0.1 inch (2.54  mm); pressures 
from  594 to  2200  psig (4092 to 15158  kPa) causing hoop 
stresses from 64 to 80  % of the speci� ed minimum yield 
stress (SMYS) in the range from 50 to 80  ksi (345 to 
551  MPa), and values of the acoustic velocity in the gas at 
its initial pressure and temperature, Va , in range from 1200 
to 1400  feet/second (ft/s) (366 to 427  m/s). The results of 
this analysis matrix were then trended, and that outcome 
evaluated at the average value of Va over the range con-
sidered (i.e., 1300  ft/s or ~397  m/s). The resulting equa-
tion, termed the Battelle simpli� ed equation (SE) [7], was 
given  as:

           (1)

in which R is the radius of the pipe; t is as above the wall 
thickness; �h denotes the hoop stress; and Cv denotes the 
Charpy Vee-notch (CVN) energy and Cv (1 / 1) indicates that it 
is the linearly scaled full-size equivalent (FSE) CVN ener gy. 
This is one of many SEs, with many others including those 
due to the American Iron and Steel Institute (AISI)  [8] and 
the British Steel Corporation (BSC) [9]. These two along 
with the Battelle SE underlie the criteria historically listed 
in various Codes and Regulations for use in assessing arrest 
requirements. 

Limitations and key assumptions inherent
in the BTCM

The BTCM and the Battelle SE (BSE) embed empirical 
calibration for Grade 448 (X65) and below. The steels con-
sidered had toughness quanti� ed by the FSE CVN ener gy 
of 100  J or less, with the average being less than 35  ft-lb 
(~47  J). Similar limitations on calibration data exist for 
all SEs, which depend on the speci� cs of the database 
that underlies their empirical calibration. The BTCM 
also embeds limitations on scope that re� ect the strength 
and � ow (strain hardening) response and toughness, for 
both fracture initiation and fracture propagation. Frac-
ture initiation enters the BTCM through consideration 
of the fracture arrest pressure, which carries back to 
the log-secant-based NG-18 Equations [10]. Fracture 
propagation for this formulation embeds parameters that 
quantify both the deformation res ponse and the fracture 
resistance. 

Two empirical calibrations central to the development 
of the BTCM are illustrated in Fig. 3 and 4. Fig.  3 presents 
the correlation developed to relate fracture resistance quan-
ti� ed by CVN energy, presented on the x-axis, to the strain-
energy release rate in a pipe, denoted then as Gc , shown 
on the y-axis. To provide consistent units between these 
parameters, the CVN energy was presented as an energy 
density per unit area (i.e., 12 CVN / Av , where Av is the area 
of the CVN specimen in inch2 ). The energy release rate Gc 
for the thin-walled pups tested was de� ned as  , where 
Kc denotes the crack-tip stress intensity factor driving frac-
ture, which was taken in the strip-yield form developed by 
Hahn et al [11] viz.: 

    (2)

Fig. 3. Correlation between the full-scale test value of Gc and CVN resistance:
a – lower toughness results; b – recent higher toughness results; 1 – BS7910 specimen � t; 2 – Barsome&Rolf X52 specimen � t;

3 – Barsome&Rolf X70 specimen � t; 4 – Power-law specimen � t
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where  was � ow stress de� ned as the actual yield stress, 
�y , plus 10  ksi (69  MPa), �h was as above the hoop stress, 
and c denoted the half-crack length. In turn, these parame-
ters were used to quantify the fracture initiation and propa-
gation resistance, denoted then as R. 

Fig. 4 presents the correlation developed to address the 
effects of back� ll and the correlation that was developed to 
relate the propagating shear velocity to:

1) the � ow properties of the steel quanti� ed by ,
2) the steel’s resistance to fracture, R,
3) the dynamic (instantaneous) pressure on the decom-

pression front, Pd , the arrest pressure, Pa ,
4) the back� ll coef� cient, which was taken to be con-

stant, CBF , and
5) a � tting parameter, the exponent denoted “x”, viz.: 

    (3)

In this equation, VF is the ‘fracture’ speed, while Vpl 
was the speed of the plastic wave in the pipe steel running 
in advance of the fracture, and the value of exponent was 
empirically chosen, as was the constant, CBF . Fig. 4 pres-
ents this correlation in terms of normalized pressure on the 
y-axis, expressed as Pd  / Pa , as a function normalized frac-
ture velocity on the x-axis expressed as VF  / (  /(Cv  / Av )

0.5
 ). 

Consider � rst Fig.  3. Fig.  3,  a presents the results from 
Reference 10 that underlie the correlation used in the BTCM 
between CVN energy density and the correspon ding value 
of Gc quanti� ed by the response of full-scale burst tests 
on short pups. The values of Gc shown were calculated 
using the pretest length of the through-wall (TW) defect 
that was cut into each pipe, which was then sealed against 

leaking. Two groups of data points and one set of trends 
are shown. The small sample of tests involving TW defects 
(TWD) that were chosen for this calibration are shown as 
the “  ” symbols, while data for two tests of higher-strength 
(~X80) nickel-steels (speci� cally IN787) are shown as the 
“  ” symbols. The CVN plateau toughness (CVP) for these 
steels ran from 15 to 75  ft-lb (20 to 102  J) in grades from 
X52 through EX100 (358 to 690  MPa), where the EX100 
is a 1960s vintage experimental quenched and tempered 
(Q&T) pipe that remains in service today, although at a 
valu e of SMYS dictated by that for the much lower grade 
pipe it was run with. Although the data showed high scatter 
that went unresolved, and the best-� t linear slope for all of 
the data was ~0.81, while that for the line pipe was only 
0.18, these results were represented by a one-to-one rela-
tionship in the BTCM, and other related modeling. 

The linear trends that lie near the lower margin in Fig.  3,  a 
relate CVP to  in terms of broadly published correla-
tions between CVN energy and results for LEFM fracture 
mechanics laboratory-scale test geometries. The disparity 
between the pipe data and those fracture-mechanics-based 
correlations is large, which apparently traces to the � nite 
width of those geometries in contrast to the unde� ned but 
very large effective width for the pipe. That the specimen-
scale correlations do not approach zero as CVN does means 
they could not be simply scaled to account for the disparity 
between full-scale and laboratory-scale results. 

