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An analytical study of the strain energy release rate for an inhomogeneous beam structure
with a lengthwise crack subjected to non-linear creep is developed. The beam is inhomogeneous
along its length. Two cases are analysed (material with identical creep behaviour in tension
and compression, and material with asymmetrical creep behaviour). Since the stress cannot
be determined explicitly from the non-linear stress-strain-time relationship, an approach for
obtaining of time-dependent solutions of the strain energy release rate is developed by express-
ing the z-coordinate as a function of the stress. The analysis indicates that the asymmetrical
creep behaviour leads to an increase in the strain energy release rate.
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1. INTRODUCTION

Due to their superior mechanical properties, such as high strength-to-weight
and stiffness-to-weight ratios and good processability, structural members and
components made of continuously inhomogeneous functionally graded materials
are widely used in various engineering applications in modern technology [1-7].
The effects of inhomogeneity on stresses distributions in functionally graded
discs were analysed by applying the theory of elasticity in [1-3]. An efficient
method for the thermo-elastic analysis of functionally graded rotating disks
of variable thickness was developed in [3]. A functionally graded beam under
combined loads was investigated analytically in [4]. A method applicable for
a vast class of functionally graded and variable thickness beams was presented,
and A study of the effect of non-homogenous coefficient on the rotation and
deflection of the beam was carried out [4].

Functionally graded beams resting on a nonlinear foundation were investi-
gated in [5]. A method that can be applied on both linear and nonlinear foun-
dations was developed [5]. An analytical solution of a curved beam made of
functionally graded materials was derived in [6], where the influence of mate-
rial non-homogeneity on the radial distribution of circumferential stress was
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studied. Nonlinear static deflections of functionally graded porous beams under
thermal effect were investigated in [7], where different porosity models were ap-
plied and discussed. The nonlinear displacements of laminated composite beams
were studied under non-uniform temperature in [8]. Post-buckling analysis of
a functionally graded beam under hygro-thermal effect was performed assum-
ing a power-law variation of material properties along the beam thickness [9].
Furthermore, design, modelling, processing and evaluation of functionally graded
materials as well as their applications were described comprehensively in [10].
An introduction to the functionally graded material can be found in [11], where
a brief description of different functionally graded materials and their presence in
nature was presented. A critical review of the functionally graded materials and
their use in various areas can be found in [12]. Additionally, a review of modelling
studies related to functionally graded materials was presented in [13]. Lastly,
processing methods of functionally graded materials were discussed in [14].

Functionally graded materials usually have a layered structure [8-14]. There-
fore, they are prone to the development of lengthwise cracks between layers.
In fact, lengthwise fractures are among the most common failure modes of
beam structures made of continuously inhomogeneous engineering materials.
The lengthwise cracks diminish the strength and load-bearing capacity, com-
promise the stability and increase the deformability of structural members.

Lengthwise fracture of inhomogeneous beams with a layered structure was
analysed in [15], where solutions for the strain energy release rate were obtained.
For this purpose, linear-elastic fracture mechanics was applied since the layers
exhibited the linear-elastic behaviour [15]. Additionally, layered beam structural
members with linear-elastic behaviour were investigated in [16], with solutions
of the strain energy release rate for lengthwise cracks derived by using linear-
elastic fracture mechanics. Fracture in beams made of continuously inhomo-
geneous (functionally graded) materials was analysed theoretically in [17]. The
basic hypothesis used in [17] was that the layers exhibit linear-elastic behaviour.
Various works on the fracture behaviour of materials with a graded structure
were reviewed in [18], along with considerations of numerous applications of the
linear-elastic fracture mechanics |. The study also included analyses of cracks
in materials with graded structure under cyclic fatigue loading conditions [18].
Furthermore, a theoretical study of continuously inhomogeneous (functionally
graded) beams with cracks was developed in [19] for the case of linear-elastic
behaviour of the material, where exponential distributions of the material prop-
erties in the beam structure were assumed. It seems that existing works on
lengthwise cracks in continuously inhomogeneous beam structures deal mainly
with layers exhibiting linear-elastic behaviour.

However, one of the factors influencing the lengthwise fracture behaviour
is creep. This factor deserves a thorough study because engineering structures
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oftentimes are under external loads that do not change with time. These loads
usually induce material creep.

