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Abstract

Rolled steel plates and sections are often applied in structures in such a way

that the principal load direction corresponds with the rolling direction.

Examples are beams, arches, or pylons of bridges, supporting beams of ship

decks, and the main elements of crane structures. However, some types of

structure are subjected to a multiaxial stress state or are loaded with the main

load direction perpendicular to rolling. The orientation may influence the

mechanical properties. This paper studies the influence of anisotropy observed

in the microstructure of rolled C–Mn steels on the tensile properties, Charpy

impact values and particularly the fatigue crack growth rates. The influence of

anisotropy is determined through tests performed at different orientations with

respect to the rolling direction, namely, L-T, T-L and T-S orientations. Samples

were taken from structures that were constructed between 25 and 50 years ago

from steel grades Fe510C or St52.3 (modern equivalences S355J2 or S355N).

The orientation appears to have a statistically relevant influence on Charpy

impact value and fatigue crack growth rate. The anisotropy ratio, defined as

the ratio between the mechanical property in a certain orientation with that of

the L-T orientation, ranged between 0.30 and 0.53 for Charpy impact values.

The anisotropy ratios appear correlated with the absolute Charpy value, with a

correlation coefficient of ρ = −0.8. The anisotropy ratios of the crack growth in

T-L and T-S orientations were 1.19 and 0.43, respectively. Anisotropy ratios for

crack growth appear uncorrelated with anisotropy ratios for Charpy impact.

The observed anisotropy may partially explain the difference between uniaxial

and multiaxial fatigue crack growth as determined by others.
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1 | INTRODUCTION

It is well known that the microstructure of hot rolled
C–Mn steel plates and sections is anisotropic. This is the
result of work done during the rolling process, which
influences grain size dimensions and dislocations. In
addition, rolling causes manganese segregation, resulting

into ferrite/pearlite banding in the microstructure of
C–Mn steels.1 It may therefore be possible that the
mechanical properties, such as the fracture toughness
and crack growth rate, depend on the orientations of the
load and of a (potential) crack relative to the rolling direc-
tion. However, mechanical properties are usually tested
in one orientation only, being the L-T orientation as
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indicated in Figure 1, that is, a specimen loaded parallel to
the rolling direction with a through-thickness crack per-
pendicular to the rolling direction. Depending on the deliv-
ery conditions, steel suppliers may guarantee the Charpy-V
impact energy in this orientation. Yield stress and strain at
fracture may also be guaranteed with the load applied in
rolling direction. In addition, a certain strain at fracture in
thickness direction (z-value) may be guaranteed to limit the
influence of possible segregation on lamellar tearing, but
Charpy-V tests are usually not done in other orientations
than L-T.

Fatigue tests to determine the crack growth rate are
predominantly carried out in L-T orientation and some-
times in L-S orientation. The standard work of King2

evaluated all tests available at that time without consider-
ing the tested crack plane orientation. The leading stan-
dard for fatigue crack growth assessments of steels, the
British Standard BS7910:2015,3 is based on King,2 and it
gives fatigue crack growth rates independent of growth
direction. Hence, the rates provided in that standard are
expected to predominantly represent L-T orientation.

In practice, plates and sections are often loaded in
rolling direction with a potential site of crack oriented

perpendicular to the loading direction. Fracture toughness
and crack growth rate in L-T and L-S orientation are
proper data for estimating the (remaining) fatigue life in
these cases. However, different loading or crack orienta-
tions are regularly encountered. As an example, ship hulls
and orthotropic bridge decks are loaded in multiple direc-
tions, and the stringers are oriented parallel to the rolling
direction. These structures have demonstrated to be sensi-
tive to fatigue cracking. Cracks in bridge deck plates are
regularly observed starting at the weld with the dominant
stress direction perpendicular to the rolling direction, see
Kainuma et al. and Maljaars et al.4,5 (Figure 2). The T-L
and T-S crack plane orientations are governing in such
cases. The data obtained from L-T orientation may be
inappropriate for assessing the (remaining) fatigue life, that
is, anisotropy may have an important effect.

The microstructural orientation is unknown in other
applications. Examples are cover plates in riveted joints of
existing bridges, where multiple operations such as cutting
and drilling were applied, and the microstructural orienta-
tion was not checked before it was applied in the structure.
Riveted joints in bridges are prone to fatigue failure.6

Crack growth under multiaxial fatigue loading has
been the subject of many studies. In these cases, once a
crack has initiated, the orientation of the crack is often
inclined to the rolling direction. The influence of material
anisotropy may be relevant in these cases.

Literature into fatigue crack growth properties of
C–Mn steels in different crack plane orientations is
scarce. Heiser and Hertzberg7 tested the fatigue crack
growth rates for three orientations–L-T, T-S and S-L–of
hot rolled steel plates with a yield stress of 372 MPa
and with ferrite/pearlite banding in the microstructure
containing (wt %) 0.23C, 1.43Mn, 0.1Cr, 0.1Ni and
0.023Al. The dependence of the crack growth rate on
the stress intensity factor range (ΔK) was shown to be
sensitive to the microconstituents present and their ori-
entation relative to the fracture plane. The fatigue
crack growth rate (da/dN) in T-S orientation was a factor
2 to 4 higher than in L-T orientation for
10≤ΔK=MPa

ffiffiffiffiffi
m

p
< 20 , but lower for ΔK >35MPa

ffiffiffiffiffi
m

p
.

