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FATIGUE CRACK GROWTH RATE MEASURE-
MENT OF STRUCTURAL STEEL UNDER

OVERLOAD CONDITIONS

Xiaohua CHENG?*, Yuji OKUHARA™,
Kentaro YAMADA** and Akimasa KONDO****

Fatigue crack growth behavior under single-peak overloads is investigated for struc-
tural steel JIS SM520B. Fatigue test is carried out on seven center prenotched
specimens. Three parameters, i.e. overload ratio, overload application stage and
stress ratio are introduced to investigate the retardation effect. It is verified that
fatigue crack growth rate is retarded after overloading and then gradually recovers
to the normal. It is also observed that the retardation effect is intensified when"
the overload ratio and the stress range between overload stress and the following
minimum stress increase. From the test results the crack length increment in which
retardation occurs is compared with Irwin’s and Dugdale’s plastic zone sizes.
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1. INTRODUCTION

Miner’s rule or equivalent stress range concept is
normally used in fatigue life estimation of structural
members subjected to variable amplitude loading.
The method is simple and widely used in various fa-
tigue design codes. In order to keep its simplicity,
the method does not consider the load interaction ef-
fect of various load sequences, for example, high-low,
low-high, low-high-low or high-low-high and random
sequence’. When a structure is subjected to several
higher stress cycles among a large number of lower
stresses, for example in case of highway bridges,
the interaction effect of high-low load sequence may
occur?. In order to develop more accurate computa-
tional model for fatigue crack growth under variable
amplitude loading, the interaction effect is to be re-
examined.

A single overload or multiple-overload reduces
fatigue crack growth rate significantly at the
lower stress range level following the overloads®»?).
Some of the observations have been reported
elsewhere®5)8), A large plastic zone and residual
plastic deformation formed near crack tip due to
overloading and unloading enhance crack closure in
the wake of an advancing crack tip”. It causes a
retardation effect on crack growth. The parameters,
such as overload level, overload application stage,
stress range, stress ratio, the number of overload cy-
cles, plate thickness and material strength may affect
the retardation effect®®).
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In the present study, fatigue crack growth rate
measurement is carried out on center prenotched
specimens of structural steel SM520B under con-
stant amplitude (CA) loading and single-peak over-
load conditions. Three parameters are chosen to
investigate retardation effect: (1) overload ratio,
Ror = 001/ O maz, which expresses overload level; (2)
overload application stage during crack growth, ex-
pressed by stress intensity factor range, AK; and (3)
stress ratio, R = Opmin/Omaz, which is the stress ratio
of CA loading following overloads. The crack length
increment in which retardation occurs is compared
with Irwin’s plastic zone size and Dugdale’s plastic
zone size.

2. EXPERIMENTS

(1) Test specimens and load patterns

Fatigue crack growth rates were measured on cen-
ter prenotched test specimens of structural steel
SM520B (Table 1), as shown in Fig.1. The
prenotch was manufactured by electrodischarge ma-
chining. Both surfaces of specimen were mirror-
polished for easy observation of fatigue crack by mi-
croscopes. Constant amplitude loading and single-
peak overloading were applied to specimens. The
typical load pattern is shown in Fig.2. Seven spec-
imens were tested under various stress levels R and
overload levels Royr, as shown in Table 2.

(2) Test procedure

The test was carried out in an ambient environ-
ment. The load was applied parallel to the rolling
direction of the material by a servo type fatigue test-
ing machine with a capacity of 245 KN. The load-
ing frequency was 8~10 Hz. Overloads were ap-
plied at 0.05 Hz. Crack growth was observed op-
tically with two traveling microscopes of 25x mag-
nification on each side of the specimen. The test
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Table 1 Mechanical properties and chemical composition of JIS SM520B steel

Mechanical properties (MPa)

Chemical composition (%)

Yield strength Tensile strength Elongation
C Si Mn P S Cu Ni Cr V |Ceq
o, Ou (%)
401.8 539 24 0.16 0.34 132 0.014 0.006 - - - 0.04 | 0.40
4 IZ 4 }
==O= RoL:UOL/Umax
o R= Omin/ Omax
Prenotch
QoL |- — — —
0 ool
— —
Omin~
O O
Nort
O O Effect of
i Precrack} 1st oL. | 2nd o.t. J_3rdol.until |
" ' " T fatigue failure
(35 130 35
I 1
o - | Figure 2 Single-peak overload pattern used in the test
8 =
Table 2 Specimens for single overload test
o Spec. Ao O maz Tnin gor
o O No.  (MPa) (MPa) (MPa) T For (ypy)
0O A-CA 70 90 200 022 - -
R O A-OLH 70 90 20 0.22 2.0 180
- ’Ol;! A-OLM 70 90 20 0.22 1.7 153
g ; A-OLL 70 90 20 022 14 126
B-CA 70 130 60 046 - -
{Unit :mm ) B-OLL 70 130 60 046 14 182
B-OLLL 70 130 60 046 1.2 156