Therefore, the main objective of the present paper is to develop an analyt-
ical study of the strain energy release rate with taking into account non-linear
creep for a lengthwise crack in a continuously inhomogeneous beam configura-
tion in the longitudinal direction. In order to accomplish this, a time-dependent
solution of the complementary strain energy cumulated in the beam is derived
by using a non-linear stress-strain-time relationship (two cases are considered —
a material with identical creep behaviour in tension and compression and a ma-
terial with asymmetrical creep behaviour in tension and compression). Then,
time-dependent solutions of the strain energy release rate are obtained by dif-
ferentiating the time-dependent complementary strain energy with respect to
the crack area. In order to verify these solutions, the time-dependent strain
energy release rate is also derived by considering the energy balance. The solu-
tions derived are applied to investigate the change of the strain energy release
rate with time due to non-linear creep behaviour. Additionally, the influence
of asymmetrical creep behaviour of the material in tension and compression
on the strain energy release rate is evaluated. It should be underlined that the
key novelty in the present paper is that non-linear creep is taken into account
(distinguishing it from previous papers that concentrated on lengthwise fracture
analyses in continuously inhomogeneous beam configurations with linear creep
behaviour [20, 21]). It should also be specified that the present analysis is carried
out for small strains.

2. BEAM WITH IDENTICAL CREEP BEHAVIOUR IN TENSION AND COMPRESSION

A simply supported inhomogeneous beam configuration with one lengthwise
crack, as shown schematically in Fig. 1, is under consideration in this paper.
The length of the beam is denoted by [. The beam cross-section is a rectangle
of width b and thickness h. A vertical notch of depth hs is cut out in the
lower surface of the beam at a distance [; from the left-hand end of the beam.
The notch in the beam in Fig. 1 is needed to induce conditions for lengthwise
cracking. However, in real beam specimens the presence of such a notch is not
obligatory. For instance, lengthwise cracking can occur at the end sections of the
beam structure. In fact, the beam configuration considered in the paper (Fig. 1)
illustrates the way for application of the approach to treat lengthwise cracks in
functionally graded beams exhibiting non-linear creep behaviour. A lengthwise
crack of length «a is located in the beam portion B Bs, as shown in Fig. 1. The
upper and lower crack arms have different thicknesses, denoted by h; and hs,
respectively. The beam is subjected to three-point bending by a vertical force F’
applied at the mid-span. It is obvious that the lower crack arm is free of stresses
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Fic. 1. Geometry and loading of a beam structure with a lengthwise crack.

(Fig. 1). The beam under consideration exhibits non-linear creep behaviour,
addressed by using the following non-linear stress-strain-time relationship [22]:

(2.1) e = Agsinh (Spo) + A™t" sinh (So),

where ¢ is the strain, o is the normal stress, t is the time, Ao, 8o, A, 5, and
n are material constants. It should be noted that the first term on the right-
hand side of formula (2.1) describes the instantaneous strain, while the creep
strain is described by the second term on the right-hand side of (2.1). It is
evident from (2.1) that both the instantaneous and the creep strains depend
non-linearly on stress. Non-linear stress-strain-time relationship, Eq. (2.1), il-
lustrates the approach for application of the analysis. Other non-linear stress-
strain-time relationships can also be used depending on the particular problem
under consideration. It should also be noted that at time = infinity, the creep
strain approaches infinity according to Eq. (2.1). However, it should be noted
that the present analysis is carried out for small strains, i.e., the case ‘time =
infinity’ is beyond the scope of the paper (actually, at time = infinity the beam
would fail as a result of an unlimited growth of the creep strains). It should also
be noted that the present study assumes that the crack will begin to propagate
long before the failure of the beam as a result of the unlimited growth of creep
strains.

Due to material inhomogeneity, Ag and A vary continuously along the beam
length according to the following laws:

(2.2) Ao = AOKRGSOO%, A = AKR(BL'O%,

where Agxpr and Agpr are the values of Ag and A at the left-hand end of the
beam, ¢y and ¢ are material constants, x is the position along the centroidal axis
of the beam (Fig. 1). The application of Eq. (2.2) is based on the fact that the
exponential laws are frequently used to describe the distribution of properties
in continuously inhomogeneous structural members.
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The strain energy release rate for the lengthwise crack shown in Fig. 1 is
obtained by using the complementary strain energy. For this purpose, the strain
energy release rate G is written as:

14U

(2.3) G=—

where U* is the complementary strain energy, and da is an elementary in-
crease of crack length. The complementary strain energy involved in Eq. (2.3)
is found as:

(2.4) U* = U; + U3,

where U7 and U; are the complementary strain energies cumulated in the upper
crack arm and the beam portion B3 By, respectively. It should be mentioned that
the complementary strain energy in the lower crack arm is zero since this crack
arm is free of stresses. It should also be mentioned that the complementary
strain energies cumulated in beam portions By By and B4 Bs are not included in
formula (2.4) since these energies do not depend on a.