FIGURE 1 Nomenclature for crack growth directions in

fracture mechanics specimens, according to Thompson and Howell1

FIGURE 2 Typical deck plate crack in

orthotropic bridge decks: crack plane parallel to

rolling, stress perpendicular to rolling [Colour

figure can be viewed at wileyonlinelibrary.com]
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Ohji et al.8 made a distinction between two
microstructure-related sources for anisotropic fatigue
crack growth behaviour: (a) the laminated microstructure
and (b) the inclusions present in the structure, of rolled
steel plate. They prepared two groups of steel: (a) by
annealing and (b) a spheroidizing treatment, so that the
effects of the laminated microstructure and the mechani-
cal fibering of inclusion, both of which were produced by
rolling, could be separated. The fatigue crack growth
rates were much more depending on the orientation in
the annealed temper than with the spheroidized temper.
They concluded that the anisotropy in the behaviour of
fatigue crack growth was primarily affected and
controlled by the laminate microstructure, while the
inclusions gave only a secondary effect.

The current paper determines the influence of the
anisotropy of the microstructure on mechanical properties
by performing tensile tests, Charpy impact tests and crack
growth tests in various crack plane orientations, namely,
L-T, T-L and T-S. Samples were taken from structures that
were constructed between 25 and 50 years ago from steel
grades that are equivalent to modern grades S355J2 or
S355N. This material is selected because many fatigue
critical structures have been constructed from this or from
similar materials. Microstructural anisotropy may be less
apparent in the heat affected zone in welded structures as
compared with parent metal. The experimental study is,
however, limited to parent metal. This is relevant because
flaws can only be detected with sufficient reliability once
they have reached a certain depth, which is often larger
than the depth of the HAZ in fillet welded joints, as applied
in bridge decks and ship hulls.

Results are presented as anisotropy ratio, which is
defined as the ratio between the value of a certain
mechanical property in a certain orientation and the
value of that property in the L-T orientation. Thus, for
property x in T-L orientation,

Ax,TL =
xT−L

xL−T
, ð1Þ

and for property x in S-T orientation:

Ax,ST =
xS−T

xL−T
, ð2Þ

where xa − b is property x tested in orientation a–b.

2 | EXPERIMENTAL PROGRAMME

Samples were taken from deck plates of five bridges that
were constructed between 25 and 50 years ago. The plate
thickness was t = 10 mm for three of these deck plates

and t = 12 mm for two deck plates. The plates were con-
structed from C–Mn steels designated as Fe510C or
St52.3 following DIN 17100:1966-09.9 The modern equiv-
alent to these steel types is S355J2, according to EN
10025-2:2004,10 and they contain a maximum of 0.20 wt
% C and a maximum of 1.6 wt % Mn. The samples were
taken remote from the load positions in service, at loca-
tions where the stress ranges remained negligibly low.
The samples were also taken remote from welds and heat
affected zones.

Microscopy images were taken to characterize the
microstructure of each sample. The ferrite grain size was
determined in accordance with ISO 643:2013.11 The chem-
ical composition was obtained through optical emission
spectrometry. Two standardized tensile tests per sample
were performed in rolling direction, L-T, and in addition,
two tensile tests per sample were performed perpendicular
to the rolling direction, in the plane of the plate, T-L.

Charpy-V impact tests were performed on each sam-
ple at test temperatures of −20�C and +15�C for crack
plane orientations L-T and T-L. In addition, one sample
was tested in orientation T-S. Three, six or nine Charpy
values were performed for each combination of sample,
test temperature and orientation. Subsize specimens with
a thickness of 7.5 mm were applied for the samples with
a plate thickness of 10 mm. The test results of the subsize
specimens with a specimen thickness of 7.5 mm were
scaled to the standard thickness of 10 mm using12:

CV ,B =CV ,10TWI
B

10mm

1+ 1
2exp

2
17:3

CV ,10TWI �mm
B −44:7

h i� �
1+ exp 2

17:3
CV ,10TWI �mm

B −44:7
h i� � ,

ð3Þ

where CV,B is the Charpy impact value of the subsize
specimen with thickness B and CV,10TWI is the equivalent
Charpy impact value for a standard specimen with thick-
ness 10 mm.

Fatigue crack growth tests were performed according
to ISO 12108:201813 on specimens manufactured from
two of the five samples, being the two samples with the
lowest upper shelf Charpy-V impact values in the trans-
verse direction (T-L). Standard four-point single edge
notch bend (SENB4) specimens13 were tested at air tem-
perature of +15�C in L-T orientation (crack grows per-
pendicular to rolling direction) and T-L and T-S
orientations (crack grows parallel to rolling direction).
Three or four tests were performed for each combination
of sample and orientation.

The test procedure consisted of a force-controlled
constant amplitude loading, following a K-increasing
test procedure according to ISO 12108:2018.13 The tests
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were carried out in force control with a stress ratio
R = 0.1, a frequency of f = 5 to 7 Hz and an environ-
mental temperature of T = 15�C. The dimensions of
the specimens for the crack growth tests were limited
by the nominal thickness of the deck plates. Table 1
gives specimen dimensions as functions of the crack
plane orientation.

The specimens were manufactured with a V notch,
the machined notch length an = 1.0 or 1.5 mm,
and an angle of 60�.13 Crack gauges were attached
to both sides of the specimens in the expected crack
path for crack growth monitoring. Crack gauges
TK-09-CPB02-005/DP and TK-09-CPA01-005/DP were
used with 10 gridlines spaced 0.25 mm and 20 grid
lines spaced 0.25 mm, respectively.