While the data in Fig.  3,  a were considered adequate to 
empirically calibrate the BTCM for lower-toughness steels, 
it is clear from Fig.  3,  b that the response at higher-tough-
ness cannot be represented by the linear correlation adopted 
in the BTCM. Fig.  3,  b roughly doubles the scales in part a) 
of this � gure, to permit inclusion of recent work by Tokyo 
Gas (TG) [12] that extends the database to cover tough-
ness values that approach the levels more typical of modern 
line pipe. It is clear from Fig.  3,  b that use of linear correla-
tion in the BTCM is open to question beyond a FSE CVN 
energy level of about 75  ft-lb (~100  J). The NG-18 Equa-
tions that are embedded in the BTCM are likewise limited 
in their utility to that same energy level. It is apparent given 
the scatter in Fig.  1,  a that the one-to-one correlation can 
overestimate the fracture resistance of the pipes that under-
lie this � gure by almost a factor of two. Finally, in regard 
to Fig.  3,  b it is apparent that the one-to-one correlation can 
overestimate fracture resistance to an extent that increases 
as toughness increases. This tendency is consistent with the 
‘Leis correction factor’ (LCF) for the BTCM [13], which 
was based on instrumented CVN testing that showed the 
relative fraction of the energy dissipated in crack propaga-
tion decreased nonlinearly as the toughness increased. As 
noted elsewhere [14], these trends suggest a simple correc-
tion to the BTCM based on the trend in Fig.  3,  b has the 
same effect on predicted energy to arrest fracture as does 
the LCF. 

Five key assumptions were implicit in regard to Fig.  3. 
First, it was tacitly assumed that fracture mechanics char-

Fig.  4. Relationships between normalized pressure and normalized 
fracture velocity:

  – FS Test, 30-inch back� ll;  – FS Test, no back� ll; 
1 – BTCM, no back� ll; 2 – BTCM, 30-inch back� ll; 

3 – Lin Reg, no back� ll; 4 – Lin Reg, 30-inch back� ll
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acterized the phenomenology associated with the failure 
process that Fig.  2 indicates occurs by ductile shear failure, 
which runs along the pipeline. Second, it was assumed that 
the strip-yield model for Kc developed by Hahn et al  [11] 
adequately characterized the driving force for this shear 
failure process. Third, it was assumed that Kc so quanti-
� ed could be adequately represented in regard to the pretest 
size of the patched TWDs cut into the pipes reported on in 
Fig.  3. Fourth, it was assumed that the CVN sample and 
the energy dissipated quanti� ed adequately characterized 
the resistance of pipe steel to the propagating ductile shear 
failu re evident in Fig.  2. Fifth, and last, it was assumed that 
the trend in Fig.  3 could be adequately characterized by a 
one-to-one relationship between Gc  =   and the CVN 
energy. Discussion in the next section returns to consider 
several of these assumptions. 

Consider next the results presented in Fig.  4, which dis-
criminates between the results from the full-scale testing 
for soil back� ll (“  ” symbols) and for no back� ll (“  ” 
symbols), and shows the best-� t linear regression for these 
data as dashed lines. This � gure also shows the correlations 
used in the BTCM to relate fracture velocity to pressure 
for these datasets and determine the back� ll coef� cient, 
denoted CBF. All else being equal, it is apparent that the 
‘fracture’ velocity where back� ll is present is much less 
than when the testing is done either in an open trench or 
above ground  – because the data for the back� lled testing 
lie well to the left in this � gure, at lower velocities, than 
do the results without back� ll. Fig.  4 indicates that a high-
quality data � t is achieved when the exponent is as chosen 
at 1/6  across the range of results for nominally 30-inch-
deep (762  mm) back� ll. This follows from the observation 
that the regression trend shown as the short dashed line vir-
tually overlays the solid line that derives from the form of 
Equation  3 when the value of the exponent is taken at  1/6. 
Simplicity in formulating the BTCM achieved by retaining 
this value of the exponent for cases where back� ll is absent 
leads to the solid line shown through that dataset. While 
that choice led to a functional form that passes through 
or near much of that data, Fig.  4 indicates that this choice 
falls well off the best-� t line through those points, which is 
shown in this � gure as the dash-dot line. 

Several assumptions were also associated with the rela-
tionship developed in regard to Fig.  4. First was the funda-
mental assumption that the fracture process follows in the 
wake of and can be quanti� ed as a function of the speed 
of a plastic zone that runs ahead of the propagating shear 
failure. Second, it was assumed that the three-dimensional 
(3-D) � ow process in the propagating plastic zone could be 
adequately characterized in a one-dimensional framework 
by a � ow stress and strain hardening exponent (i.e.,  impli-
citly typical tensile properties). Third it was assumed that 
the resistance to propagating shear could be expressed rela-
tive to the plastic strain and the � ow stress. Fourth it was 
assumed that Equation 3 adequately characterized this set 
of parameters. Finally, it was assumed that the two empiri-

cally determined parameters in that context could be taken 
as constant for a given set of back� ll conditions, with the 
exponent further taken to be the same regardless of the 
back� ll conditions. Discussion in the next section also re-
turns to consider several of these assumptions. 

Implications and consequences of the
BTCM assumptions

In spite of the many above noted assumptions, and its 
calibration being limited to steels in Grade 448 (X65) and 
below that had Cv (1/1) energy at 100  J or less, the BTCM 
remains in use well beyond these limitations. This is be-
cause it is the only relatively simple and so practical basis 
to assess arrest toughness available today. That being said, 
it is instructive to assess the viability of the many assump-
tions, to better understand their implications in applications 
of the BTCM to modern steels. More important practically, 
because the scatter evident in regard to Fig.  3,  a and 4 in-
dicates that predictions based on the BTCM will likewise 
show scatter, it follows that improved predictions would re-
sult if the cause of the scatter was understood and could be 
excised. Quantifying which assumptions drive the scatter 
thus helps to identify where this effort has the potential to 
improve arrest predictions within a fracture-based frame-
work. 