The complementary strain energy in the upper crack arm is obtained by
integrating the complementary strain energy density ug;, in the volume of the
upper crack arm:

h
li+a 71

(2.5) Uf—b/ /ugldxdzl,
l1 hy

where 27 is the vertical centric axis of the cross-section of the upper crack arm.
The complementary strain energy density is numerically equal to the area that
supplements the area enclosed by the stress-strain curve to form a rectangle.
Therefore, the complementary strain energy density is written as:

(2.6) Uy = 0 — Uo1,

where wug; is the strain energy density. As commonly known, the strain energy
density is equal to the area enclosed by the stress-strain curve. Thus, wug; is
expressed as:

(2.7) upl = /Udé‘.
From formula (2.1), de is derived as:

(2.8) de = [Apfp cosh (Boo) + A" 5t" cosh (Bo)] do.
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By substituting (2.8) into (2.7), one obtains:
(2.9)

ug1 = Ag |osinh (Byo) — ﬁlocosh (500)] + A"t [0 sinh (Bo) — ;cosh (Bo)|.
By combining (2.1), (2.6) and (2.9), one derives

(2.10) Uy = Ao cosh (Byo) + ﬁt” cosh (Bo) .
Bo g

In order to verify formula (2.10), the complementary strain energy density
is written as:

(2.11) uyy —/5da.

By substituting (2.1) into (2.11), one obtains an expression for the comple-
mentary strain energy density that exactly matches (2.10).

The complementary strain energy density has to be presented as a function
of z1 in order to perform the integration in (2.5). For this purpose, the stress-
strain-time relationship (2.1) is used. In the present paper, the distribution of
the strains involved in (2.1) is treated by applying Bernoulli’s hypothesis for
plane sections since beams of high length-to-thickness ratio are under consider-
ation. Therefore, the distribution of z; along the thickness of the cross-section
of the upper crack arm is expressed as:

(2.12) £ =K1z,

where k; is the curvature of the upper crack arm. By substituting (2.12) into
(2.1), one obtains:

(2.13) k121 = Apsinh (fpo) + A"t" sinh (Bo) .

The stress o cannot be determined explicitly from Eq. (2.13). Therefore, in
order to facilitate the integration in (2.5), z; and dz; are presented as functions
of the stress. By using (2.13), z1 is obtained as:

(2.14) 21 [Ap sinh (Boo) + A™t" sinh (Bo)] .

1
=
From formula (2.14), one derives

(2.15) dz; = — [ApBp cosh (Byo) + A" 5t" cosh (Bo)] do.

1
K1
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The curvature involved in (2.15) is determined in the following way. First,
the equation for the equilibrium of the cross-section of the upper crack arm is
written as:

21
2
(2.16) M=05b / oz1dz,
hy
where the bending moment is obtained as (Fig. 1):
F

Then by substituting (2.14) and (2.15) into (2.16), and integrating in the
boundaries from —oyg, to o4, one derives

@w)MzﬁiJ%mmmmw—gﬁmmmw

Al {asr cosh [(By + ) 7ar] — —— sinh [(5o + B) asr]}
1

_
B+ Bo

+<A”A0B#‘b {B e cosh (60~ 6) 7] - 2mnhuﬁo-ﬁ)amq}

1
(Bo — B)

+ AnAO/BOtn b {B 5o osrcosh [(8 — Bo) osr] — 2 sinh [(8 — fo) Usr]}

1
(B — Bo)

+ A2nt2"i2 osr cosh (2804) — 1 sinh (25057«)} ,
2K7 203
where —og,. and o, are the normal stresses at the upper and lower surfaces
of the upper crack arm, respectively. There are two unknowns x; and o, in
Eq. (2.18). Further, one equation is written by substituting z; = hy/2 and
0 = 04 into formula (2.13)

h
(2.19) m%:AmmwM@+mwmmmw.

Equations (2.18) and (2.19) are solved with respect to k1 and o by using
the MATLAB computer program.