The specimens for the L-T and T-L orientations
(W = 2t − 1) were precracked with an initial load
(Pmax) equal to the test loading. A crack extension
Δa = ap − an = 0.90 mm was realized before the crack
growth measurements were started. The relative crack
size at the start of the crack growth test was ap/
W = 0.04. The specimens for the T-S orientation
(W = t − 1) were precracked with an initial load (Pmax)
that was 10% higher than the test loading. The load
was decreased to the test load after a crack extension
Δa = ap − an = 0.4 mm, and an additional crack exten-
sion of 0.5 mm was realized before the crack growth
measurements were started. The relative crack size at
the start of these tests was ap/W = 0.08.

3 | EXPERIMENTAL RESULTS

Table 2 gives the chemical compositions of the five sam-
ples, including the requirements for S355J210 and
S355N.14 All samples meet the requirements for their
modern equivalents S355J2 and S355N, with the exception
of Sample A that has a sulphur content slightly higher
than the allowed maximum of 0.025% and an aluminium
content lower than the required minimum of 0.015%.
Figure 3 presents the microstructure of the samples
(at different magnification factors). It shows that the
microstructures of all samples contain bands of fine ferrite
and pearlite colonies that are common for C–Mn steels.1

The ferrite grain size (GISO) was determined from the
microstructures and is given in the last column of Table 2.
All samples have a relatively fine grain structure with a
grain size between 9.0 and 10.5. For comparison EN
10025-3:2004,14 requires a grain size GISO ≥ 6 for S355N.

Table 3 summarizes the tensile test results of the five
samples. The mean values from two tests are listed for
the yield stress (Rp0.2), ultimate tensile strength (Rm) and
elongation at fracture (A5). Requirements on the tensile
properties in L-T orientation for S355J210 and S355N14

are equal and are shown for comparison. The table also
provides anisotropy ratios as defined by Equations 1 and
2. The anisotropy ratios for the yield stress (ARp,TL) and
tensile strength (ARm,TL) are all close to 1.0, with the larg-
est value of 1.12 observed for the yield stress of Sample
A. The anisotropy ratios for the elongation at fracture
(AA5,TL) are all lower than unity and vary between 0.73
and 0.93 with a mean value of 0.86.

Table 4 summarizes the means (μ) and standard devi-
ations (σ) of the tested number (n) of Charpy-V impact
tests, where the test results of the subsize specimens with
a specimen thickness of 7.5 mm are scaled to the stan-
dard thickness of 10 mm with Equation 3. Both subsized
and standard thickness specimens were tested for
Sample D, and the results are used to estimate the

TABLE 1 Specimen dimensions for fatigue crack growth tests

as function of the crack plane orientation

Orientation B a W a S (mm) D (mm)

L-T and T-L t − 1 mm 2B 160 80

T-S 2W t − 1 mm 160 80

at = sample thickness, equal to 10 mm for Sample A and 12 mm
for Sample B.

TABLE 2 Chemical composition (wt %) and grain size

Sample C Si Mn P S Cr Ni Cu Altot Mo N GISO [−]

A 0.14 0.31 1.05 0.02 0.03 0.08 0.15 0.27 0.01 — — 10.3

B 0.17 0.45 1.19 0.020 0.018 0.03 0.03 0.01 0.039 <0.01 — 9.0

C 0.16 0.34 1.10 0.013 0.010 0.02 0.02 0.02 0.022 0.01 — 9.0

D 0.17 0.44 1.20 0.02 0.02 — 0.02 <0.01 — — — 10.0

E 0.17 0.47 1.44 0.02 <0.01 — — 0.02 — — — 10.5

Required:

S355J2a <0.20 <0.55 <1.60 <0.025 <0.025 — — <0.55 — — — —

S355Nb <0.22 <0.55 0.85–1.75 <0.035 <0.030 <0.35 <0.55 <0.60 >0.015 <0.13 <0.017 ≥6

aS355J2 according to EN 100252.10
bS355N according to EN 10025-3.14
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FIGURE 3 Microstructures of

samples A to E and detail of Sample B

showing an elongated MnS inclusion

(note: Different magnification factors)

[Colour figure can be viewed at

wileyonlinelibrary.com]

TABLE 3 Tensile tests results

Sample Orientation Rp0.2 (MPa) Rm (MPa) A5 (%)

Anisotropy ratios [−]

ARp,TL ARm,TL AA5,TL

A (t = 10 mm) L-T 408 562 28.3

T-L 457 584 26.3 1.12 1.04 0.93

B (t = 12 mm) L-T 381 524 28.7

T-L 386 523 25.3 1.01 1.00 0.88

C (t = 10 mm) L-T 360 506 34.0

T-L 367 510 30.7 1.02 1.01 0.90

D (t = 12 mm) L-T 383 537 25.8

T-L 396 549 18.8 1.03 1.02 0.73

E (t = 10 mm) L-T 416 585 23.0

T-L 409 577 20.0 0.98 0.99 0.87

Required:

S355J2 & S355N L-T ≥355 470–630 ≥22

Note. S355J2 according to EN 10025-2,5; S355N to EN 10025-3.12
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appropriateness of Equation 3. The ratio between scaled
values and standard specimens, CV10,TWI/CV10, is 1.08 on
the average, with a standard deviation of 0.14. As a com-
parison, the coefficient of variation of the individual tests
per sample and orientation ranges between 0 and 0.23
(average 0.08) and the average ratio CV10,TWI/CV10 is
1 standard deviation from unity. The number of tests
appears too small to for a definite conclusion.

