
ENGINEERING
TRANSACTIONS
ROZPRAWY INŻYNIERSKIE - TRAITE d’INGENIERIE

POLISH

ACADEMY 

OF SCIENCES

INSTITUTE

OF  FUNDAMENTAL

TECHNOLOGICAL

RESEARCH

NATIONAL

ENGINEERING

SCHOOL

OF METZ 

Index 35726 X
ISSN  0867-888X

QUARTERLY
VOLUME 61

ISSUE 2

WARSZAWA  -  METZ  2013

Faster online
http://et.ippt.pan.pl

E
N

G
IN

E
E

R
IN

G
  T

R
A

N
S

A
C

T
IO

N
S

, 
 6

1,
 2

, 2
01

3



Contents of issue 2 vol. LXI

87 M. Itabashi, H. Koseki, Mechanical characterization of pre-fatigued free-
cutting steels under dynamic tension

99 A. Jahangiri, S.E. Moussavi Torshizi, S.M. Yadavar Nikravesh,
Failure analysis (experimental and numerical approach) of gas turbine gen-
erator cooling fan in comparison between using 2types (14◦ and 19◦ angle
of attack) of blades

119 L. Shi, T. Iwamoto, S. Hashimoto, An experimental study on rate sen-
sitivity of J-integral and its evaluation by small punch test for TRIP steel

137 I. Markiewicz, Elastic stresses in thin-walled torsional structures designed
with SADSF method

151 N. Nishimura, K. Murase, T. Hattori, T. Watanabe, Loosening
evaluation of bolt-nut fastener under transverse cyclic loading

161 39th Solid Mechanics Conference – Announcement

Engineering Transactions, Vol. LXI, No. 2, pp. 85–164, Warszawa - Metz 2013



ENGINEERING TRANSACTIONS Founded 1952
Appears since 1953

Copyright c©2013 by Institute of Fundamental Technological Research

Polish Academy of Sciences, Warsaw, Poland

Aims and Scope

ENGINEERING TRANSACTIONS promotes research and practise in engineering
science and provides a forum for interdisciplinary publications combining mechanics
with material science, electronics (mechanotronics), medical science and biotechnologies
(biomechanics), environmental science, photonics, information technologies and other
engineering applications. The Journal publishes original papers covering a broad area
of research activities including experimental and hybrid techniques as well as analytical
and numerical approaches. Engineering Transactions is a quarterly issued journal for
researchers in academic and industrial communities.

INTERNATIONAL COMMITTEE

S.A. Astapcik (Byelorussia) P. Perzyna (Poland)

A. Carpinteri (Italy) L. Toth (France)

G. Dobmann (Germany) Z. Wesołowski (Poland)

T. Iwamoto (Japan) P. Wood (U.K.)

A.N. Kounadis (Greece) G. Voyiadjis (USA)

J. Lin (U.K.) R. Zaera (Spain)

T. Łodygowski (Poland)

EDITORIAL COMMITTEE

R. Pęcherski – Editor A. Rusinek – Co Editor

Z. Azari K. Kowalczyk-Gajewska
P. Chevrier Z. Kowalewski
B. Gambin P. Lipiński
J. Holnicki-Szulc K. Kriegel – assistant of the Co Editor

ENIM, 1 route d’Ars Laquenexy
57078 Metz Cedex 03
Phone: +33 3 87344266, E-mail: relinter@enim.fr

J. Żychowicz-Pokulniewicz – secretary

Address of the Editorial Office:
Engineering Transactions
Institute of Fundamental Technological Research
Pawińskiego 5B, PL 02-106 Warsaw, Poland

Phone: (48-22) 826 12 81 ext. 206, Fax: (48-22) 826 98 15, E-mail: engtrans@ippt.pan.pl

Abstracted/indexed in:

Applied Mechanics Reviews, Current Mathematical Publications, Elsevier, EMBASE,
Engineering Village, Inspec, Mathematical Reviews, MathSci, Reaxys, Scopus, Zentral-
blatt für Mathematik.

http://et.ippt.pan.pl/



Address of the Editorial Office:
Engineering Transactions
Institute of Fundamental Technological Research
Pawińskiego 5B
PL 02-106 Warsaw, Poland
Phone: (48-22) 826 12 81 ext. 206, Fax: (48-22) 826 98 15
E-mail: engtrans@ippt.pan.pl

SUBSCRIPTIONS

Subscription orders for all journals edited by Institute of Fundamental
Technological Research (IPPT) may be sent directly to the Publisher:
Institute of Fundamental Technological Research
e-mail: subscribe@ippt.pan.pl

Please transfer the subscription fee to our bank account:
Payee: IPPT PAN
Bank: Pekao S.A. IV O/Warszawa
Account number 05124010531111000004426875.

WARUNKI PRENUMERATY

Prenumeratę na wszystkie czasopisma wydawane przez Instytut Podsta-
wowych Problemów Techniki PAN przyjmuje Dział Wydawnictw IPPT.

Bieżące numery Engineering Transactions można nabyć bezpośrednio
w Redakcji:
ul. Pawińskiego 5B, 02-106 Warszawa
Tel.: (48-22) 826 60 22; Fax: (48-22) 826 98 15
e-mail: subscribe@ippt.pan.pl

Arkuszy wydawniczych 6.25; Arkuszy drukarskich 5.00
Papier offset. kl. III 80 g.

Skład w systemie LATEX K. Jezierska



ENGINEERING TRANSACTIONS • Engng. Trans. • 61, 2, 87–98, 2013
Polish Academy of Sciences • Institute of Fundamental Technological Research (IPPT PAN)

National Engineering School of Metz (ENIM)
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In the near future, toxic Pb will be prohibited to add to free-cutting steels. So far, many
types of free-cutting steels without Pb have appeared. In order to compare dynamic mechanical
properties of Pb added SUM24L steel (refer to JIS G 4804:2008, equivalent to AISI 12L14
steel) with those for Pb free SUM23 (equivalent to AISI 1215), high velocity tensile tests are
carried out at a strain rate of 1× 103 s−1, at room temperature. A half of the specimens are
pre-fatigued before the dynamic tensile test. This loading combination, fatigue and impact,
simulates a certain service condition, normal operational loadings and an accidental dynamic
loading. Tensile strength of the pre-fatigued specimens is less than that of the virgin specimens,
to some extent, for both steels. Where the degradation is of almost the same level, replacement
of the Pb added free-cutting steel with the Pb free steel may be possible.

Key words: dynamic tension, pre-fatigue, Pb free, free-cutting steel, degradation.

1. Introduction

The loading combination of fatigue-impact is one of the more under-develo-
ped engineering fields. Some pioneer works exist and are as follows. MacGre-
gor and Grossman [1] found that for SAE1020 steel the ductile-brittle tran-
sition temperature of their cylindrical specimens with a circular notch tended
to increase after rotary bending fatigue. Nakanishi and Haze [2] carried out
Charpy impact tests for a normalized low carbon steel with pre-fatigue by pul-
sating tension. They also reported the increase of the transition temperature by
pre-fatigue. With Vickers hardness test, Sato, Imamura andKawarai [3] tried
to detect such an increase of the transition temperature with low-to-medium
cycle pre-fatigue conditions for a rolled steel structure. Thus, these pioneer-
ing works focused on the variation of the ductile-brittle transition temperature.
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From the structural designers’ viewpoint, the remaining dynamic strength and
toughness of the materials of interest are also needed for members and structure
with good durability against fatigue-impact loading.
Recently, the loading axes of pre-fatigue and succeeding tensile impact coin-

cided with each other in order to simulate the service condition of investigated
materials more accurately with a high velocity tensile testing technique. For
three Al alloys damaged by low-cycle pre-fatigue in sinusoidal pulsating ten-
sion, deterioration of dynamic tensile strength and elongation was reported by
Kawata, Itabashi and Kusaka [4]. Auzanneau [5] found that on the side
surface of pre-fatigued and dynamically-tensile-fractured 2017-T3 Al alloy spec-
imen, there existed opened cracks of large lengths, typically 400 µm. According
to his experimental results, Itabashi, Nakajima and Fukuda [6] observed the
side surface of pre-fatigued and dynamically-fractured 6061-T6 and 2219-T87
Al alloys with a scanning electron microscope and found that the number of
relatively large cracks was one of the indicators of the loading combination type
with some screening techniques.
On the other hand, for steels, such a deterioration of mechanical properties

was not found. Itabashi and Fukuda [7] found this fact for two steels for
building structure. Tsuda, Daimaruya, Kobayashi and Sunayama [8] also
confirmed that even automotive sheet steels did not reveal such a deterioration
with the fatigue-impact loading combination. They carried out to investigate
that fact not only for low-cycle pre-fatigue, but also for high-cycle pre-fatigue.
Therefore, these steels are stronger to the fatigue-impact loading in tension than
the Al alloys.
For free-cutting steels, their mechanical properties are functionally degraded,

especially the local toughness. The second phase exists in steel matrix, as a chip
breaker, tool edge stabilizer, and tool life extender. For these purposes, the
second phase plays the role of a solid lubricant. Typical materials as the second
phase in free-cutting steels are Pb and MnS. The existence of the second phase
can be recognized as the stress concentrated point in the steels. Under the
fatigue-impact combination, a relatively larger deterioration of the mechanical
properties of free-cutting steels should appear than that for general structural
steels.
In this paper, to clarify the above-mentioned theme, two free-cutting steels,

a Pb added steel and a Pb free one, are pre-fatigued by low-cycle pulsating
tension and tested quasi-statically and dynamically in tension. It is needless to
say that Pb is prohibited to be alloyed in steel by more than 0.35% mass, by
the RoHS (restriction of hazardous substances) directive. In the near future,
this allowable range will be disappeared. Comparing experimental results of the
steels, the possibility of replacing the former steel with the latter can be argued
from such a loading combination aspect.
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2. Experimental procedure

2.1. Investigated free cutting steels

The Pb added free-cutting steel is SUM24L steel (JIS G 4804:2008, equiv-
alent to AISI 12L14 steel). The capital letter “L” in the above symbols means
lead. The Pb free steel is SUM23 steel (equivalent to AISI 1215 steel). The
chemical composition of the steels are tabulated in Table 1. In JIS G 4804:2008,
the mechanical properties of the free-cutting steels are not prescribed. The man-
ufacturing process of both steels was the same and was as follows. Each steel
was melted in a factory converter, cast continuously and rolled into a square
bullet of 155× 155 mm. The bullet was cut into an appropriate length, heated
at 1250◦C for 30 min, hot forged into a ∅12 mm cylindrical bar and cooled in
air. The hot-forging process was important to distribute grains of Pb and MnS
uniformly and to adjust the grain size. This process is the same as commercially
available SUM24L and SUM23 steels.

Table 1. Chemical composition for the free-cutting steels investigated here
(unit: % mass).

Material C Mn P S Cr Pb Fe

SUM24L 0.08 1.12 0.084 0.297 0.04 0.24 Bal.

SUM23 0.08 1.00 0.085 0.322 0.03 – Bal.

The steels were supplied in ∅12 mm cylindrical bars. The bars were machined
to the specimen configuration as shown in Fig. 1. After turning, the parallel part
with round fillets of the specimen was ground by #4000 emery paper.

Fig. 1. Specimen configuration (in mm).
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2.2. Quasi-static tensile test

At a strain rate of 1× 10−3 s−1, quasi-static tensile tests were carried out
with a servohydraulic fatigue testing machine (Shimadzu Corp., Servopulser
EHF-FB1 type 1111, crosshead speed: 0.5 mm/min). To improve the accuracy
of the elongation measurement, specially designed specimen attachments were
introduced with two clip gauges (Tokyo Sokki Kenkyujo Co., Ltd., UB-5L, gauge
length: 5 mm), as shown in Fig. 2.

Fig. 2. Detail of the specially designed specimen attachments
with two clip gauges for quasi-static tensile test.

At the beginning of this series of experiments, three quasi-static tensile tests
for virgin (not pre-fatigued) specimens of each steel were executed. According to
the quasi-static tensile strengths, fatigue test conditions were set appropriately.

