
Toughness Requirements for 
Welded Structures in the Arctic 

Study shows the limitations of the Charpy test in verifying 
toughness requirements for Arctic structures 

BY B. A. GRAVILLE A N D W . R. TYSON 

ABSTRACT. This paper presents some 
background work that was done during 
the development of steel toughness re
quirements for CSA (Preliminary) Stan
dard S473, "Steel Structures, Part III of 
the Code for the Design, Construction, 
and Installation of Fixed Offshore Pro
duction Structures (Ref. 1)." This Stan
dard covers welded offshore structures 
that could operate in the Arctic exposed 
to temperatures down to -50°C. 

Introduction 

In a limit states or load-resistance fac
tor design approach to structures, the 
probability of ultimate limit states being 
reached must be acceptably low. Frac
ture is one of the possible ultimate limit 
states that must be considered, but de
spite considerable recent effort in prob
abilistic fracture mechanics, design 
against fracture is not currently based on 
explicit ly determining fracture risk. 
Rather, an arbitrary fracture criterion is 
selected that tacitly reflects in a qualita
tive manner the level of acceptable frac
ture risk. For example, it may be consid
ered reasonable that one ought to as
sume the presence of a given size crack 
residing in a given stress field at the low
est anticipated service temperature. The 
result of this approach is normally a min
imum toughness requirement for the ma
terial and possibly for the weld metal 
and heat-affected zone also. This be
comes part of the material specifications. 
Several levels of toughness may be spe
cified depending on the criticality of the 
member. 

There have been two main ap
proaches to toughness requirements for 
critical applications. In North America, 
many specifications can be traced back 
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to the early work by the U.S. Navy. The 
approach of its research assumes that 
fracture initiation may occur at local brit
tle regions (such as arc strikes, heat-af
fected zones of welds, and local me
chanical damage) and that the toughness 
of the material must be adequate to pre
vent this crack from continued propaga
t ion. Since the initiating crack in the 
local brittle region (the "pop-in") is 
rapidly moving, it is the dynamic tough
ness of the surrounding (base) metal that 
controls continued propagation, regard
less of the loading rate on the structure. 
Such a "brittle init iat ion" criterion may 
also be considered as a crack arrest cri
terion depending on whether the initiat
ing crack is immediately arrested (pop-
in arrest) or arrested after some distance 
(short or long crack arrest). This ap
proach is summarized in the well-known 
Pel I i ni fracture analysis diagram (Ref. 2) 
indexed to the nil ductility transition tem
perature (NDTT) as determined by drop-
weight tests. 

In Europe, the dominant philosophy 
emphasizes the prevention of fracture 
initiation. Weld metal and heat-affected 
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zone properties are based on fracture 
mechanics criteria (such as critical crack 
tip opening displacement (CTOD), 
which are then correlated back to 
Charpy tests for practical use (Ref. 3). 
The CTOD tests are performed at the 
same temperature and strain rate and on 
the same thickness as for the real struc
ture. The CTOD initiation approach, 
however, is not used directly to deter
mine base metal toughness properties. 
These have been established from 
welded wide plate tests with notches in 
the HAZ (Ref. 4). They are, therefore, 
"brittle initiation" tests. Work many years 
ago showed that the results from such 
tests are compatible wi th the fracture 
analysis diagram and the NDTT (Ref. 5). 
Where large numbers of wide plate tests 
are carried out under quasi-static condi
tions with notches placed in local brit
tle regions such as the heat-affected 
zone, the lower bound of the load/tem
perature curve is very close to the base 
metal crack arrest curve as determined, 
for example, by Robertson tests and as 
indexed in the fracture analysis diagram 
by the NDTT — Fig. 1. Thus, the Charpy 
requirements for base metal in European 
standards for offshore structures derived 
from wide plate tests are not vastly dif
ferent from those in API standards based 
on the fracture analysis diagram. The 
wide plate test approach has had the ad
vantage of defining the effect of thick
ness, which has always been a problem 
in the fracture analysis diagram. 