This section uses the BTCM to predict the required ar-
rest toughness for the line pipe steels and pipe sizes typi-
cal of the era when the BTCM was being developed. Two 
datasets are considered in this assessment of the BTCM. 
The � rst involves the dataset that underlies the develop-
ment and empirical calibration of the BTCM [15]. Given 
the many disposable parameters involved, and their use in 
tuning the calibration, the BTCM should correctly calculate 
the required toughness across that dataset. The second data-
set evaluated is that developed in work for the British Gas 
Council (BGC) [16], which occurred over almost the same 
period as the testing for the BTCM. Because the work for 
the BGC involved steels and pipe sizes from the same era, 
issues due to changes in such parameters over the decades 
since the BTCM was formulated are eliminated as causes 
for predictive disparity – if such is found. 

Best-case scenario – the BTCM applied
to its calibration database

Fig.  5 presents the arrest toughness calculated using 
the BTCM across the database that underlies its calibra-
tion [i.e.,  15]. While such calculations are akin to predic-
tions, they are more correctly an assessment of the quality 
of the curve-� ts and the adequacy of the constants chosen 
for the several disposable parameters. The x-axis in this � g-
ure is the FSE CVN energy associated with the pipe that 
arrested the fracture, while the y-axis is the value calcu-
lated by the model. Fig.  5,  a is speci� c to the BTCM, while 
Fig.  5,  b addres ses the results for the BSE applied to the 
same data set. Correct results in this format involve arrest 
results (open circles) that lie below the one-to-one line and 
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propagate results (open squares) that lie above it. While 
incorrect results that lie on either side of the one-to-one 
line indicate an issue, those cases where arrest is predicted 
whereas propagation actually occurs are non-conservative 
and so pose a signi� cant practical concern, and so hereafter 
are termed ‘critical errors’. Such critical errors are evident 
as open circle symbols anywhere above the one-to-one line. 

Given the several disposable parameters and the abili-
ty to tune the values for the constants in formulating the 
BTCM, the vast majority of the arrest versus propagate 
calculations are expected to be correct across its calibra-
tion database. Fig.  5,  a, which presents the results of those 
calculations con� rms this: the results show good discrimi-
nation between pipes that arrest or propagate shear failure. 
Likewise, because the BSE trends predictions based on the 
BTCM, except for its assumption that the arrest velocity 
for these tests could be reasonably represented by the aver-
age value of 1300  ft/s (397  m/s), good discrimination also 
is expected for the BSE. Fig.  5,  b con� rms this, but it must 
be emphasized that all data considered re� ect single-phase 
decompression response. 

While the results in Fig.  5,  a indicate that the disposab-
le parameters and their tuning affected good discrimina-
tion across the calibration database, they lead to one criti-
cal error where arrest is expected but propagation occurs, 
while a second case falls just slightly on the error side of 
the one-to-one line. While this corresponds to a critical er-
ror rate the order of a few percent, the several disposable 
parameters and related tuning suggest that even one criti-
cal error is more than might be expected. Because the BSE 
was derived by trending the BTCM for tests that involved 
single-phase decompression, the results in Fig.  5,  b for the 
BSE are expected to be comparable to that for the BTCM. 
This is indeed the case, as the critical error rate for the BSE 

is identical to that determined for the BTCM. Given the ba-
sis for the BSE, this outcome suggests that at least for these 
full scale tests the value of the arrest velocity for these tests 
must be close to the value of 1300  ft/s (397  m/s) assumed 
in regard to the BSE. 

It follows from Fig.  5 that the BTCM and the BSE reaso-
nably characterize the propagating shear failure behavior 
that occurred within their calibration database. Likewise, it 
is apparent that the many assumptions appear viable – and 
that the scatter that underlay some of the key assumptions 
does not signi� cantly impair the model’s ability to discrimi-
nate whether a pipe’s properties are capable of arrest versus 
propagation. 

Preditictive scenario – BTCM applied
to a contemporary database 

Consider next the utility of the BTCM and the BSE to 
predict the arrest toughness required in regard to data de-
veloped outside their calibration, but within the same class 
of steels and pipe sizes typical of the era when the BTCM 
was developed. To that end the BTCM and the BSE are 
evaluated relative to predicted values of arrest toughness 
versus that observed in related full-scale testing done in the 
work associated with the BGC [16]. Fig.  6 presents these 
results in the same format adopted for Fig. 5. The only key 
difference is that the scales on the axis of the � gures has 
been reduced roughly by a factor of two, to accommodate 
the relatively lower resistance of the steels involved. 

The predictions evident in Fig.  6 are comparable to those 
for the calibration database (Fig.  5) for the cases where the 
pipe is capable of arresting the propagating shear failure, 
all of which are correctly predicted, save for one critical 
error. However, for this dataset that critical error (which is 
highlighted by the dashed circle) is badly miscalled – as it 

Fig. 5. Calculated arrest toughness for the database that underlies the BTCM calibration:
a – BTCM calculations; b – BSE calculations;   – propagate;  – arrest
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falls far above the one-to-one line in comparison to that in 
Fig.  5. While similar to the calibration dataset in regard to 
the arrest results, these true predictions involve many mis-
calls for pipes where shear failure continued to propagate. 
These pipes are evident in Fig.  6 as the many square sym-
bols that now fall well below the one-to-one line for both 
the BTCM and the BSE. 

In view of Fig.  6 it is apparent that when the BTCM 
is used outside its calibration dataset more scatter is evi-
dent: six miscalled predictions now are evident out of 24, 
leading to a rather high error rate of 25  %. Whether or not 
this outcome is due to scatter, or to differences in the � t-
ting parameters that would better harmonize the combined 
database, or if the relatively lower toughness steels con-
sidered in the BGC work involved fundamentally differ-
ent response is unclear. While one critical error occurred 
as for the calibration database, � ve pipes were predicted 
to propa gate whereas arrest occurred. It follows that the 
BTCM did not effectively discriminate between an arrest 
versus a propagate pipe – which is its primary function. 
In addition, the extent of disparity between the predicted 
outcome and the actual response increased somewhat. The 

next section considers one major error source as a possible 
explanation for this. 