The last rows of Table 4 provide the requirements for
S355J210 and S355N14 for reasons of comparison. EN
10025-210 requires a minimum Charpy-V impact value

for S355J2 in L-T orientation only, whereas EN 10025-314

provides requirements in L-T and T-L orientations for
S355N. All requirements are met, but the Charpy-V
impact value in T-L orientation of sample A at +15�C is
only just met. The Charpy-V values at −15�C and +20�C
are almost equal for Samples A and B, indicating that
these are upper shelf values, but these upper shelf values
are relatively low.

The last two columns of Table 4 provide the Charpy-
V impact value anisotropy ratios for the T-L orientation
(ACV,TL) and the T-S orientation (ACV,TS) as defined by

TABLE 4 Charpy-V impact test results

Sample Orientation

Test Specimen Charpy-V impact energy (J)

CV ,10TWI

CV ,10

Anisotropy ratios

Temperature Thickness CV,7.5 CV,10 or CV,10TWI ACV,TL ACV,TS

(�C) B (mm) μ μ σ n [−] [−] [−]

A (t = 10 mm) L-T +15 7.5 60.0 80.8 2.3 3 — — —

−20 7.5 68.3 92.1 7.2 6 — — —

T-L +15 7.5 25.8 34.5 3.9 9 — 0.43 —

−20 7.5 27.3 36.6 3.9 6 — 0.40 —

B (t = 12 mm) L-T +15 10 — 114 1.7 3 — — —

−20 10 — 101 2.4 6 — — —

T-L +15 10 — 46.7 1.0 6 — 0.41 —

−20 10 — 43.3 0.8 6 — 0.43 —

T-S +15 10 — 50.0 1.7 3 — — 0.44

−20 10 — 44.0 8.7 3 — — 0.43

C (t = 10 mm) L-T −20 7.5 99.3 135 14 3 — — —

T-L +15 7.5 49.3 66.2 5.1 3 — — —

−20 7.5 30.3 40.6 2.8 3 — 0.30 —

D (t = 12 mm) L-T −20 10 — 68.0 15 3 — — —

T-L +15 10 — 48.0 0.0 3 — — —

−20 10 — 36.0 3.0 3 — 0.53 —

L-T −20 7.5 61.0 82.2 6.2 3 1.21 — —

T-L +15 7.5 39.0 52.3 0.0 3 1.09 — —

−20 7.5 25.0 33.5 4.6 3 0.93 0.41 —

E (t = 10 mm) L-T −20 7.5 111 152 33 3 — — —

T-L +15 7.5 60.0 80.8 0.0 3 — — —

−20 7.5 41.0 55.0 8.4 3 — 0.36 —

Required:

S355J2 L-T −20 10 — ≥27 — 3 — — —

T-L −20 10 — — — — — —

S355N L-T +15 10 — ≥53a — 3 — — —

−20 10 — ≥40 — 3 — — —

T-Lb +15 10 — ≥30a — 3 — — —

−20 10 — ≥20 — 3 — — —

aThis value is based on linear interpolation between the required values at specified temperatures.
bThis is not a standard requirement, but can be requested in a contract.
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Equations 1and 2, the latter only for Sample B. All anisot-
ropy ratios are far below unity, where 0.30 ≤ ACV,TL≤ 0.51,
indicating a strong anisotropy effect with Charpy impact
energies in T-L and T-S orientations, being significantly
lower than in L-T orientation. The anisotropy ratios for
Sample B for T-L and T-S orientations vary between 0.41
and 0.44. Note that both orientations result in fracture
surfaces in the same plane but that the directions of crack
growth are different.

Wilson15 and Ghosh et al.16 demonstrate that sulphur
inclusions as well as shape control of all inclusions in
carbon steels have a significant influence on the Charpy
impact upper shelf level, especially in the transverse
direction. Figure 4 therefore provides the Charpy impact
energies as a function of the sulphur content. A relatively
strong correlation is indeed observed between the sul-
phur content and the Charpy-V impact energy, with cor-
relation coefficients ρ = −0.8, −1.0 and −0.8 for the tests
at −20�C in L-T orientation, +15�C in T-L orientation
and −20�C in T-L orientation, respectively. Because the
correlation coefficients in L-T and T-L orientations are

almost equal, the anisotropy ratio ACV,T − L is weakly cor-
related with the sulphur content ( ρ = 0.5). A correlation
coefficient of ρ = −0.8 is obtained between the impact
energy in L-T orientation and the anisotropy ratio ACV,TL,
see Figure 5.

Because of the strong anisotropy in Charpy-V impact
energies, it is interesting to examine if the same trends
are observed in the fatigue crack growth tests. The two
samples with relatively low upper shelf Charpy-V values–
Samples A and B–were selected for the fatigue crack
growth tests. The fatigue crack growth data, obtained as
crack depth, a, at applied number of cycles, N, are used
to determine the crack growth rates da/dN using ‘secant
point-to-point’ method according to ISO 12108:2018.13

The corresponding linear elastic stress intensity factor
ranges, ΔK, are obtained from17:

ΔK =YΔS
ffiffiffiffiffiffi
πa

p
, ð4Þ

Y =
0:923+ 0:199 1−sin πa

2W

� �� �4
cos πa

2W

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2W
πa

tan sin
πa
2W

� �� �r
,

ð5Þ

where ΔS is the stress range. Crack gauges were applied
at both sides of the specimen. The results are evaluated
for each specimen side, as well as for the average of the
two sides. Between three and five, tests were performed
per combination of sample and orientation.