2.3. Fatigue test and pre-fatigue conditions

For both steels, S-N curves were obtained, respectively. The curves were
evaluated under sinusoidal pulsating tension (stress ratio: 0, frequency: 20 Hz)
by the servohydraulic fatigue testing machine. Circular plots in Fig. 3 are the
results of the fatigue tests. Bold solid lines are linear fitted lines obtained by the
least square method.
Complying with the conditions of Al alloys [4, 6], pre-fatigue conditions

were decided as follows. Maximum (pre-fatigue) stresses were set at 78 and
89% of the quasi-static lower yield strength, as shown in Fig. 3, i.e., 343 and
392 MPa for SUM24L steel, and 319 and 364 MPa for SUM23. Square and
rhombic plots indicate (pre-fatigue) cycle ratios, 5 and 20% of the number of
cycles to failure respectively. These severe conditions were the onset of the tensile
strength degradation for the formerly investigated Al alloys [4, 6].



MECHANICAL CHARACTERIZATION OF PRE-FATIGUED. . . 91

a) b)

Fig. 3. S-N curves and pre-fatigue conditions: a) SUM24L steel, b) SUM23 steel.

2.4. Preparation of pre-fatigued specimens

With the servohydraulic fatigue testing machine, five pre-fatigued specimens
were prepared for each pre-fatigue condition. Several specimens for SUM24L
steel were fractured during the pre-fatigue. For SUM23 steel, no specimen was
fractured during preparation.

2.5. Dynamic tensile test

Tensile tests at a dynamic strain rate of approximately 1× 103 s−1, were
carried out with a high velocity tensile testing machine of a horizontal slingshot
type [9]. This machine adopted the one bar method [10] to obtain dynamic
stress-strain curves without ringing.
The principle of the one bar method is shown in Fig. 4. It consists of three

elements, an impact block as a rigid body, a specimen, and an output bar as an
elastic bar. Deriving from the one-dimensional elastic wave propagation theory
and Hooke’s law, the fundamental formulae for dynamic stress σ(t), dynamic
strain ε(t) and strain rate ε̇(t) in nominal are as follows:

σ(t) =
S0

S
E0εg

(

t+
a

c

)

,(2.1)

ε(t) =
1

ℓ

t
∫

0

{

V (τ)− cεg

(

τ +
a

c

)}

dτ,(2.2)

ε̇(t) =
1

ℓ

{

V (t)− cεg

(

t+
a

c

)}

,(2.3)

where t is the time after impact, ℓ and S are the gauge length and cross-sectional
area of the specimen, S0, E0 and c are the cross-sectional area, Young’s modulus,
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Fig. 4. Principle of the one bar method.

and longitudinal elastic wave velocity of the output bar, V (t) is the velocity of
the impact block, and εg(t) is the strain of the output bar at the distance a from
the loaded end.
The tensile impact load was generated by the horizontal slingshot machine.

A hammer made of carbon steel, 50 kg in mass, can be accelerated to the
velocity of 5–6 m/s. The accelerated hammer impinged on the impact block
made of chromium molybdenum steel. The impact block of 0.7 kg in mass
and 20(H)× 60(L)× 75(W) mm3 in size, flew at the higher velocity, typically
7–8 m/s, than that of the hammer. Therefore, the maximum nominal strain rate
attained 0.7× 103–0.8× 103 s−1 with the specimen of an initial gauge length of
8 mm.
Figure 5 shows a block diagram of the dynamic data acquisition system.

In order to detect εg(t), four semiconductor strain gauges (Kyowa Electronic
Instruments, KSP-2-120-E3, gauge length: 2 mm, gauge factor: 120) were ce-
mented onto the output bar made of type 304 stainless steel, at the location
of 50 mm (= a) apart from the specimen-mounted end. The output bar was
3 m in length and ∅10 mm in diameter. The displacement of the impact block,

Fig. 5. Block diagram of dynamic data acquisition system for tensile stress-strain relation.
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x(t) was detected by an electro-optical displacement transducer (Zimmer Model
100D/II, gauge length of an installed lens: 10 mm). This signal was differenti-
ated with respect to time by a differentiator (Zimmer Model 131C) in order to
obtain the velocity of the block, V (t). The output bar strain εg(t) and impact
block velocity V (t) were stored in two synchronized digital memories (Kawasaki
Electronica, TMR-100, sampling frequency: 1 MHz, resolution: 10 bits, memory
length: 4 kwords).

3. Results and discussion

3.1. Obtained stress-strain curves

The tensile stress-strain curves for the virgin specimens up to fracture are
shown in Fig. 6 and for the pre-fatigued specimens in Fig. 7. The stress-strain

a) b)

Fig. 6. Tensile stress-strain curves for virgin specimens: a) SUM24L steel, b) SUM23 steel.

a) b)

Fig. 7. Tensile stress-strain curves for pre-fatigued specimens (σmax = 392 MPa for SUM24L
steel and 364 MPa for SUM23 steel, n/N = 20%): a) SUM24L steel, b) SUM23 steel.
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curves for both steels shown in Fig. 6 are standards of a succeeding series of the
present experiments. Generally speaking, the virgin curves are higher than the
pre-fatigued curves. The pre-fatigue condition in Fig. 7 is the severest one for
each steel; thus there is an obvious deterioration of flow stress, but it is not so
much, typically 100–150 MPa.

3.2. Remaining strength

The fatigue cycle ratio dependence of the deterioration of the remaining
(tensile) strength is shown in Figs. 8 and 9. Taking fatigue cycle ratio as an
abscissa, the results of the virgin specimen correspond to plots of n/N = 0%.
The number of plots of n/N = 0 is three, and those of n/N = 5% and 20% are

a) b)

Fig. 8. Fatigue cycle ratio dependence of dynamic tensile strength for free-cutting steels:
a) SUM24L steel, b) SUM23 steel.

a) b)

Fig. 9. Fatigue cycle ratio dependence of quasi-static tensile strength for free-cutting steels:
a) SUM24L steel, b) SUM23 steel.
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five for each maximum (pre-fatigue) stress. In Fig. 8, even with the virgin condi-
tion, plots are widely scattered. The cause of this scatter may be the relatively
small specimen diameter, since grains of the second phase were not so uniformly
distributed in the gauge length of the specimen. Beyond the scattering width,
the remaining dynamic strength in Fig. 8 deteriorates at a ratio of 5% for both
steels. But, this lowered strength is maintained at 20%. From the viewpoint
of well-known damage mechanics, this tendency is unusual. In such a case, the
remaining strength will decrease monotonously with increasing cycle ratio. On
the contrary, for these free-cutting steels, it does not seem unusual that the
steel matrix around the second phase can be hardened by stress concentration.
Therefore, between the ratio of 5% and 20%, it is possible to explain that some
weakening of the total strength by pre-fatigue is balanced with some hardening
of the local stress concentration. In Fig. 9, the deterioration of quasi-static re-
maining strength is smaller than that of dynamic one. The quasi-static strength
for both steels keeps the constant level between the fatigue cycle ratio of 5%
and 20% too.
The deterioration of the remaining strengths at both strain rates does not

depend on maximum (pre-fatigue) stresses. This suggests that the second phase,
Pb and MnS have been debonded from the matrix due to the weak strength of
the second phase itself during pre-fatigue. This hypothesis can be confirmed by
lowering the maximum (pre-fatigue) stress level to the tensile strength of Pb,
typically 10 MPa. Then, such deterioration at the fatigue cycle ratio of 5% will
be reduced.

3.3. Breaking strain

The breaking strain in a dynamic tensile test tends to scatter. The distributed
second phase in free-cutting steels is one of the main factors of fracture. Dynamic
breaking strain of the free-cutting steels is widely scattered, as shown in Fig. 10.
In general, the pre-fatigue decreases the breaking strain, except for the condition
of σmax = 364MPa and n/N = 5%. It can be thought that Pb and MnS were not
so uniformly distributed even after the hot-forging process. On the other hand,
quasi-static breaking strain gives the opposite tendency, as shown in Fig. 11. In
the second phase, Pb and MnS may be the cause of these different tendencies. At
the quasi-static strain rate, the soft second phase helps necking growth, easily
deforming from the original shape in the hard matrix.
This scattering of these breaking strains may be reduced by utilizing larger

specimens, for example, ∅10 mm in diameter. This value is comparable to a
standardized quasi-static tensile specimen. According to the capacity of dynamic
tensile testing machine, the diameter of the parallel part of the present specimen
is only ∅3 mm.
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a) b)

Fig. 10. Fatigue cycle ratio dependence of dynamic breaking strain for free-cutting steels:
a) SUM24L steel, b) SUM23 steel.

a) b)

Fig. 11. Fatigue cycle ratio dependence of quasi-static breaking strain for free-cutting steels:
a) SUM24L steel, b) SUM23 steel.

3.4. Absorbed energy per unit volume

The dynamic absorbed energy per unit volume is an important factor of im-
pact resistance. Figure 12 shows the deterioration of dynamic absorbed energy.
For SUM23 steel at n/N = 5%, the dynamic absorbed energy of σmax = 364MPa
is larger than 319 MPa. No rational explanation can be given for this tendency;
however, this tendency reflects the dynamic breaking strain tendency of Fig. 10b.
Quasi-static absorbed energy is relatively stable, as shown in Fig. 13. The dete-
rioration of strength is recovered by the slight increase of breaking strain.
From the obtained results, the pre-fatigue affects the impact tensile resistance

of the free-cutting steels intensely. However, the dynamic strengths and absorbed
energies are always higher than the quasi-static ones. Thus, the strain rate effect
on the absorbed energy per unit volume is superior to the pre-fatigue effect.
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a) b)

Fig. 12. Fatigue cycle ratio dependence of dynamic absorbed energy per unit volume
for free-cutting steels: a) SUM24L steel, b) SUM23 steel.

a) b)

Fig. 13. Fatigue cycle ratio dependence of quasi-static absorbed energy per unit volume
for free-cutting steels: a) SUM24L steel, b) SUM23 steel.

4. Conclusions

A Pb added free-cutting steel, SUM24L (equivalent to AISI 12L14) steel,
and a Pb free free-cutting steel, SUM23 (AISI 1215) steel, were investigated
to confirm the tensile impact resistance with the severe pre-fatigue conditions.
Generally speaking, the pre-fatigue has a negative effect on the strength of free-
cutting steels, at not only the quasi-static strain rate of 1× 10−3 s−1, but also
the dynamic strain rate of 1× 103 s−1. Regardless of the strain rate, the pre-
fatigue process makes the scatter of mechanical properties wider. The weakened
bonding and debonding between the matrix and second phase may be one of
the main causes of the scatter and deteriorated mechanical properties. From the
dynamic tensile stress-strain curves for both steels, 20%-reductions in strength
and absorbed energy are observed respectively. From the quasi-static curves,
10%-reductions in strength and absorbed energy are obtained. Both steels reveal
that they have almost the same mechanical properties and the same tendencies
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to the present fatigue-impact loading combination. Thus, SUM24L steel can be
replaced with SUM23 in this particular simulation.
This article discusses only phenomenological aspects. However, such degra-

dation of these mechanical properties for the investigated free-cutting steels has
not been published as far as the authors know. In the near future, the mechanical
damage of the interface between the steel matrix and second phase will be ob-
served microscopically, and the affect of the interface on the observed pre-fatigue
effect will be investigated and reported.
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In gas turbine power plants, a fan is used as a cooling system to dissipate generated heat
in coils (copper conductors) and generator electric circuits at the end sides of its rotor. In
some cases, fracture of blades causes a short circuit between rotor and stator and consequently
generator explosion and financial problems. The fracture of cooling fan blades has occurred
five times at the turbine side of the generator in our case of study, just 100hr after resuming
operations after an overhaul.
Using numerical analysis as well as laboratory investigation – including visual inspections,

metallography and SEM – can help better find failure problems that cause blade failures.
A series of numerical analysis was performed to diagnose the possible cause of failure. CFD
analysis is used to study the airflow distribution in order to observe probable separation phe-
nomenon and pressure forces as they are imposed on fan blades due to operation. A finite
element method was utilized to determine the stresses and dynamic characteristics of the fan
blade (natural frequencies, stresses and vibrations).