Assessing a major source of scatter 
Detailed study of the underlying calibration database 

suggests that the signi� cant scatter evident in Fig.  3,  a is 
due to the assumption (or expectation) that the pretest notch 
length was a viable estimate of the length at instability. The 
extent of the error that can be ascribed to this assumption 
can be inferred in regard to Fig.  7 (adapted from  [14]), 
which is a view local to a patched TWD in a thin-walled 
pipe made of a 1964 vintage line-pipe steel. Many such 
tests were done then [e.g.,  10] as well as since involving 
larger-diameter relatively thin-wall pipes, using notches 
whose pretest lengths ranged from 0.1  �  c2 / Rt  �  20. 

The image in Fig.  7 re� ects Test #18-8 on a 30-inch 
(762  mm) diameter pipe, with 0.375  inch (9.53  mm) wall 
made of grade X52 (358  MPa). This line pipe had an ac-
tual yield stress (AYS) of 60.6  ksi (418  MPa) and an ulti-
mate tensile stress (UTS) of 81.3  ksi (560  MPa), leading 
to AYS / SMYS  =  1.165 with Y / T  =  0.75, all of which are 
typical of the late 1960s TWD database. The pretest length 

Fig. 6. Predicted arrest toughness for the BGC database:
a – BTCM predictions; b – BSE predictions;   – propagate;  – arrest

Fig. 7. View of a TWD seconds prior to instability (the inset indicates the pretest notch length)
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of this TWD, whose tips were cut with a jeweler’s saw, 
was 3.3  inches (84  mm) for which c2 / Rt  0.49. As such, this 
TWD was rather short in comparison to the range of pretest 
lengths that were evaluated. This defect was patched to seal 
against leaks and pressurized until axial instability of the 
TWD, which occurred at 1.07  Psmys . The temperature for 
this test was 26  °F (3.3  °C), which opens to the potential for 
less ductile response, as it falls well below the shear-area 
transition temperature (SATT). That being said, because 
this pipe had a relatively high CVP energy at that tempera-
ture, collapse-controlled failure remained plausible. 

Test 18-8 was captured on high-speed � lm through in-
stability, from which Fig.  7 and a sequence of like images 
was obtained – with that shown made just seconds before 
instability. Although the testing was done below the SATT, 
it is apparent from Fig.  7 that signi� cant subcritical tea ring 
developed prior to instability. Also note that the NG-18 
Equations that � gure prominently in aspects of the BTCM 
incorporate bulging local to defects, which appears as an 
important factor. While that could be the case for some 
tests involving longer TWDs, it is apparent in Fig.  7 (and 
many others like it) that the image remained in focus as is 
appa rent here up through instability. Given that bulging in-
volves deformations that locally distorts the pipe’s cylind-
rical shape, the image quality here implies that the pretest 
focus remained viable. 

It follows that little local bulging occurred, which opens 
to question when the signi� cant pucker often seen post-
test actually forms, and the extent to which bulging prior 
to axial instability contributes to that posttest pucker. But, 
more critically in regard to Fig.  3, which discounted pos-
sible growth through use of the pretest TWD length in cal-
culating Gc , Fig.  7 shows that signi� cant differences can 
develop between the calculated and actual values of Gc , 
which lead to scatter 

In light of the form of Equation 2, where the half-length 
of the TWD contributes linearly to Kc , if the TWD in-
creased in half-length due to stable tearing prior to instabil-
ity, then the value of Kc increases proportionally, while the 
value of Gc on the y-axis of Fig.  3 increases as the square of 
that increase in half-length. Fig.  8 trends these dependen-
cies as the basis to indicate the signi� cant scatter that can 
develop due to the assumption that the pretest notch dimen-
sions were a reasonable estimate of the circumstances at 
instability. The y-axis in this � gure is the ratio of � nal to 
initial crack driving force while the x-axis is the amount of 
stable tearing normalized relative to the initial TWD half-
crack length. 

Fig.  8 indicates that where signi� cant stable tearing is 
possible, the error introduced by using the initial TWD half-
length in Fig.  3 can be several hundred percent. Critical in 
this context is that the resistance of the steel to stable tearing 
(quanti� ed by CVN energy) and the initial notch depth cou-
ple nonlinearly to control the amount of tearing that occurs. 
Thus, small initial defects in tougher steels can undergo 
signi� cant tearing, while longer initial defects in less tough 

steel undergo virtually no stable tearing. In regard to the 
TWD shown in Fig.  7, the � nal length (i.e., notch plus tear-
ing) increased from 3.3  inches (84  mm) to about 5.6  inches 
(142  mm) prior to instability. Given this result, entering the 
x-axis in Fig.  8 at a value of (5.6  –  3.3)/3.3  =  0.7 indicates 
that for this test the value of Gc increased due to stable tear-
ing by about 2.9 times. 

It follows that the assumption that the pretest notch 
length was a reasonable estimate of the circumstances at in-
stability by itself can lead to huge scatter in regard to Fig.  3. 
In view of this, the disparities evident in regard to the ar-
rest toughness predictions in Fig.  6 versus that in Fig.  5 are 
not surprising. It is plausible in this context that the choice 
made to represent the results in Fig.  3 by a one-to one re-
lationship provides an average outcome between cases that 
incurred signi� cant stable tearing and those that did not. 
Another factor is that Test 18-8 was among the shortest pre-
test TWD lengths considered, and involved a steel capable 
of supporting signi� cant stable tearing. This indicates that 
the 2.9 fold increase noted in the value of Gc tends to be a 
near worst-case indicator of the potential error due to this 
consideration. Finally, it is plausible that other assumptions 
or choices in parameter values act to offset the effects of 
this assumption. Regardless of which of these scenarios ap-
plies, it is clear that the value of Gc can vary greatly leading 
to scatter that can be expected in the use of the BTCM. 