The data of the individual specimen per sample and
orientation are pooled and displayed in Figure 6 per side
of the specimen (i.e., for each crack gauge) in grey dots
and the average of both sides in black dots. Figure 6A, B
give the test results in L-T orientation of Sample A (four
specimens) and Sample B (four specimens), respectively.
Figure 6C, D gives the results in T-L orientation of Sam-
ple A (four tests) and Sample B (three tests), respectively,
and Figure 6E gives the results in T-S orientation of deck
Plate B (three tests). The crack front was slanted in all
tests in T-S orientation of deck Plate A, resulting a

FIGURE 4 Relation between sulphur

content and Charpy-V impact energies: (A) L-T

orientation; (B) T-L and T-S orientation

FIGURE 5 Relation between Charpy-V impact energy and

anisotropy ratio
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deviation of the crack growth rates at the two specimen
sides that was beyond acceptable according to ISO
12108:2018.13 These tests are therefore ignored. Regres-
sion lines are added to each graph, based on a single
stage Paris equation:

da
dN

=C �ΔKm, ð6Þ

where C and m are calibration variables, with best fit
values according to Table 5. The variation in exponent
m between the different samples and orientations is

small (coefficient of variation, V = 0.08). The data are
therefore also fit with a mean exponent �m = 3.50. This
allows for comparing the corresponding fit values of �C
for different samples and orientations, see the last
columns of Table 5.

Figure 7 provides all measured data of �C . The figure
again demonstrates the differences in crack growth rate
between different orientations. Figure 7A indicates that
the data for Sample A in L-T orientation enclosed with a
green ellipse in the figure give lower log �Cð Þ data than the
other data of that same sample and orientation. It
appears that the deviating data stem from measurements

FIGURE 6 Fatigue crack growth

rates for: (A) Sample A (four tests) L-T

orientation; (B) Sample B (four tests)

L-T orientation, (C) Sample A (four

tests) T-L orientation, (D) Sample

B (three tests) T-L orientation,

(E) Sample B (three tests)

T-S orientation
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on one side of one of the specimen. This is possibly due
to a measurement inaccuracy of the location of the crack
gauge–the test results in terms of C are extremely sensi-
tive to the exact location. Irrespective of whether or not
this specimen is included in the evaluation, the data dem-
onstrate a large difference between the three tested orien-
tations. A Kolmogorov–Smirnov test18 is applied to
investigate the null hypothesis that the results obtained
in different orientations and samples belong to the same
distribution. This null hypothesis is rejected with high
confidence (more than 99%) for any combination of ori-
entations (L-T, T-L and T-S). However, this test also
rejects the hypothesis that different specimens from the
same batch belong to the same distribution and hence it
is considered too strict for the current fatigue application.
In fatigue, testing the hypothesis of similarity is often
done through an F-test that considers if the standard
deviations are similar and the following test to investigate
if the means are similar19–21:

μ1−μ2j j= t

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n1

+
1
n2

� �
n1−eð Þσ12 + n2−eð Þσ22

n1−eð Þ+ n2−eð Þ

s
, ð7Þ

whereμi standard deviation of �C for data group i.
ni number of data in group i.

t value of the two-sided t-Student distribution at p signifi-
cance and (n1 − e) + (n2 − e) degrees of freedom.
e correction for the degrees of freedom of the t-Student
distribution, in this case e = 2 because two parameters
( �m and �C) were used to fit the data.

These tests again reject the null hypothesis with 99%
or higher significance for any combination of orientations
(L-T, T-L and T-S), irrespective of whether or not the
deviating specimen data of Sample A in L-T orientation
is considered.

Table 6 provides the crack growth rate anisotropy
ratios, which are determined on the basis of �C for a fixed
slope �m=3:50. The anisotropy ratios Acg,T − L are of simi-
lar magnitude for the two samples, and they demonstrate
an average 18% to 22% higher crack growth rate in T-L
orientation as compared with L-T orientation. The results
in T-S orientation, however, show a completely different
trend, where the average crack growth rate is more than
two times lower, but the scatter is approximately two
times higher than in L-T orientation.

BS 79103 provides the mean (μBS) and mean plus
two standard deviations (μBS + 2σBS) crack growth rela-
tions for structural steels. Note that σBS reflects the vari-
ation in the average growth rate between samples and
steels, not the variation within a test. This is because the

TABLE 5 Regression variables of the fatigue crack growth rate, derived with the secant method (average of two sides)

Sample Orientation

# Valid R m Log10(C) (MPa, m) Log10 �Cð Þ (MPa, m)a

tests μ σ μ σ

A L-T 4 0.1 3.56 −11.84 0.06 −11.76 0.06

(t = 10 mm) T-L 4 0.1 3.28 −11.36 0.04 −11.64 0.04

T-S 0

B L-T 4 0.1 3.24 −11.39 0.03 −11.71 0.04

(t = 12 mm) T-L 3 0.1 3.41 −11.55 0.04 −11.67 0.04

T-S 3 0.1 2.88 −11.37 0.12 −12.08 0.12

aExponent �m=3:50.