Key words: fatigue failure, dimple rupture, fan blade, scanning electron microscope (SEM),
resonance, fan blade angle of attack, computational fluid dynamic (CFD), finite elements.

1. Introduction

There are eleven blades on both sides of generator, which have been installed
and are separated with eleven spacer pieces. Figure 1 shows the position and
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Fig. 1. Setting of blades with their spacers around a retaining ring [1, 5].

arrangement of blades and spacer pieces on a retaining ring. The axial fan has
been utilized as a cooling system manufactured by GEC-ALSTHOM Belford
under the following conditions; Turbine rotation = 3000 rpm; output power =
118 MW [9, 11, 12].
It must be noticed that all of the fractured blades have a 19◦-angle of attack

and after failure GEC-ALSTHOM replaced them by 14◦-angle of attack (without
a change in alloy type) in order to decrease the forces applied to the blades. The
width of the 14◦-blades is lower than the 19◦-blades, but their length is the same.
Both type of blades are compared in Fig. 2 which also defines the differences
between angle and blade dimensions.
In accordance with previous studies of failure, some examples are listed be-

low: Xi et al. [13] investigated the failure of disk and blade for the first stage
of the compressor in an aero engine. Metallurgical analysis and investigation of
stress clarified that the design was not accurate, which resulted from extreme
load of centrifugal bending moments and improper contact conditions.
Beisheim and Sinclair [4] and Hou et al. [6] performed a series of mechan-

ical analyses and examination of a damaged blade in a gas turbine engine and
utilized nonlinear finite elements to determine the stress of the blade in order
to identify the cause of blade failure.
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Fig. 2. Dimensional deference between 2 types of blade [5].

Hutson et al. [7] verified the efficiency of a method of fracture mechanics
used to model the crack growth behavior of fatigue nucleated cracks obtained
under tested conditions similar to those found in turbine engine blade attach-
ments and the calculated Crack propagation lives using stress results of FEM
analysis. Barlow and Chandra [3] simulated the three dimensional fatigue
crack in a typical military aircraft engine fan blade attachment by Franc3D.
In the remainder of this paper, two series of analysis (laboratory investigation

and Numerical) have been performed, and their results are evaluated to identify
the possible causes of failure.
To study the reasons for blade fracture, this matter was reviewed and studied

from different points of view as in the following (laboratory investigation):

1. Review of the history of blade repairs and/or modifications (change in
blade angle of attack from 19◦ to 14◦).

2. Material and microstructure (quantometry).

3. Metallurgical examination of fractures to identify the metallurgical mode
of failure (SEM).

In the first part, studies on ruptured surfaces have shown that fracture would
occur as a result of high cycle fatigue (hcf) [6]. The presented numerical research
will prove this result and show that the probability of failure can be weak by
changing the angle of attack from 19◦ to 14◦.
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The numerical investigations are listed below:

1. CFD analysis in order to study the imposed stresses of the fan blades due
to operation.

2. Application of the finite element method for modal and harmonic analysis
to compute the natural frequencies, stresses and vibration.

2. Mechanical and laboratory investigation

2.1. Visual inspection

The statistical data revealed that all of these failures happened at the first
hours of operation after gas turbine repair, this means that no fracture has
happened after 100 hr of operation. On opening the turbine casing, three kinds
of blades (for using a 19◦-attack angle) were found: A broken one, a cracked one,
and blades having no failure. The failure was at the turbine side of the generator
and there was no crack on the exciter side. The failure occurred at the transition
section (airfoil and blade root tangency). The crack initiation point was at the
central part of the airfoil on its concave surface. Some parts of the surface
appeared black and pitted due to an electric spark; but, by changing the attack
angle of the blades to 14◦ no failures have been seen. However, temperature
rise in the generator casing is higher than 19◦ and resulted from decreasing the
sucked air flow rate for generator cooling [5].

2.2. Microstructure and metallurgical
investigation

The quantometry test technique is used for chemical composition of blade
material specification and this composition compared with some metal alloy
composition that is available in reference books. It confirms that the composition
of the blade material is similar to the aluminum 2024 alloy (Table 1). Also the
result of a metallurgical examination over blades shows that the blades are not
produced by die casting, but rather by molding, milling, and shaping, and finally
the blades surfaces would be polished. Crystals, which have been formed in the

Table 1. Chemical composition of the blade and its comparison
with aluminium 2024 alloy.

Elements Al Zn Si Fe Mn Mg Cu

quantometry test Base 0.07 0.07 0.11 0.67 1.36 3.97

Al 2024 [8] Base – – – 0.6 1.5 4.4

Al 2024 [11] Base Max
0.25

Max
0.5

Max
0.5

0.3–0.9 1.2–1.8 3.8–4.9
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blade length direction, are a proof of this claim. Heat treatment performed in
this blade is T351 heating operations [9]. Some important blade and material
mechanical behavior are derived and presented in Tables 2 and 3.

Table 2. Mechanical strength of aluminium 2024 [8].

Alloy
Ultimate tensile
stress [9]

σut

Yield tensile
stress [9]

σyp

Fatigue endurance
limit
σe

Al 2024 470 MPa 325 MPa 140 MPa

Al 2024
@ Temperature 24◦C

469 MPa 324 MPa 140 MPa

Al 2024
@ Temperature 100◦C

434 MPa 310 MPa 140 MPa

Table 3. Mechanical properties of aluminium 2024 [8].

Alloy
Poisson’s
ratio
Υ

Elasticity modulus

E Density
P

Coefficient
of thermal
expansion

α

Melt
Point

Tension Shear Pressure

Al 2024 0.33 72.4 GPa 28.0 GPa 73.8GPa 2770 Kg/m3 22.9 µm/m·K 638◦C

2.3. Study of fracture surfaces by SEM

Generally, blade failures can be sorted into two categories [2, 10]:

1. Gradual failure in the effect of endurance (fatigue).

2. Failure in result of external material impact (dimple rupture).

It is obvious that one of the most important ways of investigating the failure
pieces, is to study the failure of surfaces. This section engages with the inspection
of failure surfaces and defining its result.
In order to study the failure surface and compare the quality of these two

possible failure mechanisms with a standard failure handbook of this alloy, to
diagnose the main reason of failure, a Scanning Electron Microscope (SEM) was
employed. SEM is used to prepare the best high quality picture of a surface with
the highest accuracy (scaled to ×1000) for investigation of the microstructural
difference between failure surface types.
In this investigation, the theory of fatigue failure and dimple rupture is con-

sidered. A 1×1 cm piece of blade alloy has been prepared and broken with a sin-
gle external material impact; also, by using fractured surface of blade which has
been broken in power plant, both types of fractured surface are compared with
surfaces that have been shown in reference books. By comparison of Fig. 3 (the
surface of a broken blade at a power plant incident) and Fig. 4 (broken in type
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Fig. 3. Fatigue surface failure (scaled ×1330).

Fig. 4. Dimple rupture result of instant impact (scaled ×4000).

of dimple rupture (breaking potholes)) with reference books, it can be clearly
observed that existing lines on Fig. 4 are fatigue lines. The fatigue lines show
that the crack is initiated at one side and propagated with the passing of time.
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Concerning a reference fatigue fracture surface, Fig. 5 shows that the final
fracture occurs in accordance with crack propagation and results in periodically
applied forces and fatigue.

Fig. 5. Final and fatigue failure surface.

3. Numerical analysis on 14◦ and 19◦-blades

Separation phenomenon and vortex flow are factors that may cause vibration
in fan blades due to vortex flow creation, the pressure distribution (air flow
forces) at two sides of fan blades change in an oscillatory way [9]. In order to
study the aforementioned phenomenon, and also the distribution of air pressure
forces on blade body due to operation, fan blades and their effective domain
should be simulated. To do this, CFD (Computational Fluid Dynamic) code and
FEM (Finite Element Method) were employed to analyze air flow distribution
and vibration respectively.
Vibration due to the oscillatory change of pressure distribution may cause

blade fatigue on two sides of blade [10]. Therefore the purpose of CFD anal-
ysis is to achieve an air velocity distribution around blades and also to study
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air flow patterns (in order to discern probable vortex forming) and also for the
determination of the force resulting from air pressure over blades. In this order
after determination of 14◦ and 19◦-blade profile is prepared by using a scan-
ning digitizer camera with higher than micron accuracy. Then, the air passage
channel and related domain modeling is necessary, which was performed by
CAD software as shown in Fig. 6 and the 3-dimentional model thus obtained,
is then imported to mesh generation software, which generates the meshing for
the volume as shown in Fig. 7.

Fig. 6. 3-dimensional model of blade and related passage channel.
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Fig. 7. Meshing domain in solution range.

3.1. Computational fluid dynamics (CFD) analysis

3.1.1. Solution procedure. Because of the turbulent action induced by high
Reynolds swirling flow pattern, the standard k-ε two-equation turbulence model,
the continuity and momentum are selected.
In these kinds of problems where a moving object is the cause of fluid flow,

it is possible to take the rotational component of the axial velocity of air to
count blade rotation (equivalent to 314.1592 rad/s as calculated: ω = 2π ×
3000 R.P.M/60) [9, 12]. The total volumetric flow of the cooling air is 45.6 m3/s
using both type of blades, and half of that is directed towards fan at the turbine
end and the other half is directed towards fan at the exciter end. At the inlet
duct cross-section, the velocity of air is calculated as V = (Q/2)/A = 16.71 m/s
(also, it should remain in mind that the area of air passage, is the difference
between the channel, which is a circle with a radius of 69.6 cm, and generator
shaft cross-section, which is a circle with a radius of 22.5 cm [8]). Air pressure is
uniform for all of the outlet area and along its duct, which will be approximately
equal to ambient pressure. For reduction of the solution domain to reach the
least logical possible domain, a periodic analysis would be used.

3.1.2. Analysis of flow field and pressure. As seen in Fig. 8a and b, in both
blade types the airflow pattern is typical. It is observed that the path lines
are completely tangent over the blades and the separation phenomenon has not
incurred.
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a)

b)

Fig. 8. a) Pressure contour and velocity vectors passed over 19◦-angle of attack blade,
and b) pressure contour and velocity vectors passed over 14◦-angle of attack blade.
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The air pressure distribution can also been seen over the blades in these
two figures. The maximum absolute value of pressure that is imposed on the
19◦-angle of attack blade reaches 56 kPa on the bottom of the blade surface and
the resultant force over the blade is approximately equal to 346 N. The results
of tension for the mentioned force, is less than the amount that solely causes
breaking of the blade.
Also in the 14◦-blade, the maximum pressure at the bottom of the blade

reaches 39 kPa and is even less than for the 19◦-blade.
While the 19◦-angle of attack blade has been changed with a 14◦-blade, the

amount of force imposed on the blade would decrease nearly 20% and is reduced
from 346 to 276 N, then, these forces caused by air flow are not enough to cause
blade rupture.

3.2. Finite element method analysis (FEM)

In order to determine the applied stresses on the blade and investigate the
possibility of its failure resulting from resonance, the finite element method was
used. A 3D numerical model of a gas turbine generator cooling fan blade was
constructed and meshed to get the FEM of a single blade. The FEM has a
structured mesh with ninety twenty-node solid elements to employ structural
analyses, which have compatible displacement shapes and are well suited to
model curved boundaries due to the complexity of the geometry. This blade was
analyzed under two followings categories of FEM analysis [4, 5]:

1. Modal analysis;

2. Harmonic analysis.

The modal analysis on natural frequency and the harmonic analysis was done
based on different excitation frequencies.

3.2.1. Modal analysis. First, the amount of bolt tightening and clearance
between the blade root and retaining ring were modeled as constraints and their
affect on the first natural frequency of the blade was studied as shown in Table 4.
To evaluate these conditions, four different constraints were investigated for both
the 19◦ and 14◦-blade:

1. Just points around the bolts are assumed to be fixed.

2. All points from the surface of blade’s root to the bolts are assumed to be
fixed.

3. The contact surface with the retaining ring, as well as points mentioned
in item two, are assumed to be fixed

4. The whole part of blade’s root are assumed to be fixed in all directions.
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Table 4. Calculated natural frequency in the first mode for four-bolt tightening states.