Figure 1 Center prenotched specimen

set-up is shown in Fig.3. The definition of fatigue
crack length is shown in Fig.4. Precracks of about
3~4 mm from the prenotches were introduced before
crack growth measurement was started. Constant
amplitude fatigue test was carried out on two spec-
imens starting at a crack growth rate level of about
da/dN=10"% m/cycle. According to the previous
test data®1%)| the corresponding stress intensity fac-
tor range is AK~11 MPay/m. For a crack size of
a = 8 mm, the corresponding stress range is about
70 MPa. Tests were carried out at two stress ratios
of R=0.22 and 0.46. Five specimens were tested
under overload conditions. For each specimen over-
loads were applied three times at the different stages.
Four overload ratio Rpy, were selected as 2.0, 1.7, 1.4

and 1.2.

3. FATIGUE CRACK GROWTH
RATES

(1) Results of crack growth measurement

Fatigue crack growth rates are measured in a range
of AK from about 10 to 30 MPa./m under CA
and overload conditions. The relation between crack
length a and the number of cycles N of each spec-
imen is shown in Figs.5 and 6. Stable change in
crack growth rates is observed under CA loading,
while under overload conditions the crack growth de-
viates from that of CA loading after overloads are ap-
plied. For A-Series specimens, crack growth rate (a)
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Figure 3 Test set-up for fatigue crack growth measurement Figure 4 Schematic drawing of profile of
crack front and definition of crack length
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Figure 7 Fatigue crack growth rates under CA loading = Figure 6 Fatigue crack growth under overload
conditions
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firstly increases slightly, (b) decreases significantly
for a certain period, and then (c) recovers to the
same crack growth rate as that before overloading.
For B-Series specimens, no increase in crack growth
rate after overload is observed. The delayed life due
to overload decreases as fatigue crack grows, i.e. as
the stress intensity factor range AK increases. Also,
the delayed life becomes shorter when overload ra-
tio Roy, is lower (see Figs.6(a) and 6(b)). From
the observation of fatigue fracture surface, the crack
length at inner crack tip is longer than the crack
length at the plate surface observed by the micro-
‘scope. Based on the measurement of the crack tips
due to overloads, the actual crack tip is proposed by
the empirical equation as follows:

a = 1.01a,, + 0.50 (mm) ................... (1)

where a is the crack length at inner crack tip and a,,
is the observed crack length at the specimen surfaces.
In present experimental study, the crack length is
taken as a, as shown in Eq.(1).

(2) Fatigue crack growth rates

The crack growth rates under CA loading are
shown in Fig.7 along with the previous test
results®'9. The two fatigue crack growth rate mea-
surements under stress ratios R=0.22 and R=0.46
show almost the same fatigue crack growth rates,
and are almost identical to the data obtained by the
National Research Institute for Metals (NRIM)?.
They are slightly higher compared with the pre-
vious test data (NUCE) obtained on the compact
specimens'®, The empirical equation of da/dN can
be expressed as:

where the material constants m = 3.183 and C
= 4.267x107!? are determined by the least square
method.

The fatigue crack growth rates under overload
conditions are shown in Fig.8. The test data un-
der overload conditions are smoothened by B-spline
function, as shown by the dotted lines. The solid
line is the crack growth rates under CA loading. It is
noted that crack growth rates under overload deviate
from those of CA loading after overload application.
The crack growth rates of A-Series specimens un-
der overload conditions firstly increase a little, then
rapidly decrease to the miniraum value, and finally
gradually recover to that of CA loading. The higher
overload ratio causes the deeper valley of da/dN af-
ter overload application which means more inten-
sified retardation effect. At lower AK level, crack
growth retardation is more pronounced. Therefore,
compared with the crack growth rates of CA loading,
the crack growth rates are retarded after overload
application.

Moreover, the test results show that at the same
overload ratio Roy, for example, specimens A-OLL
and B-OLL, more intensified retardation effect oc-
curs at higher stress ratio R due to the much higher
overload level. When approximately same overload
oor, is applied, for example, oo; = 180 and 182
MPa for the specimens A-OLH and B-OLL, respec-
tively, more intensified retardation effect is observed
at lower stress ratio R. The same is observed for A-
OLM and B-OLLL, where 0¢;, = 153 and 156 MPa,
respectively. Therefore, retardation effect is affected
by overload ratio, overload peak value, stress ratio,
and consequently the stress range between ooy and
the minimum stress 0.