Toughness limitation for the BTCM
and its consequences

As noted earlier, the calibration of the BTCM was lim-
ited to steels in Grade 448 (X65) and below that had Cv (1/1) 
energy at 100  J or less. While it is usual to limit the use 
of any model that is empirically calibrated to within the 
bounds of the underlying database, because pipeline de-
sign is driven to more demanding applications there was 
an almost immediate need to use the BTCM beyond such 
bounds. 

Fig. 8. Ratio of � nal to initial crack driving force as a function of 
normalized stable tearing:

1 – Kc ; 2 – Gc
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Trends as toughness increased –
work in North America

The � rst practical test of the technology that underlies 
the BTCM came in the context of full-scale tests that were 
done in support of the Canadian Arctic Gas Study Limited 
(CAGSL). CAGSL involved a natural gas pipeline running 
from the North Slope of Alaska and the Mackenzie Delta, 
into the Northwest Territories, and on to Southern Canada 
and the United States. As the eventual design was not � nali-
zed in 1972 as the initial test parameters were being con-
sidered, that plan considered 48-inch (1219  mm) diameter 
line pipe produced in Grades 448 (X65) and 482 (X70) in 
wall thicknesses corresponding to an 80  % design factor. 
The plate rolled into test pipes involved both controlled-
rolled and Q&T steels. The target pressure was 1680  psig 
(115.8  bar), which led to quite thick pipe. The target test 
temperatures were from –14 to –32  °F (–26 to –36  °C) to 
represent conditions considered relevant to the project. 
Consideration was given to integral ‘fracture arrestors’ in 
this set of tests. The second set of tests involved Grade 482 
(X70) and was completed in 1975 under similar test con-
ditions, except that slightly rich gas containing a modest 
amount of CO2 was used. It follows that these tests were 
much more demanding than the circumstances considered 
for either the calibration database or the testing considered 
in regard to the BGC. As such, the toughness required to af-
fect arrest for these tests was anticipated to run on average 
well above that of the full-scale test experience that was 
embedded in the calibration of the BTCM. 

Although the initial testing was done in the early 1970s, 
and preceded the complete formulation of the BTCM (which 
was published in 1975), many of the key elements that un-
derlie the BTCM had been published prior to or in  1972, 
in the context of the NG-18 Equations [e.g.,  10,  11]. That 
technology was used to design the tests with the expecta-
tion that the range of toughness levels evaluated would ar-
rest fracture at some level represented by the test pipes, yet 
only one of the pipes considered led to arrest. It follows that 
the technology that comprised the BTCM underestimated 
the arrest toughness of most of the test pipes. [e.g.,  17] 
While many factors can conspire to produce this outcome, 
including the type of steels and low temperatures conside-
red, the trend for the data was to underestimate the arrest 
toughness at toughness levels well beyond those previously 
experienced. In regard to Fig.  5 and 6, it is apparent that the 
toughness evident there on average is the order of 50  ft-lb 
or less, whereas the GAGSL test pipes had resistances often 
double that, which in one case ran in excess of 200  ft-lb 
(~270  J). 

The next practical test for the BTCM came a few years 
after the � rst, with the testing done from 1979 through 1981. 
These full-scale tests were done in support of the Canadian 
segment of the Alaska Highway Gas Pipe Line (AHGPL) 
project, which was proposed to move natural gas south into 
Western Canada and on into the US. Thus, many of the test 
parameters targeted similar concerns as the CAGSL work, 

except that they were AHGPL project-speci� c. This tes-
ting was done at the Northern Alberta Burst Test Facility 
(NABTF), with all testing done on Grade 482 (X70) line 
pipe in diameters as large as 56-inch (1219  mm), for wall 
thicknesses corresponding to an 80  % design factor. Target 
test pressures were as high as 1261  psig (86.9  bar), while 
the target test temperatures were from –6 up to 25  °F (–21 
to –4  °C), being chosen to represent conditions considered 
relevant to the project. This work, which was � nished in 
1981, considered a range of slightly rich compositions, 
which in some cases contained a modest amount of CO2 . 
As for the CAGSL testing, these test conditions were much 
more demanding than the circumstances considered for ei-
ther the calibration database or in the work for the BGC. 

This testing was completed well after the BTCM was 
formulated and published. The reporting indicates that this 
technology was used to design the tests, which as noted 
above leads to the expectation that fracture would arrest 
well within the range of toughness levels used in the tests. 
The report [18] concludes that “the model (BTCM) provid-
ed predictions of arrest toughness that lay at the lower end 
of the observed range of arrest toughness” – so it follows 
that the BTCM underestimated the arrest toughness for 
many of the test pipes. As above, many factors can conspire 
to produce this outcome. And, as above, the arrest pipes 
had resistances often double that of the BTCM calibration 
database, which in one case exceeded 148  ft-lb (~200  J). 

Trends as toughness increased – work in Europe 
While not then apparent to those working at the NABTF 

to develop and analyze the data, a clear dependence of the 
BTCM predictions on toughness was emerging from the re-
sults of extensive full-scale testing done in Europe in the late 
1970s and on into the early 1980s. As reported in 1983  [19], 
this work showed that the BTCM erred increasingly as the 
toughness increased beyond about 75  ft-lb (~100  J). 

As time passed, it became clear that not only the BCTM 
and BSE results showed this trend, but that all SEs that had 
emerged to quantify fracture arrest for single-phase gases 
that were calibrated in reference to the CVN specimen 
shared the same trend: all became increasingly non-con-
servative as the toughness increased beyond about 75  ft-lb 
(~100  J) [20]. Fig.  9 illustrates this non-conservative ‘bent-
over’ trend as the toughness required for arrest increases for 
predictions made using the AISI SE [8]. This tendency to 
underestimate required arrest toughness was evident for all 
grades evaluated. The results shown cover 120 arrests and 
138 propagates in grades from X52 through X100, diame-
ters from 24 to 56  inches (~406 to 1422  mm), wall thick-
ness from 0.31 to 1.0  inch (7.95 to 25.4  mm), FSE CVN 
energies from 20 to 200  ft-lb (27 to 270  J), and pressures up 
to more than 2300  psi (16000  kPa). 