The complementary strain energy cumulated in the beam portion BsBy is
written as:

(220) U2 =b / /Uoz d$d227

l1+a,,
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where g, is the complementary strain energy density, and zo is the vertical
centric axis of the cross-section of the beam portion B3B,4. The complementary
strain energy density is found using (2.10). The quantity dzy is obtained by
applying formula (2.15). For this purpose, k1 is replaced with the curvature kg
of the beam portion B3Bjy:

(2.21) dzo = — [ApBp cosh (Boo) + A" 5t" cosh (Bo)] do.

1
K2

The curvature x9 and the normal stress o, at the lower surface of the beam
in the portion B3B, are derived by using Eqs. (2.18) and (2.19). For this pur-
pose, k1, h1 and oy, are replaced, respectively, with kg9, ho and oy, and then
Egs. (2.18) and (2.19) are solved with respect to k2 and o, using the MATLAB
computer program.

By substituting of (2.4), (2.5) and (2.20) into (2.3) and expressing the bound-
aries of integration through oy, and oy, one derives the following expression for
the strain energy release rate:

Ouc

Osr
(2.22) G = /ugldzl— /u82d22,
o _

Ouc

where dz; and dzy are found by using (2.15) and (2.21), respectively. It should
be noted here that k1, o4, k2 and oy are obtained by Egs. (2.18) and (2.19) at
x = l1 +a. The integration in (2.22) is carried out using the MATLAB computer
program.

In order to verify solution (2.22), the strain energy release rate is also derived
by analysing the balance of the energy. For this purpose, a small increase da of
the length of the crack is given. The balance of the energy is expressed as:

(2.23) Fow = aacha + Gbéa,
a

where w is the vertical displacement of the application point By of the exter-
nal force, U is the strain energy. From (2.23), the strain energy release rate is
derived as:

Fow 10U

The integrals of Maxwell-Mohr are applied to determine w. For this purpose,
the integrals are written as (Fig. 1):
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l1 li+a
(2.25) w://{BleMl($)dx+ / k1M (z)dx
0 l
3 !
+ / I€2M1(.’E)d£6+/I€BSB5M2(SU)d$,
li+a1 é

where K, B, and kg, B, are, respectively, the curvatures in beam portions B1Bs
and ByBs, and M;(x) and Ms(x) are the bending moments induced by the unit
loading for obtaining w in beam portions By By and ByBs, respectively. Since

(2.26) Am@zg

and

(2.27) May(w) = L -2

' 2Ty Ty

the integrals (2.25) take the following form:
I hi+a 3 I ,

(2.28) w = /mBlBQ;dQH— / mlgdx—k / /{2323dx—|—//<;3335 <2 — g) dz.
0 15 l14ay é

In view of the fact that in formula (2.24) w is differentiated with respect to
the crack length a, it is not necessary to determine the curvatures kp,p, and
KBsBs, since the first and the last terms in the right-hand side of (2.28) do not
depend on a.

The strain energy involved in (2.24) is written as:

(2.29) U=U + Uy,

where U; and Us are, respectively, the strain energies in the upper crack arm and
in the beam portion B3B,4. The strain energy in the lower crack arm is zero since
this crack arm is free of stresses. The strain energies in beam portions B; By and
B, Bj are not involved in (2.29) since these energies do not depend on a.

The strain energy in the upper crack is obtained by applying formula (2.5).
For this purpose, g, is replaced with the strain energy density uo;. Formula (2.9)
is used to determine the strain energy density. Formula (2.20) is then applied
to derive the strain energy cumulated in beam portion B3B,4 by replacing ug,
with the strain energy density ugs.
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Finally, by substituting w and U in formula (2.24), and expressing the bound-
aries of integration oy, and oy, one derives the following solution for the strain
energy release rate:

F l o Tsr Ouc
(2.30) G = 7 ! 5 (k1 — ko) — / uor dz1 + / ug2 d 22,

where k1, 0, k2 and oy, are obtained by Egs. (2.18) and (2.19) at = = l1 + a.
The MATLAB computer program is used to perform the integration in (2.30).
It should be noted that the strain energy release rate obtained by (2.30) matches
that found by using (2.22). This fact serves as a verification of the solution for
the strain energy release rate derived in this section of the paper.