4. COMPARISON WITH PLAS-
TIC ZONE SIZE

(1) Crack growth rate versus crack length

The crack growth rates are plotted against crack
length in Fig.9 for specimen A-OLM. The circular
symbols show the test data and the solid line is the
smoothened curve of the test data. In this stage, we
can define retardation affected zone Aapr. Aagy is
the crack length increment from the overload appli-
cation to the end of the retardation effect. In the
present experiment, the point where retardation ef-
fect ends is determined by the test data point where
crack growth rate on the smoothened curve becomes
stable and close to the crack growth rates of CA load-
ing. Aagpyr increases as crack length a increases, i.e.
as AK increases. The point of the minimum crack
growth rate after overload is also determined by the
smoothened curve.

(2) Plastic zone size

The residual plastic deformation remaining in the
wake of an advancing crack tip causes crack closure”).
The plastic zone size due to overload at crack tip
plays an important role in determining the retarda-
tion effect. Here we compare the length Aapr, with
Irwin’s plastic zone size®) and Dugdale’s plastic zone
size®11) under overload ooy, In case of finite plate
width, they can be expressed as follows:

Irwin’s plastic zone size, pr,, :

Olre =_1.(K°L)z .......................... (3)

T\ Oys

Dugdale’s plastic zone size, ppyg :

%%
PDug = @ {%sin'"l {sin (erlf—?/.) sec (gaajf)] - 1}

where the plastic zone size is along the direction of
crack growth, W is the half plate width of specimen,
Koy is the stress intensity factor under overload with
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Figure 8 TFatigue crack growth rates under overload conditions

the finite plate width correction and o, is the equiv-
alent yield stress corresponding to the plane stress
state or the plane strain state. The constraint fac-
tor o which is defined as o = 0,,/0, expresses the
constraint effect in the direction of plate thickness
on plastic deformation at crack tip. o, is the yield
strength of material. a=1 corresponds to the plane
stress state and a=1.68 corresponds to the plane
strain state at crack tip'®. Plane strain condition
yields smaller plastic zone size at crack tip.

The models of Irwin’s plastic zone size and Dug-
dale’s plastic zone size are both based on the as-
sumptions of elastic-perfectly plastic material and
small plastic zone size compared with the crack size.
Based on the stress analysis of cracked body and von
Mises yield criterion, pr,, in Eq.(3) can be obtained
by considering equilibrium of stresses after plastic
relaxation®. In Dugdale’s plastic zone model, it is
assumed that the plastic deformation is concentrated
in alocalized strip in front of the crack, forming a fic-
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Figure 9 Fatigue crack growth rate retardation after overloading

Table 3 Plastic zone size and crack length increment

o AGLS Aoy I
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‘ x1079)

aory -KOL Aao[, a=1.0 o = 1.68 Aao[,mgn

A .

Pee |OF (om) (MPaym) | (mm) | Asox Seor | Ssor Seow | (mm) | “Eior”
1sth  12.87 37.06 1.50 | 0.55 0.36 | 1.56 1.19 0.32 1/4.69

A-OLH | 2nd 16.38 42.46 3.15 | 0.89 0.57 | 2.50 1.91 0.67 1/4.70
3rd  31.17 65.79 8.15 | 0.96 0.55 | 2.70 2.12 1.50 1/5.43

1st  10.64 28.42 149 | 094 0.65 | 2.66 2.04 0.38 1/3.92

A-OLM | 2nd 13.66 32.55 1.84 | 0.88 0.61 | 249 1.94 0.39 1/4.72
3rd  19.79 40.40 290 | 090 0.62 | 2.54 2.00 0.58 1/5.00

1st  10.63 23.39 077 | 071 0.52 | 2.03 1.60 0.17 1/4.53

A-OLL | 2nd 13.66 26.80 093 | 065 0.48 | 1.86 1.48 0.25 1/3.72
3rd 1981 33.32 1.68 | 0.77 0.57 | 2.18 1.75 0.31 1/5.42

1st  10.00 33.75 098 | 044 028 | 1.24 0.93 0.10 1/9.80

B-OLL | 2nd 13.00 38.68 1.54 | 052 033 | 1.47 1.12 0.08 1/19.25
3rd  19.76 48.03 3.13 | 069 043 | 1.94 149 0.42 1/7.45

st 11.21 29.80 071 | 041 028 | 1.15 0.89 0.05 1/14.2

B-OLL | 2nd 14.31 34.06 085 | 037 0.26 | 1.05 0.85 0.12 1/7.08
3rd  20.38 41.97 224 1 065 044 | 1.82 144 0.31 1/7.23

* aorp is the crack length just before overload application.