The pipeline industry responds
The pipeline industry responded to the emergence of 

the trend to non-conservative predictions with two major 
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thrusts. First, there was renewed interest in a better test 
to characterize fracture resistance. This action appears to 
represent the perceived inadequacy of the CVN Speci-
men as was evident in the consistent error made by all 
arrest models calibrated to CVN energy. Second, the in-
dustry began research to develop an alternative approach 
to characterize the crack driving force, as the basis to re-
place the BTCM with an ‘improved model’. In spite of re-
lated work  [21] that indicated utility in the � ow response 
of the steel and its relationship to the stretch local to the 
shear failure that is apparent in Fig.  2, the industry path 
forward eventually settled on NLFM. That choice appar-
ently re� ected the view that the signi� cant developments 
in NLFM in the period since the BTCM emerged offered 
great promise, and the view that the phenomenology of 
this propagating shear failure apparent in Fig. 2 and 7 was 
fracture-controlled. 

Alternate fracture-based models:
CTOA as a fracture metric

Shortly after the consistent non-conservative predictive 
error for CVN-based models became evident, a major effort 
was initiated to develop alternative technology. Work began 
in the US to that end under the auspices of the PRCI in 
1984 [22]. About the same time, a major effort with a com-
parable purpose had begun in Italy, with that work focused 
at Società NAzionale Metanodotti (SNAM) [23]. Collabo-
ration between those efforts eventually ensued that sought 
to better characterize both the driving force for ‘running 
fracture’ and its resistance using a consistent fracture metric 
for both. The primary focus of that work was the evolu-
tion of crack-tip opening angle (CTOA) as a measure of the 
driving force for fracture [24] as well as its resistance  [25]. 

Related work continues today, although the work that be-
gan at SNAM has now shifted to Centro Sviluppo Mate-
riali  (CSM). 

Values of CTOA to arrest fracture based on those de-
velopments have from time to time been blind-predict-
ed, which provides a basis to assess its progress toward 
a practically useful accurate predictor of arrest versus 
propagate as a function of CTOA. One such blind predic-
tion well known to the author occurred in the context of 
the Alliance Pipeline, circa the mid-1990s. This blind nu-
merical prediction, which came more than 10  years after 
that work began, indicated arrest at a CTOA on the order 
of 25° for this advanced-design pipeline [26]. This was 
in stark contrast to the largest published experimentally 
measured values of CTOA for then available steels that 
were the order of just 10°. While the very high predicted 
value of required CTOA in comparison to that for avail-
able steels was cause for pause, the full-scale testing went 
forward. In contrast to the blind predictions, those tests 
indicated arrest at value of CTOA that could be easily 
achieved for then available steels. Surprisingly to some, 
the CVN prediction based on the BTCM coupled with the 
LCF predicted the arrest toughness within a few percent 
– for all four arrests. These results led to reformulation of 
the CTOA model and rede� nition of CTOA and its mea-
surement practice. Thereafter, the required CTOA was 
still higher that the value evident in the testing inferred 
from CVN trending, but at about 12º  [27] was much closer 
to the actual arrest conditions based on trending of the 
published CVN-CTOA results. 

Related work by others involving CTOA has focused on 
a much different practice to measure this parameter, which 
after about � ve years of work appeared to hold promi-
se [28]. However, after some additional work this activi-
ty drew to a close without apparent success. Others have 
sought to isolate crack propagation resistance in the context 
of CTOA (and other fracture-based metrics), coupling that 
effort with work related to testing practices to characte-
rize fracture resistance. Schemes to isolate crack propaga-
tion resistance have focused on: 1) the notch con� guration 
or its processing, 2) the back surface opposite the notch, 
and 3) the related test practice or specimen geometry. This 
work has likewise drawn to a close without success. Quite 
possibly the reason for this is because their focus was the 
energy dissipated only due to the creation of new fracture 
surface in propagation, whereas � ow-controlled deforma-
tion in the context of Reference 21 appears to dominate the 
energy dissipated leading to the arrest of propagating shear 
in a pipeline. 

It follows that schemes to characterize shear propaga-
tion in a pipeline and the steel’s resistance to that process 
have been attempted using fracture-based concepts since 
the late 1960s. CTOA as a metric of fracture has been in 
development now for a period of almost three decades – but 
as yet a simple practical model CTOA-based model such as 
the BTCM has not emerged. 

Fig. 9. Predicted arrest toughness requirements using the AISI SE:
  – propagate;  – arrest
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Other recent work: fracture control
for the alliance pipeline

Background
The proposed Alliance Pipeline design involved a novel 

dense-phase compression and transport concept [29] that 
would move the richest (dense-phase) gas yet considered 
through a large (36  inch / 914  mm) diameter pipeline 
opera ting at 1740  psig (~120  bar). While Grade 551 (X80) 
was considered early in the design process, eventually 
Grade  482 (X70) was proposed working at 80  % design 
factor, which was allowable and usual for cross-country 
service in Canada. Given the issues evident in predicting 
arrest toughness for the full-scale testing done prior to the 
mid-1990s, developing the fracture control plan (FCP) for 
any pipeline posed a problem if its design concept and ope-
rational parameters lay outside the scope of the available 
full-scale testing. On this basis, the design pressure and 
other aspects advanced-design Alliance Pipeline placed it 
well outside the scope of that full-scale database. As such, 
a means to address the just-noted issues was required if this 
design was to go forward, which because that means was 
unproven for those design conditions would need to be vali-
dated by successful full-scale testing. 

Managing the effects of increasing toughness
Not surprisingly, the predicted arrest toughness for the 

Alliance Pipeline based on the BTCM was above the 75 ft-lb 
(~100  J) limit beyond which Fig.  9 shows this model is 
increasingly non-conservative. Because the other CVN-
based methods also showed this same tendency as had been 
evident for the BTCM, and the use of CTOA had not yet 
been proven by successful blind predictions of fracture ar-
rest, developing the FCP for this pipeline posed a major 
challenge. Alternative schemes were sought by the Alliance 
Consortia. Eventually, consideration given to an emerging 
concept developed under IR&D funding at Battelle in the 
early 1990s [13], which provided a physically sound basis 
to offset the cause for the ‘bent-over’ trend seen in Fig.  9. 