FIGURE 7 Distribution of log10 �Cð Þ for a
fixed slope �m=3:50: (A) individual data as

function of ΔK; (B) empirical cumulative

distributions [Colour figure can be viewed at

wileyonlinelibrary.com]
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standard is aimed for assessing the number of cycles
required for growth from a certain initial crack to a criti-
cal one, and temporary crack retardation and accelera-
tion is in that case of less importance if it is assumed
that these influences counterbalance and therefore neu-
tralize each other. Hence, the mean regression curves
from the tests should be compared with μBS and
μBS + 2σBS of BS 7910 in Figure 6. Table 7 provides the
average crack growth rate per specimen for a fixed expo-
nent of m̂=2:88 –equal to the slope of BS 7910 for
ΔK > 10 MPa√m–and it gives the difference with BS 7910
in terms of standard deviation. The crack growth rates of
the tests in L-T and T-L are respectively 1.1 and 1.9 stan-
dard deviations above the mean of BS 7910, whereas the
crack growth rates in T-S orientation are 2.5 standard
deviations below the mean of BS 7910. Expressed differ-
ently, the mean crack growth rates of the tests in L-T, T-
L and T-S orientations are approximately 13% higher,
23% higher and 30% lower than the mean in BS7910,

respectively. These anisotropic differences are substantial
in terms of fatigue life.

4 | DISCUSSION

The Charpy impact energy appeared strongly related to
the crack plane orientation. This is attributed to the ori-
entation of the elongated MnS inclusions that can be
observed in Figure 3. This corresponds with the observa-
tions of Ghosh et al.,16 who reported on the role of crys-
tallographic texture on Charpy impact properties. The
Charpy values appeared correlated with the sulphur con-
tent, as in Wilson.15 Kotrechko et al.22 demonstrated that
the nonuniform distribution of crystallographic planes
due to the presence of strong crystallographic texture can
cause anisotropy in Charpy impact properties. High
intensity of certain texture components have been
reported to induce anisotropy.23 Literature into this sub-
ject is scarce and scattered, and further research is
required to explain the anisotropy in the (upper shelf)
Charpy impact values.

In agreement with other studies,15,16 the tested
Charpy impact energies in T-L and T-S orientations were
significantly lower as compared with L-T orientation,
whereas standards require a minimum value in L-T ori-
entation only (with at most an optional requirement in
T-L orientation, for certain qualities only). If structures
are loaded transverse to the rolling direction, it is impor-
tant to obtain ductile fracture behaviour in T-L and T-S
orientations. The authors therefore consider it important
to put forward requirements in standards on minimum
Charpy impact energies in T-L and T-S orientations.

The fatigue crack growth specimen dimensions of
Sample B in T-S orientation and in L-T and T-L orienta-
tions were W × B = 11 × 22 mm andW × B = 22 × 11 mm,
respectively, see Table 1. The influence of specimen
thickness (B) on the results is expected to be negligible,
and this cannot explain the differences observed in the
crack growth rates.

Examination of the fracture surfaces of the fatigue
tests provided insight into the reason for the observed
anisotropy. Figure 8 shows the fracture surfaces of
Sample B for crack plane orientations T-L and T-S. The
rolling direction (indicated by the red arrows) is perpen-
dicular and parallel to the crack front for the T-L and T-S
orientations, respectively. The fracture surfaces of the
fatigue crack (and also of the residual ductile failure) show
clear ‘lines’ and signs of microdelamination of a layered
microstructure. The metallographic picture of Plate B in
Figure 3 confirms this layered structure. It is expected that
these layers with a strong anisotropic nature act as tempo-
rary fatigue crack arrestors in T-S orientation. The purple

TABLE 6 Anisotropy ratios of mean values of variable �C in

the fatigue crack growth rate

Sample AC,TL [−] AC,TS [−]

A (t = 10 mm) 1.33a —

B (t = 12 mm) 1.11 0.42

aEqual to 1.24 if the test of the specimen in L-T orientation with
deviating growth rate is ignored.

TABLE 7 Mean crack growth rates per test (average of two

sides) compared to BS7910 3

Sample Orientation

Log10 Ĉ
� �

(MPa, m)a

μ
(μ − μBS)/
σBS

A L-T −10.92; −10.93;
−11.04b;
−10.94

1.41; 1.26;
0.35b;
1.21

(t = 10 mm) T-L −10.85; −10.82;
−10.89; −10.84

1.96; 2.27;
1.66;
2.05

T-S — —

B L-T −10.94; −10.96;
−10.91; −10.95

1.21; 1.03;
1.47;
1.10

(t = 12 mm) T-L −10.87; −10.85;
−10.92

1.83; 2.01;
1.40

T-S −11.39; −11.25;
−11.45

−2.68;
−1.48;
−3.22

aExponent m̂=2:88, equal to BS7910.3
bTest with deviating crack growth rate measured at one side of
the specimen.
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arrows in Figure 8 depict some of the observed distinct
‘steps’ or ‘crack arrestors’ in the fracture surface.

Figure 9 shows scanning electron microscope (SEM)
pictures of the fracture surfaces with different levels of
magnification (×250, ×1.50k and ×5.00k). The left and
right columns of the figure show pictures of the T-L and
T-S orientation, respectively. The detailed pictures were
taken just above the final fatigue crack front, indicated
with the boxes in the first row of pictures. The SEM pic-
tures with a magnification of ×250 (second row of pic-
tures in Figure 9) confirm the mentioned layered
microstructure and microdelamination in the fracture
surfaces parallel to the rolling direction of the plate.