Bolts tightening
state number

First Natural Frequency (Hz)
19◦ blade

First Natural Frequency (Hz)
14◦ blade

State No 1 480.97 367

State No 2 489.58 375.3

State No 3 513 394.9

State No 4 537.88 413.49

Based on Table 4, the first natural frequency of the blade for the fourth
assumed constraint in both type of blades is bigger than the others.
The natural frequency in the five modes for these four states were calculated.

Table 5 shows the natural frequencies for the fourth constraint in both type of
blades.

Table 5. Calculated natural frequency in the 5 modes for 19◦ and 14◦-blade.

Mode shape
number

Natural Frequency (Hz)
19◦ blade

Natural Frequency (Hz)
14◦ blade

Mode No 1 537.88 413.49

Mode No 2 1339.8 1232.6

Mode No 3 2693.8 2365.9

Mode No 4 2637.1 2794.5

Mode No 5 3879.5 3837.1

In Fig. 9 the displacement of the tip of both blades at the first modal shape
has been represented with Finite Element modeling. With respect to the fact
that the first natural frequency of the 19◦-angle of attack blade in the fourth
state (538 Hz) was very close (almost within a 2% relative difference) to the
frequency of the exciting force caused by shaft rotation (11 blades × 50 rad/s
= 550 Hz) and therefore the incurrence of resonance in the above conditions is
very probable. This state has been selected for finite element harmonic numer-
ical simulation. Whereas 19◦-blades are replaced with 14◦-blades such that the
natural frequency in the fourth mode (413.49 Hz) will not be close (with 33%
relative difference) to exciting frequency and therefore resonance conditions will
not occur.

3.2.2. Harmonic analysis In harmonic analysis, the frequency of external
forces (air flow and shaft rotating force) acting on the blades, gradually increases,
(from zero to 1000 Hz) then, domain, difference shapes of vibrations and tension
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a)

b)

Fig. 9. a) Blade tip displacement at the first modal shape for a 19◦-angle of attack blade,
and b) blade-tip displacement at the first modal shape for a 14◦-angle of attack blade.

result of these acting external forces with, changing in blade type, account for
the various frequencies.

3.2.3. Harmonic analysis for 19◦-blade. From CFD analysis force acted by
air flow on 19◦-blade was calculated about 346 N. By acting these external forces
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to blade in the various frequencies (between 0 to 1000 Hz), blade tip oscillation
domain (blade tip displacement), is accounted with finite element analysis. The
blade-tip displacement for these conditions is shown in Fig. 10.

Fig. 10. 19◦-blade-tip displacement at various frequencies in the first mode
of vibration.

As seen, at a frequency of 50 Hz, the blade tip displacement reaches around
82 µm, and this value grows with increasing frequency up to the extent of 425
to 450 Hz and reaches 220 to 280 µm.
In the vicinity of the first natural frequency, displacement intensely increases

and reaches nearly 1.8 mm and thereafter with increasing frequency, the blade
tip displacement again decreases intensively.
According to Fig. 10, the resonance condition is imminent when the blade

has been excited to a frequency of 550 Hz, that is, near to the first natural
frequency. The blade will have been vibrated intensely in this condition and as
shown in Fig. 11, the von Mises stress at sensitive spaces of blade (bade root)
reaches 236 MPa.
Referring to Table 2, it is obvious that tension with an amount of 236 MPa is

far less than any mechanical strength of an alloy except in the fatigue endurance
limit, in other words, the blade material should be able to endure any forced
statistical loads even at resonance state.
The maximum amount of von Mises stress is larger (68%) than fatigue en-

durance limit [8, 11] (236 MPa > 140 MPa), therefore, when the blade encounters
the fatigue condition at resonance state, the 19◦-blade is not be able to endure
the fatigue condition infinitely and blade fracture will be unavoidable.
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Fig. 11. Contours of the computed Von Mises stress distribution on 19◦-blade
at a frequency of 550 Hz.

3.2.4. Harmonic analysis for 14◦-blade. From CFD analysis the force acting
by air flow on the 14◦-blade was calculated to be about 276.5 N. By acting these
external forces on the blade at various frequencies (between 0 to 800 Hz), the
blade-tip displacement is accounted with finite element analysis. The blade-tip
displacement for these conditions is shown in Fig. 12.

Fig. 12. 14◦-blade-tip displacement at various frequencies in first mode of vibration.
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As seen, at a frequency of 420 Hz the blade tip displacement reaches a
maximum quantity (about 4 mm) because the frequency of 420 Hz is the closest
value to the first natural frequency of 14◦-blade (413.49 Hz). This amount of
displacement (4 mm) is even more than for the 19◦-blade in the vicinity of its
first natural frequency (1.8 mm).
Notice from Fig. 12 that the frequency resonance condition happening at

420 Hz is imminent. The blade will be vibrated intensively in this condition
and, as seen in Fig. 13, the von Mises stress at sensitive spaces of the blade
(blade root) reaches 388 MPa. So again when the 14◦-blade encounters the
fatigue condition at resonance state, it was not be able to endure the fatigue
condition infinitely and blade fracture will be unavoidable.

Fig. 13. Contour of computed von Mises stress distribution on a 14◦-blade
at a frequency of 550 Hz.

Nevertheless, as seen in Fig. 10, when the blade is excited at a frequency of
550 Hz, which is the frequency of the exciting force caused by shaft rotation, the
14◦-blade tip displacement, will be less than 160 µm. Therefore, the resonance
state will have not happened in this situation and the von Mises stress encoun-
tered by the 14◦-blade root will be less than 10 MPa, which is small enough
to be negligible. Blade failure will never been occurred for the 14◦-blade in this
situation.



FAILURE ANALYSIS OF GAS TURBINE GENERATOR COOLING FAN. . . 115

4. Results and discussions

The results listed below have been taken from visual inspection and reports.
Measured dynamic stresses at 3000 rpm, (50 Hz frequency of power plant

generators) for both 14◦ and 19◦-blades, [5] compared with the yield stresses
(presented in Table 2) and show that the stresses imposed on the blade are
much lower than yield stresses and therefore there is no possibility of blade
failure in normal operating conditions.
Cracking started from one or more points at the middle of the concave surface

of the blade (having higher roughness can cause the crack on the surface of the
blade) and this may be a reason to take the blade apart. The mentioned problem
results from the effect of oscillatory loading being applied to the blade.
By changing the attack angle of the blades to 14◦, no failures were observed.

However, the rising of temperature in the generator casing was higher than 19◦-
blades. This results from a lower rate of sucked air flow for generator cooling
for the 14◦-blades. Since both type of blade are installed on the same shaft
of the generator and rotate with the shaft, the fan rotation power is equal in
both cases. However, the sucked air in the 14◦-blade fan would be less than the
other, and hence, the net power output is less and results in lower efficiency. For
troubleshooting and to increase the sucked air flow for 14◦-blades, using some
extra guide blades has been proposed, as shown in Fig. 14.

Fig. 14. Extra guide blades for increasing the sucked air flow in the use of 14◦-blades [5].

To investigate the cause of 19◦-blades failure and having no failure in 14◦-
blades, SEM inspection and numerical analysis has been used as described below:

1. Study of ruptured surfaces by SEM and microstructure difference between
fatigue failure and dimple rupture shows that there is no possibility of a col-
lision of a large external object and its instantaneous rupture.
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2. Distribution of flow, pressure and applied air flow forces on blades which
have been modeled with CFD simulation, sustained that the forces were not
enough to cause the blade rupture.

3. With respect to the obtained results from CFD and FEM, these analyses
prove that the value of normal stress in most of conditions for 19◦ and 14◦-
blades is about 10 MPa, except for the resonance state.

4. In the case of applying a force with a frequency of around 550 Hz, the 19◦-
blade will be exposed to a resonance frequency (as a result of unsuitable blade
installation, the resonance condition is probable) and because of applying
stress at range of 160–236 MPa periodically and exceeds the endurance limit
of the material (Al 2024 fatigue endurance limit σe = 140 MPa as presented
in Table 2) will reduce the working life of the blade and cause failure after
some cycles.

5. In the case of applying a force with a frequency of around 550 Hz, the 14◦-
blade will not be exposed to the resonance condition and because of applying
stress at about 10 MPa, blade failure never occurs.

5. Conclusion

In accordance with the fracture of the 19◦-blades, which occurred five times
in the case of our study after overhaul and after less than 100 hr of operation, the
investigation of the reason of fractures were necessary. By utilising a laboratory
investigation (reports and SEM) and computational inspection (CFD and FEM),
it is clear that the installation conditions (applied torque on bolts and nuts) were
the main reason of failure.
To achieve a high accuracy in computations, the “ATOS” which is a new

method based on 3D digital photography has been used for blades modeling.
The results obtained from the CFD analysis have shown that the maximum
stress, caused by rotation and air pressure forces on blades, is much lower than
the material yield tensile strength.
Modal and harmonic analysis of the blade with FEM has indicated that

the 19◦-blades natural frequency is too close to the operational frequency of
blades. It means that any changes in blade installation conditions cause the blade
natural frequency to be similar to the operational frequency and consequently
causes resonance phenomena. Because of the applied periodic stress that exceeds
the endurance limit of the material, it will reduce working life of the blade and
lead to failure after some cycles.
Study on fracture surfaces and results obtained from FEM show that the

fracture of 19◦-blades occurs in accordance with fatigue where there is resonance
phenomena and crack propagation.



FAILURE ANALYSIS OF GAS TURBINE GENERATOR COOLING FAN. . . 117

The natural frequency of the 14◦-blades is not close to the blade’s operational
frequency and thus will not be exposed to a resonance condition and because of
applying stress about 10 MPa, blade failure never occurs.
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Recently, much attention has been paid to TRIP steel since it indicates both high ductility
and strength by strain induced martensitic transformation. This transformation allows TRIP
steel to offer larger energy absorption than other steel at the same strength level. Therefore,
it is expected to be applied to automobiles as security components that absorb energy upon
collision. To produce the best performance of TRIP steel, the J-integral of TRIP steel should be
investigated with respect to a various deformation rates for an evaluation of energy absorption.
In the present study, the three point bending (3B) test is conducted for investigating the J-
integral until the crack growth of TRIP steel. Then, in order to determine the energy absorption
characteristic by the J-integral value at various locations in the components of TRIP steel,
the size of the specimen should be very small. Thus, an SP test is introduced and conducted
by using the newly established apparatus based on the SHPB method. By using the result
of the SP test in conjunction with the result of a 3B test, the evaluation of the J-integral
of TRIP steel subject to various deflection rates is attempted. The correlation between the
J-integral and the equivalent fracture strain of the SP test for TRIP steel is challenged to be
redefined.

Key words: TRIP steel, energy absorption, J-integral, rate sensitivity, small punch test,
SHPB method.