Differences in the inherent fracture resistance of a CVN 
specimen were evaluated as the FSE CVN energy increased 
from a low of 18  ft-lb (24  J) to a high of 260  ft-lb (352  J) in 
steels from Gr B up to X80, which were produced from the 
1960s into the early 1990s. Using results from instrumented 
CVN testing, dissipation was separated into fracture initia-
tion, plastic deformation, and fracture resistance. Fig.  10 
trends the shift in energy dissipation in the CVN specimen 
for each of the initiation, plastic deformation, and propaga-
tion components. 

The y-axis in Fig.  10 is the fraction of the energy dissi-
pated in the above-noted components as a function of total 
energy dissipated in the test, which is shown on the x-axis. 
These trends were normalized relative to the trend devel-
oped in testing up through 75  ft-lb (~100  J), with a best-
� t function developed from that process that predicts the 
shortfall in the BTCM predicted energy due to diffe rences 

in the response of the CVN specimen as toughness increas-
es. Of signi� cance in these trends is the observation that for 
these steels the propagation component approaches zero at 
about 250  ft-lb (~339  J). In turn, this means that the CVN 
test loses its utility in the context of its historic purpose in 
the BTCM formulation at energy levels of that order, and 
above. 

Recognizing that the CVN test loses its utility in the 
context of its historic purpose in the BTCM at energy levels 
the order of 250  ft-lb (~339  J) and above, it follows that 
one must question specifying steels relative to CVN testing 
at high energy levels. It also follows that trends between 
predicted and actual arrest energy levels that develop and 
can be quanti� ed functionally at lower energy levels are 
likely to breakdown completely as they approach much less 
exceed a FSE CVN energy level of 250  ft-lb (~339  J). The 
results showed that the ratio of the initiation (plus deforma-
tion) energy to the propagation energy in a CVN specimen 
was inherently different for high toughness steels as com-
pared to that for low toughness steels, and that the energy 
dissipated in initiation increased with toughness, as did that 
for plastic deformation. Based on these observations and the 
energy dissipation principle, a correction was developed for 
the BTCM as the basis to predict the CVN energy to arrest 
shear propagation for the Alliance Pipeline. Over the course 
of the Alliance Pipeline Certi� cation Hearing [30] this cor-
rection became known as the ‘Leis correction factor’. 

Outcomes using the leis correction factor
As evident in Fig.  11, when applied to predictions for 

the same database considered in Fig.  9, the LCF effectively 
offsets the non-conservative nature of the BTCM for the 
higher toughness steels in that database. These data run to 

Fig. 10. Shift in CVN dissipation for the initiation, plastic deformation, 
and propagation components as total energy increases:

1 – Trend D; 2 – Trend I; 3 – Trend P;   – propagate;  – deformation; 
 – initiation
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quite high toughness levels (�270  J), all of which re� ect 
single-phase decompression. Given this outcome, blind pre-
dictions also were made for the planned full-scale testing to 
validate this correction for use with the Alliance Pipeline 
design and FCP. As noted earlier, and discussed in more de-
tail later, it was found that the corrected BTCM predictions 
matched the observed arrest toughness within a few percent 
of each other for each of four arrests, while CTOA as noted 
above was not validated by that testing. 

It follows that the LCF provided a rational approach to 
extend the utility of the BTCM to much higher toughness 
levels. However, as has been made clear in related work, 
this correction is empirically calibrated for up to Grade  551 
(X80), and toughness levels the order of ~225  ft-lb (~305  J), 
but validated only for Grade 482 (X70) and below. Note too 
that the LCF also re� ects a range of steels whose � ow and 
fracture response both contributed to its successful use. 

Recognizing the lesson discussed earlier in regard to us-
ing the BTCM beyond its empirical basis, the LCF does not 
provide a general path forward – nor do any of the other 
correction factors that followed in the wake of the LCF. 
Rather, technology must be developed that addresses the 
inadequacies of what is currently available as 1) the tough-
ness continues to increase, 2) the � ow response shifts to 
higher values of  Y / T, and 3) the specimens used to quantify 
resistance to propagating shear become less effective. 

Challenge posed by high-toughness
high-strength grades

The economics of pipeline construction and operation 
motivate the development of higher-strength grades, which 
fall well above the empirical basis for the current fracture 

arrest technology and require full-scale testing to assess the 
viability of the steels considered for a given pipeline de-
sign. The development of microalloyed steel and the role 
played by Niobium remains critical in keeping pipelines 
cost competitive, while at the same time leading to steel 
that is weldable, as well as strong and tough, and so ca-
pable of satisfying the requirements of strain-based design. 
Gray  [31] tracks the evolution of steel and makes clear the 
bene� ts of Niobium in line-pipe applications. While the 
bene� ts are understood, without a means to specify the 
toughness required to arrest fracture, and to quantify what 
level is required for a given pipeline, it will be dif� cult to 
capitalize on those bene� ts without a complete understan-
ding of propagating shear, and a means to quantify that ar-
rest is certain in the event that such a failure initiates. 

Realizing that advanced-design pipelines will require 
high-toughness if they are to avoid the use of fracture arres-
tors, and that toughness continues to be quanti� ed by CVN 
energy, the steel industry has learned to produce steels that 
seem designed to ‘stop the hammer’ in CVN testing. Such 
steels are marketed today with toughness levels approach-
ing 500  ft-lb (678  J). In view of the trends in Fig.  10, one 
must question the value of ‘arrest’ resistance approaching 
or above 250  ft-lb (339  J). Further reason to question the 
merits of toughness at such levels derives from Fig.  12. 
Fig.  12 summarizes the results of full-scale testing done 
by CSM  [32] primarily in regard to Grade  551 (X80) and 
Grade  689 (X100), with limited data also for Grade  827 
(X120). The format of this � gure is comparable to Fig.  9 
and 11. Fig.  12,  a is based on predictions by the BTCM 
whereas Fig,  12,  b presents BTCM predictions with the 
LCF. 