3. BEAM WITH ASYMMETRICAL CREEP BEHAVIOUR IN TENSION
AND COMPRESSION

The strain energy release rate for the lengthwise crack in the beam configu-
ration shown in Fig. 1 is also obtained for the case when the material exhibits
asymmetrical creep behaviour in tension and compression. For this purpose,
the creep in tension and compression is described by the following non-linear
stress-strain-time relationships:

(31) g = A()t sinh (ﬁOtO't) + A?ttnt sinh (5150'15),

(3.2) e = Apcsinh (Boco.) + Alet" sinh (B.oc),

where oy and o, are the normal stresses, respectively, in tension and compression,
t is the time, Ay, Bot, A¢, Bt, and n; are material constants in tension. The
material constants in compression are denoted by Age, Boc, Ae, B¢, and n.. Since
the material is inhomogeneous, Ao, A¢, Age, and A, vary continuously along the
beam length according to the following laws:

z z
33) Aoy = Aot pe?t 1, Ay = Aygre?' T,
3.3
x z
Ape = Aocx e T, A, = Ackre®er,

where Ay r, Atk R, Aock R, and Acxr are the values of Ag, A, Age, and A, at
the left-hand end of the beam, and g, ¢t, Yo, and @, are material constants.

It should be noted that stress-strain-time relationships (3.1)—(3.3) are used
here to illustrate how to apply the analysis when the beam exhibits asymmetrical
creep behaviour in tension and compression (other stress-strain-time relation-
ships can also be used in a similar manner depending on the particular problem
under consideration).
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A solution for the strain energy release rate is derived by applying formula
(2.3). The complementary strain energies in the compression and the tension
zones in the upper crack arm are written, respectively, as:

li+a z1n

(3.4) Ul.=b / / g dzdzy
i _h1
2
and
li4a h71
(3.5) Ut = b / wty dzda,
1 zin

where ug;. and ug,, are the complementary strain energy densities in the com-
pression and tension zones, respectively, and 21, is the coordinate of the neutral
axis (Fig. 2). It should be noted that the neutral axis shifts from the centroid
since the material has asymmetrical creep behaviour in tension and compres-
sion. In formulas (3.4) and (3.5), it is taken into account that the upper fibres
are loaded in compression in the beam under consideration. The complemen-
tary strain energy densities in the compression and tension zones are expressed,
respectively, as:

A Ale
(3.6) Uhte = =2 cosh (Bpeoe) + St cosh (Beo.)
ﬂ()c Bc
y b y
il A
n
2
R Y
ﬁL Zy,
2 n n

Z

F1G. 2. Cross-section of the upper crack arm
(the position of the neutral axis is marked by n —n).
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and
A APt
(3.7) Uy = ﬂi(()): cosh (Botor) + ﬂtt t" cosh (Sioy) .

The distribution of strains along the thickness of the upper crack arm is writ-
ten as:

(3.8) € = K1(21 — 21n),

where z1, is the coordinate of the neutral axis (it should be noted that the
neutral axis shifts from the centroid since the material exhibits asymmetrical
behaviour in tension and compression). The curvature and the coordinate of the
neutral axis are determined in the following manner. First, the equations for the
equilibrium of the cross-section of the upper crack arm are written as:

h

hy
Z1in 2
(3.9) N=0b / 0. dz; +b /Ut dzy ,
_h Z1ln . .
2 in compression zone in tension zone
h1
21n 2
(3.10) M =1b / o021 d21 +b / oiz1dz ,
_h Z1n . .
2 in compression zone in tension zone

where N is the axial force (apparently, N = 0). By substituting (3.8) into (3.1),
one obtains

(3.11) k1 (21 — z1n) = Age sinh (Boroy) + APHt™ sinh (Bioy) -
For z; and dz; in the tension zone, from (3.11) one derives:
1
(312) 21 = /{— [A(]t sinh (ﬁotO't) + A?ttnt sinh (ﬁto-t)] + Z1ns
1
1 n n
(3.13) dz; = . [Aot Bor cosh (Boror) + At Bit™ cosh (Bioy)] doy.