The fatigue fracture surface of the T-S orientation
(magnifications ×1.50k and ×5.00k in the right column of
Figure 9) contains substantially more small secondary
cracks perpendicular to the primary crack growth direc-
tion and parallel to the rolling direction than the fatigue
fracture surface of the T-L orientation (see the same mag-
nifications in the left column). Further, the striations in
the fracture surface of the T-S orientation often deviate,
in the crack plane, with a small angle from the primary
crack growth direction. In this T-S orientation, there
were certain ‘crack arrests’ along the crack front. This
small angle suggests that the local crack front did not
start at the same time after passing a certain crack arrest
layer in the microstructure. In addition to some MnS
stringer crack arrestors, the interfaces between the ferrite
and perlite seem to be the most frequently occurring
crack arrestors in this microstructure. Nevertheless, the
striations observed in the perlite are parallel to each other
and show the same spacing, thus constant fatigue crack
growth rate.

These mechanisms were not observed in the fatigue
fracture surface of the T-L orientation.

The observed mechanisms in the fatigue crack
growth in the T-S orientation, being the small second-
ary cracks perpendicular to the primary crack growth
direction and the inclination of most striations, suggest
that more mechanical work must be done for a certain
amount of crack extension as compared with the T-L
orientation. It explains the lower mean crack growth
rate in the T-S orientation. The temporary crack arres-
tors further explain the more scattered crack growth
rate. The random nature of these temporary crack
arrestors may also explain the unequal and irregular
growth of both sides of the Sample A specimens tested
in T-S orientation.

The difference in crack growth rates between L-T and
T-S orientations in this research is larger than observed
in Heiser and Hertzberg7 for the treatment ‘Pearlite-
ferrite (banded) - P-F’. As already mentioned, the fatigue
crack growth rate in T-S orientation in that paper was a
factor 2 to 4 higher than in L-T orientation for
10 ≤ ΔK < 20, but lower for ΔK >35MPa

ffiffiffiffiffi
m

p
.

A microstructural anisotropic difference with respect
to layered orientation as observed between T-S and T-L
orientations was not observed and is not to be expected
between T-L and L-T orientations. The crack growth
rate anisotropy ratios evaluated in terms of �C were
also closer to unity for T-L orientation as compared with
T-S orientation. Yet, the statistical tests demonstrate
that the difference in rate between the T-L and L-T
orientations is also statistically relevant. A possible expla-
nation for this difference is the observed anisotropy in
the tensile test properties. Ellyin24 presented a low-cycle

(A)

(B)

FIGURE 8 Fracture

surfaces of fatigue crack growth

specimens from Sample B:

(A) in T-L orientation; (B) in T-S

orientation, with purple

arrows indicating ‘steps’ or

‘crack arrestors’ [Colour figure

can be viewed at

wileyonlinelibrary.com]
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fatigue-based crack propagation model. The result of his
derivation is

da
dN

=2δ�
ΔK2−ΔK2

th

4Eσ0f ϵ
0
f δ

�ψ n0ð Þ

" #−1= b+ cð Þ
, ð8Þ

where

ΔKth = threshold stress intensity range.
E = Young's modulus.
σ0f = fatigue strength coefficient in the Coffin–Manson
equation.

ϵ0f = fatigue ductility coefficient in the Coffin–Manson
equation.
b = fatigue strength exponent in the Coffin–Manson
equation.
c = fatigue ductility exponent in the Coffin–Manson
equation.
δ* = length of the fracture process zone.
ψ(n0) = function depending on the cyclic strain harden-
ing coefficient (n0).

The fatigue strength coefficient (σ0f ) is correlated to
the tensile strength (Rm), whereas the fatigue ductility
coefficient (ϵ0f ) is related to the elongation at fracture

FIGURE 9 Scanning electron

microscope pictures of fracture surfaces

of specimens from deck Plate B: (a) in

the left column for the T-L orientation;

(b) in the right column for the T-S

orientation [Colour figure can be

viewed at wileyonlinelibrary.com]
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(A5).
25 This correlates the anisotropy ratio for the crack

growth rate in T-L orientation to the anisotropy ratio of
the tensile test properties. The tested anisotropy ratios for
the tensile strength (ARm,TL) were close to 1.0. The anisot-
ropy ratios for the elongation at fracture (AA5,TL) vary
between 0.73 and 0.93 with a mean of 0.86. Following
Ellyin's model, these tensile test anisotropy ratios may
explain the crack growth rate anisotropy ratio as
observed for crack plane orientation T-L of approximately
1.2. The lower elongation at fracture in T-L orientation as
compared with L-T orientation was already observed in
Dieter26 and attributed to inclusions that are originally
spheroidal of shape, but that are distorted in the principal
working direction during rolling if they are softer and
more ductile than the matrix.

This study clearly showed that the fatigue crack
growth rate anisotropy ratios are not correlated to the
Charpy-V impact anisotropy ratios: the resistance against
impact fracture was lower in T-L and T-S orientations as
compared with L-T orientation, whereas the resistance
against fatigue cracking was lower in T-L orientation, but
higher in T-S orientation as compared with L-T orienta-
tion. Walters et al.27 observed a dependency of the crack
growth rate on the fracture toughness (and Charpy-V
impact energy) in S460 steel. The difference with the cur-
rent study is that the dependency of crack growth rate in
Walters et al.27 was observed at temperatures below the
brittle to ductile transition temperature. Microcleavage
cracking and microvoid coalescence may have influence
the fatigue crack growth rate in that range. The tests in
the current study were carried out in the upper shelf
range—although the upper shelf Charpy value was low
especially for Sample A. The fracture surfaces did not
show any signs of cleavage. Indeed Walters et al.,27 also
show no influence of temperature on the crack growth
rate above the transition temperature. To summarize,
brittle impact fracture is based on a different metallurgi-
cal failure mechanism as compared with ductile fatigue
crack growth.