Fig.  12,  a looks much like the BTCM predictions 
shown earlier in Fig.  9, which as noted then included data 
for grades up to EX100, all of which were produced with 
practices used prior to ~1990. It shows the same bent-over 
trend, which develops beyond about 100  J (~75  ft-lb). 
In  view of the utility of the LCF evident in Fig.  11, it is con-
ceivable that the LCF can affect improved predictions as 
well in regard to these data for higher-strength grades using 
steels made with much different practices when compared 
to that of the 1970s and before. However, as has been not-
ed in prior discussion, the dissipation response embedded 
in the LCF as well as the � ow response embedded in the 
calibration of the BTCM differ from trends for that evident 
with recent production. The effects of these differences are 
apparent in the data presented in Fig.  13, which shows Y / T 
as a function of SMYS in Fig.  12,  a and AYS in Fig.  12,  b. 
Results for AYS are included along with that for SMYS as 
the ratio of AYS / SMYS also has been decreasing. 

The BTCM was formulated by relating the ‘fracture’ 
speed to that of the plastic wave speed, where the latter is 
proportional to the slope of stress-plastic strain curve. If the 
trend through the results in Fig.  13,  a is considered typical 
and combined with related data for the strain to failure, then 
that slope for the X70 grade steels is ~six times that for the 

Fig. 11. Leis correction factor applied with the BTCM to the test results 
in Fig. 9:

  – propagate;  – arrest
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X100 steels. This difference indicates that 1) the BTCM is 
likely to underestimate the required arrest resistance and 
2) it is unlikely the BTCM coupled with the LCF will be as 
effective in offsetting the ‘bent-over’ trend as evident for 
Fig.  11 in predictions for data from the era that the BTCM 
was formulated. Inspection of Fig.  12,  b con� rms this ex-
pectation: while some improvement is evident through the 
use of the LCF, many results remain in error. 

Close study of Fig.  12,  b for cases involving high frac-
ture resistance indicates that the data for pipes that arrest 
propagating shear becomes comingled with those that per-
mit continued propagation. In addition to being comingled, 
such results span a signi� cant range of CVN resistance  – 

with failure effectively independent of CVN. Examples of 
comingled data can be seen in the two sets of points circled 
at about 250  J, while the results for the 1st ‘Demopipe’ test 
that show propagation at more than 350  J (~260  ft-lb) il-
lustrate independence of CVN energy. This means that for 
these types of steels the CVN energy no longer discrimi-
nates effectively between pipes that arrest versus pipes that 
propagate shear failure – particularly at high resistance. In 
view of this trend, one could assert that a toughness level 
exists beyond which the failure process transitions from 
fracture control to collapse control: beyond that level run-
ning ‘fracture’ is a propagating tensile instability rather 
than an extending crack. 

Fig. 13. Trends in the � ow properties represented by Y / T with Grade (archival data):
a – as a function of SMYS; b – as a function of AYS;  – 40s vintage X42;  – 40s vintage X46;  – 40s vintage X52; 

 – 50s–60s vintage X52 – X56;  – Early 80s vintage X70;  – archives modern X70 & up;  – late 1990s X100;  – late 1990s X100 (EC2–3)

Fig. 12. CSM database for X80 and X100 tests (data from Reference 32):
a – BTCM predictions for high-grade steels; b – BTCM-LCF predictions for high-grade steels;  – X80 A – CSM Database; 

 – X80 P – CSM Database;  – X100 A – 1st ECSC;  – X100 P – 1st ECSC;  – X100 A – 2nd ECSC;  – X100 P – 2nd ECSC; 
 – X100 A – 1st Demopipe;  – X100 P – 1st Demopipe;  – X100 P – 2nd Demopipe;  – X120 P – ExMob
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Until we fully understand the factors that drive propa-
gating shear, we cannot logically develop the means to 
quantify the factors that control its arrest, and establish 
reliable measures of the steel’s resistance to such failure. 
Full-scale testing provides a stopgap until that understand-
ing evolves, but such testing is expensive and of limited 
general utility, as the result from a given test is speci� c to 
the test parameters considered. It follows that a technology-
based relationship is needed if tough strong steels are to 
be broadly marketed as the means to economically expand 
access to environmentally friendly sources of energy like 
natural gas. 

While the LCF extended the utility of the BTCM for a 
few years covering some higher-strength grades produced 
in the new Millennium, in many ways the need to char-
acterize relationships between pipeline design parameters 
and the arrest of propagating shear remains today much as 
it has since the late 1960s. Formally dealing with the � ow 
and fracture behavior, the decompression behavior, and the 
soil-structure or water-structure interaction that contribute 
to the failure response requires quantifying complex inter-
acting nonlinearities. This has proven problematic without 
recourse to semi-empirical approaches. Uncoupling these 
three nonlinearities as a basis to numerically characterize 
their effects independently, and to validate those outcomes 
prior to reintegrating their coupled effects, is a daunting and 
expensive process. 

Uncoupling the nonlinearities in a fundamental way will 
require expensive experiments that physically isolate each 
of the nonlinear processes, which will likely require instru-
mented, well designed above-ground full-scale testing. 
While such work could prove instructive, the fact remains 
that attempts to use fracture-based methods to characterize 
shear propagation in a pipeline and the steel’s resistance to 
that process have been pursued since the late 1960s. More 
advanced fracture-based concepts, such as CTOA, likewise 
have been in development as metrics for fracture for a pe-
riod that now is almost three decades. In spite of the tens of 
millions invested to date in theory and related experiments, 
as yet a simple practical model, such as the BTCM, has not 
emerged through work founded on fracture-based technolo-
gies. 

Fracture has been an appealing basis to characterize 
ductile propagating shear, and seemed logical as this failure 
process emerged in the wake of brittle propagating fracture. 
However, after 40 years in pursuit of a fracture-based ap-
proach without success in the form of a simple model like 
the BTCM it seems reasonable to reassess the phenomenol-
ogy. The key question is – where to start? 

The end of the article in the next issue.
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