Risk/Consequences Diagram 

Because CSA S473 applies to a wide 
variety of structures, including both 
tubular and caisson types, it is necessary 
to have a framework for selecting frac
ture criteria appropriate for each struc
ture. This has been done by the intro
duction (Ref. 6) of the risk/consequences 
diagram (Fig. 2), which combines the 
risk, i.e., probability of fracture initiation 
occurring, wi th the consequences of a 
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Fig. I —Wide plate data plotted on the fracture 
analysis diagram showing complete compatibility 

between the two approaches (Ref. 5). 
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fracture if it occurred. The major factor 
influencing risk is the stress, whereas, 
the consequences relate to the safety 
class of the structure and the redundancy 
of members. The consequences compo
nent represents, in a qualitative sense, 
the importance factor in limit states de
sign. Although other standards introduce 
similar concepts (crit icality, special 
steels), the separation of risk and conse
quences in a two-dimensional matrix 
provides a very flexible engineering tool 
for selecting appropriate fracture crite
ria. For example, in Box 9 of the S473 
matrix wi th the highest risk of fracture 
initiation, the serious consequences re
quire control of both fracture initiation 
in weld metal, heat-affected zone, and 
base metal, as well as crack arrest capa
bilities in the base metal. A full discus

sion of the matrix and the correspond
ing fracture toughness requirements in 
S473 have been presented elsewhere 
(Ref. 7). 

The fracture toughness requirements 
for the base metal are based on the as
sumption of brittle init iat ion, and they 
use the NDTT, as determined by the 
drop weight test, as the prime index. As 
in other standards, various levels of 
crack arrest capability are set by apply
ing a thickness-dependent temperature 
shift of the NDTT relative to the lowest 
toughness design temperature. This tem
perature shift approach, which is com
mon in toughness specifications, has a 
weakness in that it assumes that tough
ness increases above the NDTT at the 
same rate for all materials. This may not 
be the case, and toughness tests carried 
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Fig. 2 — The risk/consequence diagram. 

out at temperatures remote from the ser
vice temperature may not correctly in
dicate fracture behavior at the service 
temperature. Nevertheless, the drop 
weight test has real structural signif i
cance at the NDTT, and correlations 
with large scale tests support the tem
perature shifts proposed for practical use 
in toughness specifications. 

Charpy Correlations 

The majority of steel toughness spec
ifications existing today use the Charpy 
V-notch (CVN) test. This test is relatively 
inexpensive, convenient, and has a long 
history of successful use. The Charpy test 
with its blunt notch does not, however, 
relate directly to fracture behavior, and 
CVN specifications have been deter
mined in the past on the basis of empir
ical correlations. These correlations, 
however, were established on steels 
quite different from those now available 
for Arctic structures. 

To determine whether the CVN test 
could be used as a substitute for the drop 
weight test in S473, a survey (Ref. 8) was 
conducted to explore correlations be
tween the two test methods. Data were 
collected from the literature for steels 
where both the NDTT and Charpy tran
sition data were provided. The data 
showed that the CVN energy at the 
NDTT varied over a considerable range 
from a few joules to almost 350 J. There 
was no relation between this energy and 
the yield strength of the material — Fig. 
3. Increasing the required CVN energy 
with increasing yield strength has been 
a common practice in many standards, 
but these results show that this practice 
does not ensure a consistent fracture be-
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havior. The range of CVN energies spe
cified for yield strengths up to 400 MPa 
(58 ksi) (typically, numerically equal to 
CTy/10) is very small compared to the 
range of energies observed at the NDTT 
for many steels. 

Examination of the data showed that 
the energy absorbed at the NDTT in
creased as the carbon and sulfur level 
of the steel decreased, and this is to be 
expected since the cleaner steels require 
greater energy to initiate fracture from 
the blunt notch of a CVN specimen. As 
a rough guide, the absorbed energy at 
the NDTT could be related to 10S + C 
— Fig. 4. It is noted there is a rapid rise 
in the Charpy energy as 1 OS + C de
creases below 0.25% and this figure is 
a rough dividing line between the "o ld" 
and "new" types of steels. This is not to 
imply that only sulfur and carbon influ
ence the CVN energy at the NDTT; it is 
merely a simple way of characterizing 
the steels studied. 