Analogously after substituting (3.8) into (3.3), one obtains the following
expressions for z; and dz; in the compression zone:

1
(3.14) z1 = — [Aoesinh (Bocoe) + AZet"™ sinh (B.oc)] — z1n,
K1

1
(3.15) dz; = — [AocBoc cosh (Bocoe) + AleBet" cosh (Be.oc)] doe.
1
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By substituting (3.12) and (3.13) in the tension zone and (3.14) and (3.15)
in the compression zone into (3.9) and (3.10) and integrating from o4y to 0 in
the compression zone and from 0 to o4, in the tension zone, one obtains

b )
(316) N = ;1 {AOC [_Usrup sinh (_ﬁOCa—srup)] -

ﬁloc [1 — cosh (BOCO'STUP)]}

1 [1 — cosh (5cUsrup)]}

b .
+ = {Agctnc [—Us'rup Slnh <_6CU$7‘UP)] - 5

K1

b .
+ — {AOt [Usrlo sinh (ﬂ()to'srlo)] - 5
R1 0Ot

[ cosh (Botosrio) —1] }

i [ cosh (ﬁco-srlo) _1]}7

+ i {A?ttnt [Usrlo sinh (Btgsrlo)] - B
t

R1

b
(3.17) M = A%C@ [—asmp cosh (2B0c0srup) +

sinh (2/8000'5rup):|
1

QBC

b
+ AHCAOCtnC 2K/ {_Usrup COSh [(/BOC + /BC) Usrup]
1

+ /6’—:,80 sinh [(Soc + 5e) Usmm]}

n n b 1
+ A CAOcﬁCt ‘ 2&2 { ﬁo /B Bow — B,0°Tup cosh [(BOC - ’BC) USTUP]

1 c ¢
1

o i (e )]

n b 1
oo {8~ )
4 (5_150)2 sinh [(5e — Boc) Usr]}

b
+ A2nct2nc |: O srup cosh (2,8c0'srup) + o7

4/@1 sinh (28:0srup)

26

cosh (/BOcUsrup :|

21nb . 1
I {AOC |:_0'srup sinh (/BOcUsrup) + —
| BOC 0
. 1
+ Alegne [_asmp sinh (Beosrup) + = 5 cosh (Beosrup) — ]
c
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b :
(3-17)[C0nt.] + A0t4 |:Usrlo cosh (QBOtUsrlo) - sinh (260t0—srlo):|

b
200t

n n b
A tAOtt t 92 {Usrlo cosh [(/BOt + Bt) Usrlo]
].

— BT BOt sinh [(ﬁot + Bt) Usrlo]}

b 1
+ A AOtﬂtt k 2 {Masrlo cosh [(/BOt - Bt) Usrlo]
].

_ W sinh [(Bor — Bt) Usrlo]}

b 1
+ A AOtBOtt t 2 {ﬁt Bot Osrlo COSh [(,Bt - ﬁOt) Jsrlo]
K1

— m sinh [(8¢ — Bot) Usrlo]}

b
+ A7 — [Usrzo cosh (26t 5r1) —

1.
4 ~7 sinh (2/8tasrlo):|
k1

20

nb : 1 1
+ A {AOt |:Usrlo sinh (/BOtUsrlo) — ——cosh (B()tgsrlo) + :|
K1 Bot Bot
1 1
+ A?ttnt [Usrlo sinh (ﬁta—srlo) — — cosh (515031”[0) + :| } ,
Bt Bt

where 04y and oy, are the normal stresses at the upper and lower surfaces of
the upper crack arm, respectively. Further, two equations are written by using
(3.1), (3.2), and (3.8):

h
(3.18) K1 (21 — Zln) = AOt sinh (50150'37"10) -+ A?ttnt sinh (ﬂt(fm«lo) )

h
(3.19) K1 <—21 — z1n> = Agcsinh (BocOsrup) + Arct™e sinh (Beogrup) -

Equations (3.16)—(3.19) are solved with respect to k1, 2in, Tsrup, and oo
by using the MATLAB computer program.

The complementary strain energies in the compression and tension zones of
the beam portion B3B, are written, respectively, as:

(320) UQC =b / /UOQCdxdz2

l1+a,,
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and

Loh
2 2
(3.21) Uy =b / /u&t dzdz,.

l1+a z2n

By replacing 1 with k9 in (3.13), one obtains the following expression for
dzo in the tension zone of the beam portion B3By:

1
(322) dZQ = ;2 [AOtﬁot cosh (Btgt) + A?tﬁttnt cosh (Bto—t)] dO’t.

The quantity dzs in the compression zone of the beam portion Bs By is found
by replacing k1 with k9 in (3.15):

(3.23) dzg = [AocBoc cosh (Bocoe) + Al Bet" cosh (Beoc)] doe.