A relatively large number of scientific studies have been
devoted to multiaxial fatigue crack growth. Due to the
loading conditions applied in these studies, cracks usually
grow in a plane that is not perpendicular to the rolling
direction. Material anisotropy may be important in these
cases, but is usually not considered explicitly as a variable.
Two studies are evaluated here to demonstrate the signifi-
cance. Murakami et al.28 determined the crack path from
specimens that were loaded with a combined bending and
torsion fatigue load. The specimens tested in phase devel-
oped a Mode I fatigue crack with a path that deviated from
the plane perpendicular to the principal stress. The cracks
initially followed the plane of maximum shear stress but
eventually approached the plane normal to the direction of

the maximum principal stress. The figures presented in
that paper show that the surface crack had an orientation
inclined from the plane perpendicular to the principal
stress with approximately 5� towards the T-L plane. The
current paper shows that the crack growth rate in T-L ori-
entation is higher than in L-T orientation and this may
have contributed to the observed inclination. Reis et al.29

tested three different structural steels in multiaxial fatigue.
The materials have different early crack orientations.
Findley's critical plane criterion30 and other shear-based
multiaxial fatigue models gave good agreement with one of
the materials, but not for the other two. This was attributed
to differences in cyclic hardening. It is well possible that
differences in anisotropy due to different textures between
the different materials also play a role.

5 | CONCLUSIONS

Material test results performed on five samples taken
from rolled steel plates of existing structures aged
between 25 and 50 years are presented. The steel grades
were Fe510D or St52.3N, which are currently designated
as S355J2 or S355N. The influence of the anisotropy of
the microstructure of these deck plates was determined
on the tensile strength, Charpy impact energy and fatigue
crack growth rate for crack plane orientations L-T, T-L
and T-S.

The following conclusions are drawn:

• The anisotropy in material structure had a small or
negligible influence on the yield stress and tensile
strength. The anisotropy ratio for the elongation at
fracture in T-L orientation, however, was lower than
unity with a mean value of 0.86.

• Substantial influence of texture anisotropy was
observed for the Charpy-V impact test results. The T-L
and T-S anisotropy ratios were approximately 0.4. The
upper shelf Charpy-V impact values were negatively
correlated with the sulphur content in all tested
orientations, but the anisotropy ratio was not corre-
lated to the sulphur content. A negative correlation
was observed between the anisotropy ratio and the
Charpy-V impact value in L-T orientation.

• Standards do not require a minimum Charpy-V value
in orientations other than L-T. A minimum value
is optional for some steel grades. However, the
relatively low upper shelf Charpy-V values in trans-
verse direction indicate that this may be critical in
practical structures.

• The crack growth rate in T-L orientation was approxi-
mately 20% higher as compared with the L-T orienta-
tion. Using Ellyin's low-cycle fatigue crack propagation
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model, this difference in crack growth rate can be
explained through the difference in strain at fracture
between orientations T-L and L-T. This apparent anisot-
ropy influence contributes to the variation in crack
growth rates as observed in multiaxial fatigue tests.

• The crack growth rate in T-S orientation was substan-
tially lower and more scattered than the rates in L-T
and T-L orientations, with an anisotropy of 0.42. The
remarkably low-crack growth rate is attributed to the
layered microstructure with a strong anisotropic
nature. The layers act as temporary crack arrestors.
This also explains the large scatter. The anisotropy in
crack growth rate is not correlated to the anisotropy in
upper shelf Charpy-V impact energy.
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NOMENCLATURE
Ax,TL anisotropy ratio for property x in T-L

orientation
Ax,ST anisotropy ratio for property x in S-T

orientation
A5 elongation at fracture
a crack length
a0 initial notch depth
B specimen thickness
b fatigue strength exponent in the Coffin–

Manson equation
C constant in the Paris relation
�C mean constant in the Paris relation
CV,B Charpy impact value of specimen with thick-

ness B
CV,10TWI equivalent Charpy impact value for thickness

of 10 mm according to the TWI formula
c fatigue ductility exponent in the Coffin–

Manson equation
da/dN fatigue crack growth rate
E Young's modulus.
e correction for the degrees of freedom of the t-

student distribution
f frequency
GISO ferrite grain size according to ISO standard
K stress intensity factor
m exponent in the Paris relation

�m mean exponent in the Paris relation
n number of tests
ni number of data in group i
n cyclic strain hardening coefficient
p probability
R stress ratio
Rm ultimate tensile strength
Rp0.2 yield stress
T temperature
t plate thickness or value of the two-sided t-

Student distribution
V coefficient of variation
W specimen width
Y correction factor for the crack length and spec-

imen geometry
ΔK stress intensity factor range
ΔKth threshold stress intensity range
ΔS stress range
δ* length of the fracture process zone.
ϵ0f fatigue ductility coefficient in the Coffin–

Manson equation
μ mean
μi mean of �C for data group i
ρ correlation coefficient
σ standard deviation
σi standard deviation of �C for data group i
σ0f fatigue strength coefficient in the Coffin–

Manson equation
ψ(n0) function depending on the cyclic strain hard-

ening coefficient (n0)
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