The same behavior can be shown in 
another manner by plotting the temper
ature shift between the 40-J Charpy tran
sition temperature and the NDTT as a 
function of the sulfur and carbon con
tent — Fig. 5. With low-sulfur and low-
carbon steels, an NDTT up to 80°C 
(144°F) above the 40-J Charpy transition 
temperature has been observed. For 
these steels, therefore, the Charpy tran
sition temperature could be well below 
the NDTT of the steel, and a 40-J CVN 
toughness criterion would not provide 
any significant resistance to brittle initi
ation. 

For the older steels with 10S + C 
>0.25%, there is a good correlation be
tween the 40-J Charpy transition tem
perature and the NDTT— Fig. 6. For the 
modern cleaner steels, no such relation 
exists — Fig. 7. Neither is the relation 
improved very much by using a fracture 
appearance transition temperature in
stead of energy transition temperature. 

The increase in Charpy energy at the 
NDTT with reduced carbon and sulfur 
is not dependent upon any particular 
steel processing route, although many 
of the low-carbon low-sulfur steels in 
the database were produced by TMCP 
methods. The same behavior is observed 
with normalized steels where the car
bon and sulfur is sufficiently low. This 
effect of cleanliness overrides any effect 
due to yield strength, and it is interest
ing to note that at the time when higher 
Charpy energies for higher yield strength 
materials were being promoted (Ref. 9) 
some of the steels being studied at the 
time were clean, vacuum degassed ma
terials. It is possible that apparent yield 
strength effects observed at that time 
were in fact the cleanliness effect. 

The implications of these observa
tions were clear for the development of 
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Fig. 3 — CVN energy at the NDTT plotted against yield strength. 

Fig. 4 — CVN energy at the NDTT as a function of the sulfur and carbon content. 

Fig. 5 — Difference between the NDT temperature and CVN transition temperature plotted 
against a function of the carbon and sulfur content. 
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Fig. 6 — Plot of CVN 40-J transition temperature against the NDTT for "old" steels with 10S + 
C>0.25%. 
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Fig. 8 — Da fa from 
Nakano and Tanaka 

(Ref. 11) showing poor 
correlation between 

crack arrest toughness 
and NDTT. 
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S473 in that Charpy tests could not be 
relied upon in the standard to provide 
assurance of any given level of fracture 
behavior. In fact, the steels that show 
the biggest shift between CVN tempera
ture and NDTT are the very steels most 
likely to be used in Arctic applications. 
It is also clear that the problem could 
not be solved by setting alternative 
Charpy energies since in some steels the 
energy at the NDTT was beyond the ca
pacity of Charpy testing machines. The 
standard has therefore adopted the drop 
weight test as the default test for mate
rial toughness testing. CVN tests con
tinue to play a useful quality control role, 
for example, in identifying center-plate 
segregation, which would not be appar
ent in a drop weight test that evaluates 
surface properties. The implication of 
the results is also clear for existing tough
ness specifications that use the Charpy 
test (including those based on wide plate 
data from older steels) when applied to 
modern steels. Fortunately, the modern 
steels are generally very tough and often 
exceed Charpy specifications by a con
siderable margin. Nevertheless, it is 
clearly undesirable to be relying on this 
margin to achieve the desired fracture 
behavior. 

Crack Arrest 

The chief diff iculty of using a tem
perature shift approach relative to the 
NDTT is determining the rate at which 
the toughness increases with tempera
ture above the NDTT for each thickness. 
In the original fracture analysis diagram, 
the lower bound of the stress tempera
ture transition curve, the crack arrest 
curve, was established from Robertson 
tests. This curve shifted to higher tem
peratures with increasing thickness. But 
th is method of establ ish i ng the curve was 
clearly expensive and led to an alternate 
method (Ref. 2). A standardized crack 
arrest curve for each thickness was es
tablished as a straight line between a 
lower l imit, determined by the limit of 
plane strain capacity, and an upper limit, 
which was a yield cri ter ion. The posi
tion of these end points relative to the 
NDTT was established through a frac
ture mechanics argument. For low tem
perature applications where the dy
namic yield strength is increased, the 
curves are shifted to lower temperatures 
relative to the NDTT (Ref. 10). 