1. Introduction

TRIP steel indicates high ductility, toughness and excellent energy absorp-
tion under plastic deformation by strain-induced martensitic transformation
(SIMT) [1]. Recently, in order to improve passenger safety and reduce weight
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of the car, the requirement of higher strength and excellent energy absorption
of the steel used in the automobile industry has increased. Therefore, TRIP
steel is expected to apply for the components which absorb energy upon co-
llision.
Generally, the energy absorption is evaluated by calculating the area of the

stress-strain curve obtained from the tensile test [2]. From this point of view,
Tomita and Iwamoto [2] reported that energy absorption in TRIP steel de-
creases with an increase in strain rate. However, the dominant mechanism of
those components for energy absorption is plastic-buckling with bending de-
formation. Due to a variety of impact velocity at the moment of the crash,
the energy absorption characteristic of TRIP steel subjected to various rates of
bending deflection becomes more important for a final product of the compo-
nents. As Rice [3] defined, the J-integral can represent the total energy until
the crack extension with its standardized experimental evaluation under the
bending deformation. Over the past decade, the dynamic fracture toughness of
steel is actively investigated [4] and a lot of investigations about the effect of
rate sensitivity on mild steel have been done [5–7]; however, just a few studies
on the fracture energy absorption sensitivity of the TRIP steel to the strain
rate in experiment can be found [8, 9], especially under tension. In addition,
just the clarification of its fracture energy absorption rate sensitivity for TRIP
steel is insufficient. The residual stress and plastic strain in each location of the
component are different, and SIMT will take place during the processing. In
order to enhance and control the reliability and the performance of the product,
the specimen picked out from the product should be very small to evaluate its
characteristics.
In the past, several efforts have been made for the evaluation of energy ab-

sorption characteristics in metallic materials by the fracture parameters includ-
ing the J-integral under static to dynamic loading based on the split Hopkinson
pressure bar (SHPB) method [5, 10]. Especially, the fracture parameters of TRIP
steel have been measured under quasi-static and impact tests [11, 12]. For stud-
ies by using the smaller specimen, a small punch (SP) test is well-employed to
evaluate the J-integral [13–17]. By using this technique, the energy absorption
for the part of the actual product of security components with respected to
various deflection rate can be easily evaluated by a simple experiment. Shindo
et al. [14, 17] assessed the correlations between the equivalent fracture strain
and the J-integral. In addition, they determined the J-integral in austenitic
stainless steel, a kind of TRIP steel, and its weldment by combination between
the SP test and FEA method. However, most of them are conducted under the
low strain rate.
Due to the high impact velocity during the crash, it is important to clarify

the energy absorption characteristic subjected to higher strain rate and its rate
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sensitivity by evaluating the J-integral by an SP test. Additionally, Rodriguez-
Martinez et al. [18] examined the behavior of AISI 304 steel sheets, which is
a kind of TRIP steel, subjected to perforation under a wide range of impact
velocities. The result shows the work hardening and ductility of AISI 304 are
enhanced and the absorbing energy capability of AISI 304 is improved by SIMT
during perforation. They are distinguishing the plastic deformation from the
fracture characteristic for energy absorption. From the viewpoint of the SP test,
it can be considered that the perforation can be connecting to the fracture
characteristic.
In the present study, at first, the three-point bending (3B) test of pre-cracked

specimen based on the ASTM standard is conducted for various deflection rates.
Then, the J-integral associated with the crack growth is measured during a
3B test by the direct current potential difference method. After that, an im-
pact SP apparatus base on the classical SHPB method is newly established.
The load-deflection curves of SP test subject to various deflection rates are
obtained by the conventional material testing machine, weight drop testing ma-
chine and the established SHPB apparatus, in conjunction with the results of
the 3B test, evaluation of the energy absorption characteristic of TRIP steel by
the J-integral is attempted. The relationship between the J-integral and the
equivalent fracture strain of the SP test is challenged to be redefined for various
deflection rates. Finally, a rate sensitivity of energy absorption in TRIP steel is
discussed.

2. Three point bending test (3B)

2.1. Method of three point bending test (3B)

In order to evaluate the J-integral before crack initiation, it is essential to
find the point of the crack initiation on the load-deflection curve. Therefore,
in this investigation, a direct current potential difference (DCPD) technique is
introduced.
The DCPD method is one of the most accurate and efficient methods for

monitoring the crack initiation and propagation in real time during deforma-
tion. By applying current to the specimen, the electrical potential difference
between the crack faces is generated. A crack initiation is considered to be coin-
cident with a sudden increase in potential difference. As the crack initiates, the
resistance will be increased. This leads to an increased potential difference. As
shown in Fig. 1. The load-time and voltage-time curve can be recorded and the
moment when the voltage suddenly increased is defined as the point of crack
initiation [19].
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Fig. 1. An example of a result obtained by the DCPD method
to determine the point of crack initiation.

2.2. Samples used for 3B test

Pre-cracked specimens made of AISI304, a kind of TRIP steel, are used in
this test. The dimensions of the pre-cracked specimen follow the ASTM standard
as shown in Fig. 2. To get an austenitic structure, the specimen is subjected
to solution heat treatment at 1323K for 30 min by electric furnaces and then
quenched in water.

Fig. 2. The dimensions of the specimen for 3B test.

2.3. Measurement apparatus of 3B test

Figure 3 shows the schematic diagram of the locations of probes for mea-
suring voltage and supplying current. Two probes that are independent of the
current supplement are used to measure the voltage. The circuit is based on
the four-probe method for precise measurement of voltages. In order to make
the probes as sensitive as possible, they are fixed around the pre-crack on the
opposite side in the thickness direction of the specimen. The current supplied
wire and the probes for measuring the voltage are spot-welded to the specimen.
The current is set as 12 A.
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Fig. 3. A photograph of the specimen with some drawings of the circuit to show locations
of the probes for measuring voltage and supplying current.

In the quasi-static test, the signal from the signal conditioner (Kyowa CDV-
700A) for recording the potential difference is put into the conventional mate-
rial testing machine (Shimadzu AG-250kNXplus), which is shown in Fig. 4. The
speeds of crosshead are set as 0.2, 2, 20 and 200 mm/min. The relationship of
load-displacement and potential-difference-displacement are recorded simulta-
neously.

Fig. 4. The photograph of the quasi-static three-point bending test apparatus.

Figure 5 shows the schematic illustration and a photograph of the drop
weight testing setup. In this test, the load and potential difference are recorded
by the oscilloscope (Yokogawa DL-2700) at the same time. A load sensing block
[20] which can capture the load and protect the reflected wave propagates back
into the load sensing part set just under the center. Figure 6 shows a photograph
of the load sensing block used in the present study. The load sensing block
has a small projection. Two strain gauges are glued axisymmetrically at the
middle of the projection. These two strain gauges are connected to a digital
oscilloscope (Yokogawa DL-2700) via a signal conditioner (Kyowa CDV-700A)
for amplifying the voltage signal. According to the relationship between voltage
and load calibrated by using the material testing machine, a voltage-time curve
can be transform into a load-time curve. Weight is dropped from a height of
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a)

b)

Fig. 5. a) A schematic and b) a photograph of the drop weight test setup.

Fig. 6. The photograph of the load sensing block used in drop weight test.
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700 mm and 900 mm respectively. The deflection with respect to time is recorded
by a high speed camera during impact. The deflection rate can be calculated
from a deflection-time curve by the finite difference method. The corresponding
deflection rates in the impact are approximately 3190 mm/s and 3530 mm/s.
The normalized deflection rates can be calculated as 40 s−1 and 45 s−1 divided
by the span length of 80 mm, respectively.

2.4. The manner of data processing

In this investigation the simple formula for evaluating the J-integral under
bending deformation derived by Rice [21] is used. The formula is given by the
following equation.

(2.1) J =
Af(a0/W )

B(W − a)
,

whereA is the area under the load-deflection curve up to the point of crack initia-
tion. It can be calculated by using the DCPD method as described in Subsec. 2.1.
B and W are the initial thickness and width of the specimen respectively. a is
the initial crack length including the notch and the fatigue pre-crack. Since the
aim of this investigation is to evaluate the energy absorption characteristic of
TRIP steel with an extremely high ductility. The dimensions of the specimen
are based on the ASTM standard. Therefore a is equal to 14.4 mm and a value
of two for f(a0/W ) is employed.

2.5. Discussion on the result of 3B test

Figure 7 shows the relationship between the J-integral and the normalized
deflection obtained from the 3B test. It presents an approximately linear rela-

Fig. 7. Relationship between the J-integral and the normalized deflection rate of 3B test.
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tionship between the J-integral and the normalized deflection rate on the semi-
logarithmic plot. A positive rate-sensitivity can be observed by the J-integral
value’s increase with an increase in the deflection rate.

3. Small punch test

3.1. Samples used for small punch test

Two kinds of material are employed in this test, aluminum alloy 6061 and
AISI304. The aluminum alloy specimen is used for confirming the validity of
the established apparatus for SP test under quasi-static test. Both of them
are machined to a disk shape and they both have dimensions of 10 mm in
diameter and 0.5 mm in thickness. The specimen, made of AISI304, is subjected
to solution heat treatment at 1323K for 30 minutes by electric furnaces and then
quenched in water.

3.2. Measurement apparatus

3.2.1. The SP test apparatus for quasi-static SP test. Figure 8 shows the
established apparatus for the quasi-static SP test and the schematic figure of
jigs for both quasi-static and drop weight SP test. It consists of upper and lower
dies, four clamping screws and a puncher. In order to keep the centers of the
punch, specimen and dies in as a straight a line as possible, a cylindrical collar
is employed here. In order to prevent the specimen being subjected to frictional

a) b)

Fig. 8. a) The established apparatus for the quasi-static SP test and b) a schematic of jigs
for both quasi-static and drop weight SP test.
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forces during deformation, the bore diameter in the lower dies is determined as
follows [22]

(3.1) d2 ≥ d1 + 2t0,

where d1, d2 and t0 are the outer diameter of the lower die, the inner diameter of
the upper die and the original thickness of the specimen respectively. In present
study, d1 is decided as 2.4 mm and d2 is decided as 4 mm.
The quasi-static test is conducted with a conventional material testing ma-

chine, and the crosshead speeds are set as 0.2, 2, 20 and 200 mm/min.

3.2.2. Confirm the validity of the apparatus. In order to confirm the validity
of the apparatus which was established for SP test, the SP test is conducted by
the same setup and condition with past research work [16]. Figure 9 shows the
comparison of the load-deflection curves under quasi-static test obtained by the
present study and the previous study. The result of the present study coincide
with the previous study, and so, we can find that the apparatus manufactured
here is valid.

Fig. 9. The comparison of the load-deflection curves obtained by the present study
and a previous study [16].

3.2.3. The SP test apparatus based on the drop weight method. The jig for
SP test based on the drop weight method is shown in Fig. 10. The SP test
apparatus is placed on the center of the steel plate. Weight is dropped from
a height of 20 mm. The speed of the weight at the moment of impact can be
calculated by using two optical fiber sensors. A gauge line is marked on the top
of the puncher. By tracking the position of the gauge line with the high speed
camera, the displacement with respect to the time of the punch can be obtained
as shown in Fig. 11a. The load during the impact can be recorded by the load
sensor block which is as same as the drop weight 3B test is shown in Fig. 11b.
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Fig. 10. The jig used for SP test based on the drop weight test method.

a) b)

Fig. 11. The deflection-time curve (a) and load-time curve (b) obtained by SP test based
on drop weight test method.

3.2.4. The impact SP test based on SHPB method. To conduct the impact
SP test under high loading speed, an impact SP test apparatus is newly estab-
lished based on the SHPB method. The schematic picture of the established
apparatus is shown in Fig. 12. It consists of an air gun, a striker bar, an input
bar, an output tube and some measurement devices. The puncher and the lower
die are directly manufactured at the ends of the input bar and the output tube
respectively. The upper die is connected to lower die with the output tube by
a thread and the specimen is clamped between the upper die and the output
tube. A collar with lower mechanical impedance is used to keep straightness of
the center of the punch and the specimen. The dimensions of this apparatus are
also designed by Eq. (3.1). When the air gun launches the striker bar to impact
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on the edge of input bar by a sudden release of compressed air, a stress pulse
is generated and propagated along the input bar toward the specimen. After
it arrived the specimen, partially of it reflected back into the input bar as the
reflected strain pulse, and the residual pulse transmitted though the specimen
into the output bar as the transmitted strain pulse. To record the strain wave
in the pressure bar and tube, the semi-conductor strain gauges (Kyowa KSP-z-
120-E4) are glued axisymmetrically at the middle of the pressure bar and tube.
All strain gages are connected to a digital oscilloscope (Yokogawa DL-2700) via
signal conditioner (Kyowa CDV-700A) for amplifying the voltage signal.

a)

b)

Fig. 12. The schematic picture of the established apparatus for the SP test based on SHPB
method: a) whole of the apparatus; b) near the specimen including upper die and collar.

The stress pulses propagating through the incident and transmitter bars, σi,
σr, σt can be obtained respectively. Obeying the one-dimensional elastic wave
propagation theory, particle velocities in the incident and transmitter bars vin
and vout can be obtained by the following equation.