*k I(OL = 0oL /T0oLb (1 bl 0.025((ZOL},/W)Z'{'O‘OG((ZOL(,/W)'*) \/SGC(?F{ZOLb/ZW)

*** 1 Data on this line are not used in comparison.

titious crack which is surrounded by an elastic stress
field®'. pp,, in Eq.(4) is derived on the basis of
assumption of non-singularity at fictitious crack tip.
For an infinite plate width and a load of oo, <0.60,,
PDug becomes approximately:

™ ]{OL 2
8\ oy

Therefore, ppuy is a little larger than pr.
(Ppug=1.23p1,) in case of infinite plate width. For

finite plate width, pp., is even larger than pr,.,, and
it depends on the crack length. Irwin’s plastic zone

.........................

PDug =

size is generally used due to its simple expression,
while Dugdale’s plastic zone size is normally used
due to the simple assumption of plastic deformation
surrounding the crack.

Supposing that 0,=401.8 MPa for SM520B steel
and the constraint factors &=1.0 and 1.68, the com-
parison between Aaoy and plastic zone size p based
on Egs.(3) and (4) are shown in Table 3 and Fig.10.

(3) Results of comparison

It is noted that even though Aagy increases as AK
increases, the ratio Aapy/p is almost constant. The
value of Aapr/p does not change appreciably with

L

76 (508)



Structural Eng. /Earthquake Eng. Vol.11, No. 1, 455—52s, April 1994
Japan Society of Civil Engineers (J. Struct. Mech. Earthquake Eng. No.489/ 1 —27)

T T T T .
40- Model @=10 a=168 v! A-Series i
lwin ° o
Dugdale 4 .
3.0+ |
QU ® .
\..a e @ ®
& 20f ® " s
< L
4 'y
o ° o o 8 ) -
g 8 4, 2 »
0.0; Y L RS L
] 10 i5 50 35 35 35

Crack Length at Overload agy, (inm)

T Al T M T M T
4oL Model @=10 a=1.68 m
frwin o R
Dugdale 4 a
aof .
Q
>
£ L N
4 2.0 o,
4
¢ ® a
1.0F aa 3 1
0o
2% 8 o
0.05 65 R0 25 30

Crack Length at Overload agy, (mm)

Figure 10 Comparison of Aaor and plastic zone size

changing overload ratio Ry, for a certain model of
plastic zone size. For A-Series specimens (R=0.22),
Aapy, is less than both Irwin’s plastic zone size pr,.,
and Dugdale’s plastic zone size pp,, when a=1.0,
that is, Aaor/p is between 0.5 and 1.0. However
if @ = 1.68, Aapr/p is between 1.5 and 2.7 which
means Aapy, is larger than both pr.,, and pp.,. For
B-Series specimens (R=0.46), Aaor/p is less than
that of A-Series specimens. It indicates that with
the increasing value of stress ratio R, the value of
Aaor/p decreases. The crack tip blunting under
overload at the higher stress level and consequently
the less crack closure upon unloading may contribute
to the less intensified retardation. The ratio of
Aaor/p normally implies when or where the retar-
dation effect diminishes after overload application.
The experimental result of Matsuoka et al. gives the
value of this ratio equal to 1.5 at a=1.0 for HT80
steel’®).

Ao Lmin a8 shown in Fig.9(b) is the crack length
increment, which is from overload application to
the minimum of crack growth rate, is also com-
pared with Aapr. It is noted that for A-Series
specimens Adormin 18 approximately equal to one-
fourth or one-fifth of Aagy. For B-Series specimens,
AaoLmin/Aaoy is less than that of A-Series, which
means that with the increase of stress ratio the crack
growth rate reaches its minimum value relatively
faster after the overload application.

5. SUMMARY

Fatigue crack growth rates are measured on cen-
ter prenotched specimens of JIS SM520B steel under
CA and overload conditions. Crack growth retarda-
tion effect is investigated for three parameters, i.e.
overload ratio, overload application stage and stress
ratio. The crack length where retardation effect is
observed is compared with Irwin’s plastic zone size
and Dugdale’s plastic zone size. The followings sum-

marize the results:

1. Crack growth rates under CA loading can be
expressed by Paris’ empirical equation for JIS
SM520B steel, where m=3.183 and C=4.267
x10™12, It agrees well with the previous test
results.

2. The crack growth retardation behavior is ob-
served in structural steel after overloads. The
higher the overload ratio is, the more intensified
the retardation effect is. The lower the stress in-
tensity factor range at overload application is,
the more intensified the retardation effect is.

3. Retardation effect is affected by overload ra-
tio, overload peak value, stress ratio, and conse-
quently the stress range between overload peak
and the minimum stress.

4. The crack length increment Aagyp over which
retardation effect is observed increases as AK
increases. But the ratio Aagr/p remains al-
most constant for a particular loading condi-
tion. With the increasing value of stress ratio
R, Aaor/p decreases. Furthermore, the value
of the ratio does not change appreciably with
changing overload ratio Roy.
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