In order to explore the relation among 
various crack arrest and dynamic tough
ness measurements and the NDTT, a sur
vey (Ref. 10) was made of data in the lit
erature, and some of the results are sum
marized here. Some researchers have 
found no correlation between crack ar
rest toughness and the NDTT. For exam
ple, Nakano's and Tanaka's data (Ref. 
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11) are shown in Fig. 8. However, the 
drop weight test can be interpreted in 
fracture mechanics terms, and a num
ber of researchers (Refs. 12, 13) have 
shown that the dynamic fracture tough
ness at the NDTT is of the order of 

y = .007* + 2.174, R -squa red : .819 

O 

K„~ 0.075c... MPa~Jm,MPa) 

The dynamic yield strength depends on 
the (static) room temperature yield 
strength o R T and the temperature T(oK) 

and can be given by the fo l lowing ex
pression, which is based on an empiri
cal analysis of Rolfe's and Shoemaker's 
data (Ref. 10): 

: c,,T + -
1 8 5 0 - C T , 

7 ^ x 1 6 . 1 x 1 0 ' 
•157 

Using this expression for dynamic 
yield strength, the crack arrest data of 
Nagano and Tanaka has been normal
ized with respect to dynamic yield 
strength, and a reasonable correlation 
with NDTT is established — Fig. 9. Note 
that when plane strain condit ions are 
maintained this relation holds for a very 
wide temperature range below and 
above the NDTT. Similarly, dynamic 
fracture toughness data, Klcj, normalized 
i n the same way relates wel I to the N DTT 
— Fig. 10. Again, note the very wide 
range of temperatures over which this 
relation holds. The crack arrest tough
ness K]a values in Fig. 9 are somewhat 
higher than the K!cl values in Fig. 10. 

Kca values determined from a variety 
of tests such as double tension tests and 
Esso tests were also treated in the same 
manner. For a given steel, the curve for 
Kca tests is much steeper than for K|d or 
for K|a because plane strain conditions 
are not maintained — Fig. 11 . It is the 
loss of plane strain constraint above the 
NDTT that results in the rapid rise of ap
parent toughness. These results show 
that a single logarithmic expression for 
toughness cannot be expected to apply 
to a very wide range of temperature 
above and below the NDTT. It was also 
apparent from the data that the slope 
and position of these curves varied 
widely and no pattern could be found. 
All the crack arrest measurements are 
plotted in Fig. 12, which shows some 
considerable scatter, although far less 
than when plotted against the Charpy 
40-J transition temperature. These data 
have been useful in providing some con
firmation that the S473 requirements 
offer a reasonable assurance of crack ar
rest. 

Conclusion 

Background work during the develop
ment of toughness requirements for CSA 
S473 showed that a "britt le in i t iat ion" 
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Fig. 9 — Nakano's and Tanaka's data plotted in logarithmic form with the toughness normal
ized with respect to the dynamic yield strength. 
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Fig. 10 — Dynamic toughness Kld data in normalized form as a function of temperature rela
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Fig. 12 — Crack arrest toughness normalized with respect to dynamic yield strength plotted 
against relative NDTT. 

cr i te r ion has been the most w i d e l y used 
in d e v e l o p i n g toughness spec i f i ca t ions . 
Both the w e l d e d w i d e p la te a p p r o a c h 
used in Europe and the f racture analysis 
d iagram method used in Nor th Amer i ca 
use th is c r i t e r i o n a n d lead to s im i l a r 
toughness r e q u i r e m e n t s fo r the base 
meta l . Because Charpy corre lat ions pre
v i ous l y used c a n n o t be re l ied u p o n for 
m o d e r n c lean steels, toughness in CSA 
S473 is speci f ied in terms of the n i l -duc
t i l i t y t r ans i t i on t e m p e r a t u r e ( N D T T ) as 
de te rm ined by the d rop we igh t test. Re
v i e w o f p u b l i s h e d c rack arrest data 
shows that the use of tempera tu re shifts 
relat ive to the N D T T prov ides a reason
able assurance of crack arrest. 
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