(3.2)

vinp(t) =
σi(t)− σr(t)

ρc
,

vout(t) =
σt(t)

ρc
,
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where ρ and c are mass density and velocity of longitudinal elastic wave in
pressure bars. Using the following equation, a deflection at the center of the
specimen δ(t) is calculated as

(3.3) δ(t) =

t
∫

0

{vinp(t)− vout(t)} dt
′.

According to results above, the input load Pinp(t) and load at support point
Psup(t) can be calculated by the follow equation:

(3.4) Pinp(t) = [σi(t) + σr(t)]Ain, Psup(t) = σt(t)Aout,

where Ain is the cross-sectional area of the input bar and Aout is the cross-
sectional area of the output bar. In general, the stress wave obtained by SHPB
method has the initial oscillation. To reduce the initial oscillation, the pulse
shaper technique was introduced [23, 24].

3.3. The manner of data processing

In the present study, the J-integral is calculated by using the method pro-
posed by Shindo et al. [17]. The determination process of the evaluation equa-
tion is given as follows.
At first, the equivalent fracture strain, which is very important in order to

obtain the J-integral of the SP test, is derived by using the follow equation
under the assumption of constant volume during plastic deformation:

(3.5) εqf = ln

(

t0
t

)

,

where t0 is the initial thickness of specimen and t is the thickness of the frac-
ture part measured after the experiment. In the present study, t0 is equal to
0.5 mm and t in the part of the fracture on the specimen is measured by us-
ing a micrometer. The plotted relationship between ln(ln(t0/t)) and ln(δmax/t0)
have an approximate linear relationship. Therefore, we can obtain the following
equation,

(3.6) εqf = α

(

δmax

t0

)n

,

where t0 is the initial thickness of specimen, δmax is the deflection at the maxi-
mum load obtained by the load-deflection curve from the SP test. From the cor-
relation between ln(ln(t0/t)) and ln(δmax/t0), α and n can be identified. Then
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according to the method by Shindo et al. [17], the J-integral obtained by exper-
imental results of the J-integral using CT specimen has an approximate linear
relationship with equivalent fracture strain which obtained by SP test at same
deflection rate. The linear equation can be obtained as follows:

(3.7) Jin = Aεqf −B,

where A and B are parameters, respectively.

3.4. Discussion on the result of SP test

Figure 13 shows the load-deflection curve at the various deflection rate ob-
tained by the SP test. As shown in this figure, the deflection at the maximum
load increases with an increasing deflection rate. Generally, in the conventional
tensile test for the metallic material, the load increases with an increase of strain
rates. At the same time, the maximum strain for failure becomes lower with an
increase of the strain rate. This implies that the strength becomes larger, but
the ductility decreases with respect to the strain rate. However, in the present
study an opposite tendency on the rate sensitivity of the deflection is observed.

Fig. 13. Load-deflection curves at various deflection rates.

Figure 14 shows the stress waves captured from the impact SP test based on
the SHPB method. Here it is observed that transmitted wave is quite small com-
pared with the incident and reflected waves. This phenomenon may be caused by
the stress wave becoming quite small when it is transmitted to the output tube.
Since the cross-section area may be large relative to the cross-section area of the
punch, most of the stress wave is reflected when the punch hits the specimen
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Fig. 14. Incident, reflected and transmitted pulse obtained from impact small
punch testing.

and the load turn to smaller. In addition, the fiction between the punch and the
specimen maybe created during the impact. It leads a partial of incident stress
consumed during the fracture process. However, the load and deflection still
can be calculated because the signal itself can be captured by an appropriate
adjustment of the resolution in output voltage.

4. Discussion on the result of the whole work

Following the steps described in the Subsec. 3.3, the approximately linear
relationship between ln(ln(t0/t)) and ln(δmax/t0), and the relation between the
J-integral and fracture strain can be obtained as shown in Fig. 15 and the
parameters of Eq. (3.6) and Eq. (3.7) are identified by these two relationship.
The final equations are shown as follow.

εqf = 0.001

(

δmax

t0

)2.54

,(4.1)

J = 1970εqf + 633.(4.2)

Unfortunately, as shown in Fig. 15b, it is hard to describe the corresponding
J-integral for the result of the SP test based on the SHPB method. However, the
maximum load of the SP test based on the SHPB method is known. Therefore,
it is allowed that the J-integral at such higher deflection rate can be calcu-
lated by using above two equations and it becomes approximately 7922 kJ/m2.
Nevertheless, according to the approximate linear relationship which obtained
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a)

b)

Fig. 15. a) The approximately linear relationship between ln(ln(t/t)) and ln(δmax/t0),
b) the relation between the J integral and equivalent fracture strain.

from Fig. 7, the J-integral of 3B test base on SHPB method should be approx-
imately 2456 kJ/m2. Therefore, we can conject that the J-integral may be not
have a linear relationship with normalized deflection rate under high strain rates
anymore. This means that a different mechanism for energy absorption occurs
in the range of higher deflection rate compared with the result of the 3B test by
the drop weight machine.
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In the previous study [17], the parameters for the Eq. (3.6) and Eq. (3.7) have
been identified for austenitic stainless steel at the cryogenic temperature. Here,
in order to compare this with the relations defined by the previous study [17], the
J-integral is calculated using their parameters and δmax of the results in present
study. The result is shown in Fig. 16. Compare with the result shown in Fig. 7
the values of J-integral are approximately four times the results obtained by 3B
test at the same deflection rate. Taking into consideration that the equations
by Shindo et al. [17] are defined at the cryogenic temperature, the J-integral
value maybe overestimated.

Fig. 16. The relationship between the J-integral and normalized deflection rate.

In the present study, a relationship between the energy absorption charac-
teristic up to crack initiation and the normalized deflection rate was obtained
by J-integral. The apparatus for impact SP test based on the modified SPBH
method was established. By using the result of the 3B test, the relation between
J-integral and the equivalent fracture strain under the SP test was redefined.
Finally, the fracture energy absorption of SP test obtained by SHPB method was
calculated. An experimental method for studying the rate sensitivity of energy
absorption was established.
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The paper presents general conclusions arising from FEM analyses of elastic properties
of thin-walled structures designed with the application version of the statically admissible
discontinuous stress fields (SADSF) method. The analyses have been carried out as a part
of a large-scale research program, whose main objective is conclusive verification of practical
usefulness of the SADSF method in design. The present state of development of the method’s
application software is so advanced that it allows one to design even very complicated thin-
walled structures composed of plane elements. This is a particular class of structures to which
the Saint Venant’s principle is not applicable [3, 4], and the methods based on consecutive
iterative improvements should be applied with due caution. In the SADSF method one does
not use iterations, and the method can be applied already at the stage when only boundary
conditions are known [3, 4]. Unfortunately, the method is an approximate one and does not
apply to the elastic range of stress that usually exists in exploitation conditions.
On the basis of analyses carried out for several dozen cases of thin-walled structures de-

signed with the SADSFmethod we can state, among other things, that in these structures there
are dominating membrane states, deformations remain small, equivalent stress fields are well
equalized also along free borders, stress concentrations are relatively low, and maximal levels
of equivalent stresses are approximately the same in all component elements. It has also been
proven that the structures designed with the SADSF method may have strength properties
even several dozen times better that those of structures designed traditionally. The obtained
conclusions are presented on the basis of three selected examples of original, which in this case
have open-section structures (see e.g. [11]) designed to carry torsional load [3, 4].

Key words: design, thin-walled structures, limit load capacity, FEM analysis.

1. Introduction

The problem of designing structures that have good strength properties
(good equalization of equivalent stress, low stress concentrations, etc.) and at
the same time being light, have long been the centre of engineers’ attention. The
solutions satisfying these requirements are sought for in the class of thin-walled
structures, and these are widely applied in practice (e.g., in automobiles and in
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various machine and building structures). However, they have specific proper-
ties. First of all, great sensitivity of their structural parameters to changes, and
often apparently small ones, i.e. to the changes in number, spatial allocation
and mutual connections of component elements [4]. In consequence, methods
based on procedures of consecutive iterative improvements, among them also
the advanced methods of so-called topological optimization [1], should be used
for these structures with due care [3].
A method that does not rely on consecutive improvements and is easy to

use for an engineer is one of Statically-Admissible Discontinuous Stress Fields
(SADSF) [2, 3, 7, 8, 12–14]. The method is aimed at designing thin-walled
structures composed of plane elements. One can use it already at the design
stage, when only boundary conditions are known [3, 14].
A certain limitation of the SADSF method is that it is based on conclusions

arising from the lower-bond theorem of limit analysis, and thus it is an approxi-
mate method. It assumes among other things, that one exclusively uses an rigid
ideally-plastic model of material, a plane state of stress is realized in each com-
ponent element, and that only the limit state of the structure is analysed which
corresponds to the beginning of its collapse. For these reasons, since the method
came into being in nineteen-sixties [12], researchers have carried out fragmentary
investigations on properties of structures designed with the SADSF method. Ini-
tially, these were plane structures, later three-dimensional structures have also
been examined [2–13]. The results of these investigations have shown good, some-
times even surprisingly good, load-carrying properties of SADSF structures in
the whole range of applied loads including the elastic range – which usually is
the range of working load. Unfortunately, because of a dissimilarity between the
physical material models used for analyses in this range and those applied in
the limit state, one can not prove that such properties would be encountered in
all cases of structures designed with the SADSF method [2, 3, 12]. Nevertheless,
having an adequately reach material from research confirming good properties
of SADSF structures, one may regard such properties as the expected ones.
Therefore, the basic aim of the large-scale research program undertaken by

the author has been recognition of actual properties of structures designed with
the SADSF method and conclusive verification of the usefulness of the method in
design. Having in mind large the scale of the investigations carried-out (a large
number of structure cases) we have selected computational and experimental
methods that are neither very onerous nor expensive.
In the course of the program we have investigated, among other things:

• distributions of elastic stress fields by means of FEM,

• development of plastic zones, examined using e.g. thermovision, and actual
mechanisms of collapse and equilibrium paths,

• fatigue strength, determined by applying the local strain method.
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Application of the FEM in the analyses of properties in the elastic range al-
lowed us to relatively easily analyse practically all the interesting cases, known
from literature [2–4, 14] of thin-walled structures designed with the SADSF
method. Among them we have not found any negative example. Having at
our disposal such an extensive research material we could assume that the
good elastic properties, described in the following part of this work, are ex-
pected.
In this work, general conclusions arising from the aforementioned analyses

are presented by example of three selected interesting structures whose propor-
tions are similar to those of crossbars in carrying frames of vehicles (Fig. 1).
The interesting detail is that, despite the fact that these structures consist of
open sections they could be successfully designed for torsional loads. In this
way it was proven once again that such profiles might have significant tor-
sional rigidity, contrary to what was stipulated by simplified one-dimensional
theories [3]. We have chosen these particular structures for presentation, the
ones which belong to the “worst cases” encountered in our investigations. The
reason is that in-plane bending loads appear there in most of the plane com-
ponents, so that one can not expect good equalization of equivalent stress
in large fragments of the structure’s volume – contrary to what we observe
in many other structures designed with the SADSF method (see for exam-
ple [11]).
The structures were originally designed byW. Bodaszewski [3, 4] with the

use of the software package SADSFaM1 developed by himself [3, 14].
An illustrative example of the formulation of a design problem is presented

in Fig. 1a [3]. The only input data were: the limit load S and T applied to
the segment Sp of the border S (which can be reduced to the limit moment
Mgr = S · a− 2T · h), the geometry of the segment Sp (with dimensions: L, h,
a, b, δ), and the plastic properties of the material of the sought-after structure
(with yield point σY ).
The task was to design a statically-admissible stress field which satisfies the

assumed boundary conditions, and – at each point of the structure – the assumed
yield condition. Then, the contours of the field should be made identical to the
contours of the sought-after structure [2, 3].
When using the application version of the method, one designs the structure

by selecting ready-made particular solutions of the fields from a library (Fig. 1b),
and connecting them while paying attention to satisfying the boundary condi-
tions and equilibrium conditions at the places of connection. To perform this
task, the designer should only know the fundamentals of statics and to show
some inventiveness.
The solution to the problem from Fig. 1a, denoted as “F95b” (the same de-

notation as the file containing its data) is shown in Fig. 1c, while the method of
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selecting and assembling the component fields in its antisymmetric half is illus-
trated in Fig. 1d. In the flanges, fields of “s10” type are applied, which determine
the shape and dimension of the elements. In order to transfer the forces S, and
to satisfy the boundary conditions on the borders of oblique elements “s10”, it
was necessary to introduce oblique webs, in which one applies the fields of the
“Ts” type that realise pure sheer. Considering equilibrium conditions on the
borders joining the two fields, and assuming thickness of the oblique webs to
be g = 1.8 [mm], one obtains the thickness of the flanges, g = 2 [mm]. In the
web with holes one assumes a zero state of stress with fields of type “Ns1” and
thickness g = 2 [mm].
Another illustrative example of formulation of design problem is presented

in Fig. 1e, and two of its solutions, obtained for different values of border pa-
rameters, are shown in Figs. 1e and 1f. These solutions are denoted, respec-
tively, “F92b” and “F10”. The method of constructing such fields is described
in works [3, 4].

2. Computational models

In the FEM analyses performed with the use of the CosmosM software pack-
age, we assumed, among other things:

• Small strains and linear-elastic physical model of material.

• Triangular shell elements type SHELL3 with 3 nodes and 6 degrees of freedom
in a node.

• The average size of an element 3–5 times greater than its thickness.

• Loads introduced into the models in the form of torsional moments produced
by forces Fy applied to the borders of holes in additional diaphragms “p1”
(see Figs. 2a, 3a, and 5a); the nodes lying on the borders of holes in the
additional diaphragms “p2” deprived of possibility of displacements Uy; fixed
displacements Ux, Uy and rotations Ry, Rz of nodes lying in the centre of
these diaphragms in order to exclude the possibility of rigid motion.

• The value of load equal to a half of the limit load-carrying capability assumed
in the design with the yield point of σY = 300MPa; this means that, assuming
ideal equalization of equivalent stress level, the equivalent stress would be
equal to σeq = 150 MPa at each point of the analysed structure.

• The shapes and dimensions of the analysed models are almost ideally consis-
tent with those from the solutions to the design problems; small corrections
were only made in the vicinity of contour refractions, which were smoothed
with Bezier curves drawn out of the original borders in order to prevent di-
minishing the assumed limit load-carrying capability [2]; the tasks of border
correction have not been undertaken.
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The assumed shell model allows only for approximate analysis of local three-
dimensional states that arise, for example, in the areas of connection between
plane component elements.
In this work, we restrict ourselves to the analyses of only the linear-elastic

range of stress, because this is the typical exploitation range in this class of
structures. The FEM analyses in elastic-plastic range will be the subject of
a separate work.

3. General results of analyses

At the beginning, to facilitate reviewing main results of this investigation, we
here summarize the conclusions, which seem to be the general as they frequently
appear in the whole range of the already performed analyses:

1. Deformations remain small and membrane states dominate in the structure;
equivalent stresses that arise due to bending states take relatively small val-
ues.

2. Stress concentrations are low, maximal values of equivalent stresses reach
similar levels in all component elements.

3. Good equalization of equivalent stress fields in large fragments of the struc-
tures [11], and – in the case of structures built of elements bent in their planes
– at least along free borders.

4. Strength properties of structures designed with the SADSF method are rad-
ically better than those of systems whose structures were not properly ac-
commodated for the carried load and/or were designed with an intuitive
approach.

4. Detailed results

The results are presented as object drawings which illustrate first the im-
portant details of the structures and shapes of the models resulting from the
solutions to the design problems, and then distribution of equivalent stresses σeq
(in the Huber-Misses sense) arising due to membrane and bending states.

4.1. Model based on solution “F95b”

The shape of the analysed model of the structure “F95b” and the assumed
boundary conditions are presented in Fig. 2a.
As it results from the SADSF solution, in the plane ASym of the structure

there are no reactions acting perpendicularly to this plane, so that bimoment
does not appear there. However, the bimoment arises out of the ASym plane
and its value increases with the distance from the symmetry plane reaching
a maximum at points where oblique webs are fixed. Then, the bimoment value
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Fig. 2. Shape and boundary conditions assumed for model “F95b” in FEM analyses (a) and
distributions of equivalent stresses calculated according to Huber-Misses criterion (b, c)

decreases and drops to zero in the terminal cross-sections of the diaphragms. It
is worth noting that, in the vicinity of cross-sections with maximal bimoment
values, there also appear the greatest stress concentrations in elastic state.
The distributions of equivalent stresses for membrane and bending states are

presented in Fig. 2b and 2c. In Fig. 2b, we can see that:

• There appear small, local concentrations of equivalent stress at different places
of the structure (i.e. at points marked with arrows, where σeq = 224.2 [MPa],
σeq = 214.3 [MPa], and σeq = 182.7 [MPa]), however, the values of stresses at
these points do not significantly differ from one another.

• Good equalization of equivalent stress along free borders of the flanges.

• An almost ideal level of stress equalization in oblique webs, where shearing
stress has been assumed in the statically-admissible fields.

• Low equivalent stress areas are observed in the central web (with holes) where
a zero state of stress has been assumed.

Consequently, in Fig. 2c one can see that maximal equivalent stress associ-
ated with bending state of stress reaches small values, and its maximal value
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equals only 13% (29.2/224.2) of the value of maximal stress associated with
membrane state.

4.2. Model based on solution “F92B”

In the case of the structure model type “F92b”, the shape and dimensions
assumed for FEM analyses (Fig. 3a) were exactly the same as those obtained
from the SADSF design problem (Fig. 1f). Modifications were only applied to the
arrangement of holes in the web, for which a zero state of stress was assumed
in the SADSF solution, and the web itself was introduced only to retain the
constraints that maintained geometry of the structure.

Fig. 3. Shape and boundary conditions assumed for model “F92b” in FEM analyses (a) and
distributions of equivalent stresses calculated according to Huber-Misses criterion (b, c).

The structure was based on an I-section, and the effect of high rigidity
was obtained thanks to the addition of oblique elements in the vicinity of the
diaphragms. As follows from the analyses of interactions between component
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fields [3], these elements should be used for closing the bimoment reactions that
arise due to asymmetry of the internal forces ASym (Fig. 1f) and increase with
the distance from the plane of symmetry of the structure.
In this structure, all the elements (except the web) are kinds of membranes

bent in their planes. In such elements, in the elastic range of load, there ap-
pears the axis of bending and strains increase with the distance from this axis.
Then, one can expect their especially big discrepancies between the limit fields
and elastic fields. However, it turned out that this structure exhibits several
good properties, also in the membrane state. Among other things, there we
have:

• Good equalization of equivalent stress along free borders and an almost iden-
tical maximal values of stress both in the flanges and in oblique elements
(compare the values marked in Fig. 3b).

• Relatively low concentration of stresses (the maximal equivalent stress of
255.7 [MPa] is not much greater than that which we would obtain assum-
ing ideal equalization of stress in the whole structure, i.e. stress value of
150 [MPa]).

• Areas with very low load in the web, where a zero state of stress was assumed.

Additionally, we found that the membrane state was the dominant one; the
maximal equivalent stress due to bending (Fig. 3c) reached 37.6 [MPa], which
was approximately 15% (37.6/255.7) of the maximal value obtained for the
membrane state (Fig. 3b).
In order to demonstrate the quality of the presented solution, as well as

the scale of possible improvements in strength properties resulting from the
application of the SADSF method, we performed FEM analyses for a model of
a regular I-section. The thickness of the sheet metal plates assumed for both
models were the same. We also assumed constant width of the flanges, equal
to the maximal width determined from statically admissible fields. The central
web however, was without any holes, because the weight of the I-section model
was assumed to be equal to that of the designed model. Boundary conditions
are assumed the same as in the SADSF solution, however, the load value is
assumed to be 14 times lower to make the maximum level of equivalent stress
approximately the same in both models.
The distributions of the total equivalent stress fields obtained for both models

are presented in Fig. 4. Such a great difference between load levels in the two
models results first of all from the fact that in the structure from Fig. 4b designed
with the SADSF method, the carried load mainly produces membrane state of
stress, while in the structure from Fig. 4a the transmitted load must produce a
bending state of stress which leads to low rigidity of the structure and generally
to high level of equivalent stress [3]. In this model, maximal stress arising due
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Fig. 4. Example comparison of distributions of total equivalent stresses in the model designed
with the SADSF method (b) and in the model based on a regular I-section (a).

to membrane state equals 93.4 [MPa], while that associated with bending state
is as high as 216.6 [MPa].

4.3. Model based on solution “F10”

The shape of the considered model “F10” and its boundary conditions are
well illustrated with the drawings in Fig. 5a. The contour refractions on external
borders and the holes in the central web were smoothed with Bezier curves.
This structure is based on a regular channel section, and the effect of high

rigidity is achieved by very simple constructional means – by applying two ad-
ditional plane elements welded into the section in its the central part. Thanks
to such a structural design, we managed to “close” self-balancing bimoment
systems, and in this way achieve radical increase in global rigidity of the struc-
ture as well as a significant decrease in the overall level of stress relative to the
loads.
Also in this structure, one can not obtain well-equalized elastic equivalent

stress in the flanges and in the additional oblique element because these parts
are subjected to bending. In this case, in the membrane state we find (Fig. 5b
and 5c):

• Good equalization of equivalent stress along free borders of the flanges.

• Almost the same values of maximal equivalent stresses in the flanges and in
the additional oblique element.

• Good conformity between the results of FEM analyses and those of photoelas-
tic examinations. An example juxtaposition of equivalent stress distribution
and isochromatic fringes in the upper flange [6] is shown in Fig. 5b.
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Fig. 5. Shape and boundary conditions assumed for model “F10” in FEM analyses (a), dis-
tributions of equivalent stresses calculated according to the Huber-Misses criterion (c, d), and

field of isochromatic fringes registered in the flange (b) [6].

The maximal equivalent stress associated with the bending state (Fig. 5b)
reaches locally only 14% of the value of equivalent stress related to the membrane
state (40.9/302.5).
The essential advantage of systems designed with the SADSF method is that

their structures are correctly chosen for the assumed loads, so that the loads
are carried by the dominating membrane forces [3, 4]. One may ask however,
“What happens if we change the structure obtained from the SADSF solution by
removing one of its parts?”. Let, for example, this part be the additional oblique
element, whose mounting into the structure (by welding) is rather laborious.
This time, however, the load value was assumed 10 times lower in order to

obtain the level of equivalent stress similar to that in the SADSF solution.
The distribution of equivalent stresses obtained for such a case is presented in

Fig. 6. The bending state is the dominant one, here. Maximal stresses originating
from the membrane state are small and constitute just 8.5% of the bending state
stresses (28.0/331.9).
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Fig. 6. Distribution of equivalent stresses in the structure modified by removing the additional
oblique element and after a ten-fold decrease of the applied load.

5. Conclusions

The results obtained in this study confirm the enormous usefulness of the
SADSF method in designing thin-walled structures and justify the need for
popularizing this method in industry.
In all the cases analysed already – similarly as in the examples presented

in this work – we have always found good and very good strength properties
in elastic state. In consequence, the examined structures have also had good
properties in the conditions of time-varying loads. Similar conclusions, based on
other cases of structures designed with the SADSF method, have been repeatedly
published in the relevant literature [2–13].
The scale of the analyses carried-out and the repeatability of the obtained

results, allows us to treat the conclusions formulated in this work as general.
The examinations in the elastic-plastic range of stress have shown, among

other things, an almost equal limit of load-carrying capabilities of all component
elements of the structure, plasticization of vast portions of the structure’s volume
at the moment of collapse, and the prevalence of the membrane state within the
whole range of the load values – up to the value not much smaller than the
actual limit load. On the other hand, the collapse itself has always consisted in
large, bending-type changes in geometry, and in all cases the actual limit load
has turned out to be greater than that assumed in design.
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In this paper, we evaluate the sliding and the loosening behavior of thread joints (M16
bolt-nut fastener) under transverse loading. First, the critical relative slippage (Scr), less than
the displacement in which the thread joints can keep the fastening, are obtained by the cyclic
loading tests. Then, this critical relative slippage is estimated according to the theoretically ob-
tained equation by considering the bending deformation of bolt and the geometrical constraint
condition. The inclination compliance (kw) of the bolt head used in this equation is evaluated
by comparing the experimental result with the corresponding analytical one. In consideration
of the nonlinearity of kw with respect to the bolt axial tension, the Scr is well estimated by
this equation.
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1. Introduction

Considering the efficient productivity and maintainability, most of machine
and product has many joints (e.g., fastening, welding and adhesive joints). In
particular, the thread joint has been frequently used for these purposes as a ma-
chine element. However, many troubles, such as loosening of bolted joints or
fatigue failure of a bolt, are often experienced. Much attention must be paid to
the improvement of the strength and the reliability of the thread joints. It is
generally said, that the fastening axial force rapidly decreases by the rotation
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loosening of nuts if the relative slippage on the interfaces between the nuts and
the fastened body goes beyond a certain critical limit [1, 2]. For example, the
thermal expansion due to temperature change between jointed members may
cause this kind of problem. Another reason for these troubles is that the de-
formation behavior and strength of the machine are not evaluated sufficiently
in the CAE analysis, because of imperfections in the database of mechanical
properties of these joints.
The aim of the present research is to construct an industrially available

database, including equivalent rigidity and critical relative slippage of these
joints for the CAE process. As the first step, in this paper, we present the
investigated results of the sliding and the loosening behavior of thread joints
(M16 bolt-nut fastener) under the transverse cyclic loading condition. Further,
the critical relative slippage (Scr) that prescribes the upper limit for preventing
the loosening behavior is experimentally obtained from cyclic loading test. And
the inclination compliance (kw) that represents the pseudo-rigidity of the bolt
head portion is evaluated using the theoretically constructed equation and the
experimental result.

2. Sliding behavior of the thread joint

The sliding behavior of the thread joint under transverse loading is shown
in Fig. 1. The deformation behavior of the thread joint mainly depends on
the amount of transverse loading given to the joint. When the load is low, the
bolt and fastened components (two plates) are deformed as one body (Fig. 1a).

Fig. 1. Behavior of the thread joint (bolt-nut fastener) under different load conditions.
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On the other hand, relative sliding is generated at the interface between the
upper and lower plates, when the load becomes greater than the frictional force
(the number of the bolts n× the friction coefficient µ× the initial bolt axial
tension F ). However, when relative slippage S between upper and lower plates
is small, the relative slippage is absorbed by the bending deformation of the bolt
and does not generate the relative sliding between the bolt head and the fastened
component (Fig. 1b). The relative displacement increases with the increase in
the load. The relative sliding is generated at the interface between bolt head
and fastened component, when the relative displacement exceeds the critical
relative displacement S∆ (Fig. 1c). Then, the bolt loosening due to its rotation
is inevitable and thus the axial tension decreases.

3. Critical relative slippage Scr

Concerning the loosening of the thread due to its rotation under transverse
loading, Yamamoto and Kasei et al. proposed an equation which evaluates
the critical relative slippage using the experimental result [3, 4]. Critical rela-
tive slippage Scr that prescribes the upper limit for preventing the loosening
behavior is dominated by flexural rigidity of the bolt and the inclination com-
pliance kw that represents the pseudo-rigidity at the bolt head portion. The
Scr is estimated by the following equation, which is derived from the bending
deformation of the simple beam instead of from the bolt [5]; as shown in Fig. 2.
The Scr value is proportional to the bolt axial tension.

a) b)

Fig. 2. Estimation of critical relative slippage Scr by using the simple beam model: a) symbolic
dimensions of a bolt-nut joint structure, b) deflection of a bolt by transverse loading.
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(3.1) Scr = 2∆ = 2F
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,

F – Bolt axial tension, µw – frictional coefficient of the interface between bolt
head and fastened component, µs – frictional coefficient of the threaded interface,
kw – inclination compliance of the bolt head portion, Eb – longitudinal modulus
of elasticity of the bolt, Ig, Ip – moment of inertia of the cross-sectional area of
the bolt, α – half-thread angle, cos 2α = 0.75.

4. Experimental conditions

4.1. Bolt-nut fastener

Flat plates made of medium carbon steel were fastened with one bolt as
illustrated in Fig. 3. The plate has a 64 mm width, 157 mm length and 9 mm
thickness. Both plate surfaces were ground in the loading direction. The com-
monly used bolt made of carbon steel was used for the fastening, whose speci-
fication was M16×2(pitch)×55(nominal length) and thread length 40 mm. The
specifications of the M16 bolt are given in Table 1. The thread joint and sensors
are also shown in the figure. The bolt axial tension is measured by the strain
gauge embedded in the bolt.

Fig. 3. Bolt-nut fastener and sensors.

Table 1. Specifications of M16 bolt.

Nominal
diameter
[mm]

Strength
classification

Ultimate
tensile
strength
[MPa]

Proof stress
[MPa]

Pitch
[mm]

Effective
sectional
area
[mm2]

Standard
axial tention
[kN]

M16 4.8 392 314 2 157 34.5
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4.2. Experimental setup and procedure

The fatigue testing machine with a hydraulic cylinder was used in order
to give transverse cyclic loading in the bolt axis direction. The apparatus was
composed of a hydraulic pump, servo valve, servo controller, function generator,
load cell, and recording device.
Quasi-static or cyclic transverse load was applied to the bolt-nut fastener

as shown in Fig. 3. Transverse load, bolt axial tension and displacement of two
plates were measured by sensors and a load cell. The displacement of the lower
plate was measured by using small block bonded to it. The relative displacement
between the plates was also measured.
In the quasi-static loading test, the static loading (tension) was given to the

bolt-nut fastener which were fastened by various bolt axial tension (5 types of
35 kN, 30 kN, 25 kN, 20 kN, and 15 kN). The critical transverse load in which
sliding was generated between the bolt head and the fastened component was
examined.
The cyclic loading (tension-compression) test was carried out. The bolt axial

tension was the same condition as the quasi-static loading test. The sinusoidal
wave load (displacement) of 1 Hz was applied to the bolt-nut fastener, at most
10,000 times. When the decrease in the bolt axial tension became rapid, the
cyclic loading was stopped. The displacement given to the bolt-nut fastener was
changed in accordance with the bolt axial tension in order to obtain a critical
relative slippage Scr, less than the displacement in which the thread joints can
keep the fastening.

5. Experimental results

5.1. Quasi-static loading test

The relationship between the load and relative displacement of a pair of
plates is shown in Fig. 4. In result of the tension loading, the difference between
the various bolt axial tensions was compared. It is clear that the lower the
bolt axial tension, the lower the transverse load which generates sliding at the
interface between the bolt head and fastened component in Fig. 4. The friction
coefficient of thread joints used in this research was about 0.19.
The relative displacement that is the relative sliding length was monitored by

the displacement sensors during experiment as shown in Fig. 3. When the sliding
length increases without an increase of tension, the slippage at the interface
between bolt head and fastened component takes place as shown in Fig. 4. This
is the critical relative displacement and corresponds to a transition point from
a sticking to a sliding condition. It is however difficult to measure it precisely,
because a small change in experimental conditions affects much of the result. In
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Fig. 4. Dependence of transverse load on relative displacement.

this study, the change of bolt axial tension by cyclic loading was examined, and
the critical relative slippage Scr under which the thread joint can keep fastened
was obtained from the relation between the amplitude of the displacement and
bolt axial tension in cyclic testing.

5.2. Cyclic loading test

The bolt axial tension decreases with the number of cycles as shown in
Fig. 5, for various displacement conditions in which the initial bolt axial tension
is 15 kN. The decreasing speed in the axial tension is estimated as dF/dN . The
dF/dN value was calculated by the change in the bolt axial tension in the range
from 500 to 1000 cycles in which the bolt axial tension is regarded as almost
linear in all experiments.

Fig. 5. Dependence of axial tension on the number of loading cycles.
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The bolt axial tension decreases rapidly as the relative displacement be-
comes larger, where loosening of the bolt due to its rotation occurs. The loos-
ening speed of the bolt depends on the number of loading cycles and relative
displacement.
In order to determine the critical relative slippage Scr, the loosening speed

dF/dN with the relative displacement is drawn in Fig. 6 for each bolt axial
tension. The relative displacement Scr, at which the loosening speed drastically
changed, was determined and whose value is depicted in the figure.

Fig. 6. Dependence of dF/dN on the relative displacement.

By substituting the determined Scr in Eq. (3.1) for the case with a bolt
axial tension of 35 kN, the inclination compliance kw of the M16 bolt head
is calculated to be 3.94×10−5 (kN·mm)−1. However, the lower the bolt axial
tension becomes, the larger the value of kw varies, because of the decrease of
the apparent or equivalent rigidity of the thread joint. In the low fastening
force region, the contact surface pressure at the threaded interface and the
interface between the nut and the fastened component decreases, and then the
bolt head tends to incline. The contact surface pressure over a certain value is
necessary such that the constraint force at the thread interface becomes sufficient
to avoid the inclination of the bolt. The Scr value is proportional to the bolt
axial tension F , such that kw takes on a constant value in the high fastening force
region [4]. On the other hand, it was reported that kw was inversely proportional
to the bolt axial tension F in the low fastening force region, and took the
constant value over some fastening force [6]. The behavior of the bolt screwed
to the thick plate where the nut was not used was investigated in these papers.
Therefore this estimation method was applied to the bolt-nut fastener. As for
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the thread joints used in the experiment, the kw of M16 bolt head was evaluated
by the following equations, as demonstrated in Fig. 7.

kw = (84.4/F ) × 10−5 (kN ·mm)−1 for F < 21.4 kN,(5.1)

kw = 3.94 × 10−5 (kN ·mm)−1 for F ≥ 21.4 kN.(5.2)

Fig. 7. kw values obtained by experiment and their corresponding fitting curve.

Equation (5.1) is available for conditions with a low bolt axial tension less
than 21.4 kN. This bolt axial tension (21.4 kN) shows the minimum value at
which kw can be taken as a constant value. Figure 8 describes the two Scr trend
lines by Eq. (3.1), in which kw is calculated by Eqs. (5.1) or (5.2). By applying
these kw relations, we can estimate the Scr for arbitrary bolt axial tension by
Eq. (3.1).

Fig. 8. Estimated Scr by experiment.
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In the high fastening force region, it was reported that the kw value of
the M10 and M22 bolted joint was 1.61 × 10−4 (kN·mm)−1 [4] and 1.4 × 10−5

(kN·mm)−1 [6] respectively. The inclination compliance, which is the reciprocal
of rigidity, becomes small, because the rigidity increases with bolt diameter and
the bolt head portion does not show the tendency of inclination. The kw value
of M16 bolt-nut fastener was estimated to be 3.94 × 10−5 (kN·mm)−1 in the
present study. Thus the result seems convincing.
These Scr and kw which are the result in the present study can be applica-

ble as an appropriate deformation threshold of the bolt-nut fastener under the
transverse loading condition. The experiment for the various bolt axial tensions
and amplitudes of the displacement will be carried out to improve on the accu-
racy of its value in the future, especially for the transiting bolt axial tension in
which kw becomes constant.

6. Conclusions

The transverse loading test for a thread joint (M16 bolt-nut fastener) was
carried out, and its sliding and loosening behaviors were examined. The main
results are summarized as follows:

1. The critical relative slippage Scr less than the displacement, in which the
thread joints can keep the fastening, decreases with a decrease of the bolt
axial tension.

2. By considering the nonlinearity of inclination compliance kw of the bolt head,
the critical relative slippage Scr is well determined even for cases with low
bolt axial tension.

Characteristics for the loosening of various bolt-nut fasteners, including the
results of this study, are constructed as an industrially available database and
contribute to the accuracy improvement of CAE analysis.
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