1
K2

Equations (3.15)-(3.19) are used to determine the unknowns k2, 225, Tucup,
and oy, Where 29, is the coordinate of the neutral axis, oycyp and oyq, are
the normal stresses, respectively, at the upper and lower surface of the beam
in the portion B3Bjy. For this purpose, h1, K1, Zin, Osrup, and o4, are replaced,
respectively, with h, k2, 22, Tucup, and oyelo-

The complementary strain energy involved in (2.3) is written as:

(3.24) U*=U;,+ U, + Us. + Us,.

By substituting (3.4), (3.5), (3.20), (3.21) and (3.24) into (2.3) and expressing
the boundaries of integration through the stresses, osrup, Osrios Tucup, a0d Tyclo,
one obtains:

0 Tsrlo 0 Ouclo
* * * *
(325) G = / u01c le + / uOlt d21 - / UOZC dZQ - / u02t dZQ,
Tsrup 0 Oucup 0

where formulas (3.22) and (3.23) are used to obtain dz; in tension and com-
pression, respectively, and formulas (3.22) and (3.23) are used to obtain dz in
tension and compression zones, respectively. The quantitiessi, 21n, Osrup, Tsrio
K2, Z2n, Oucup, and Oyelo are determined by (3.16)—(3.19) at @ = {1 + a. The
integration in (3.25) is performed by the MATLAB computer program.

The time-dependent strain energy release rate is also derived by considering
the balance of energy in order to verify (3.25). For this purpose, formula (2.25)
is applied. The vertical displacement of the application point of the external
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force F' is determined by using expression (2.29) where, in this case, the curva-
tures are determined by Egs. (3.16)—(3.19). The strain energy involved in (2.28)
is written as:

(3.26) U= Ui+ Uit + Use + Uz,

where Uj. and Uy, are, respectively, the strain energies in the compression and
tension zones of the upper crack arm, and Us. and Us; are the strain energies,
respectively, in the compression and tension zones of the beam portion BsBy.

The strain energies in the compression and tension zones of the upper crack
arm are found, respectively, as:

li+a zipn
(3.27) Ulc:b/ /umcdxdzl
and
hta 3
(3.28) Uy=0b / /u01tda:dzl
1 Zin

By using formula (2.9), the strain energy densities in the compression and
tension zones involved in (3.27) and (3.28) are obtained, respectively, as:

BOC
+ ATt |:O'C sinh (B.oc) — 51 cosh (BCJC)]

c

(3.29) UQ1le — Aoc [JC sinh (ﬁocac) — —— cosh (,BOCO'C):|

and
. 1
(3.30) ug1: = Aot [Ut sinh (Botot) — % cosh (ﬁotat)}

+ A?ttnt |:O't sinh (ﬁtat) — Bl cosh (ﬁtat):| .
t

The strain energies cumulated in the compression and tension zones of the
beam portion, B3B, are written, respectively, as:

(3.31) UQC =b / /UOgcddeQ

l1+a,,
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and

(332) UQt =b / /Uogt dz dZQ.

l14a z2n

By substituting (2.28), (3.26), (3.27), (3.28), (3.31), and (3.32) into (2.24)
and expressing the boundaries of integration through the stresses ogrup, Tsrio,
Oucup, and oy, one obtains the following solution of the strain energy release
rate:

0 Osrlo
Fli—a
(333) G= n ! 2 (k1 — K2) — / up1cdz1 — / up1t dz1
Osrup 0
0 Ouclo
+ / up2e d 22 / w2t d 29,
Tucup 0

where K1, Zin, Osrups Osrios K2, 220, Oucup, and Oyelo, are determined by (3.16)—
(3.19) at © = [1+a. The integration in (3.33) is performed by using the MATLAB
computer program. The strain energy release rate found by (3.33) matches that
obtained by (3.25), which is a verification of the analysis for the case when the
material exhibits asymmetrical creep behaviour in tension and compression.

It should be mentioned that the solutions (2.22), (2.3), (3.25), and (3.33)
are time-dependent since the strain energy densities are continuous functions
of time due to the creep (refer to formulas (2.9) and (2.10)). Therefore, these
solutions can be applied to evaluate the creep-induced continuous change in the
strain energy release rate with time.

4. NUMERICAL RESULTS

This section presents the results obtained by applying the solutions of the
strain energy release rate derived in the previous Sections 2 and 3. The strain
energy release rate is expressed in non-dimensional form by using the formula
GnN = GBp/b. The changes in the strain energy release rate over time, as well as
the influence of the crack’s location along the thickness of the beam, crack length,
bending moment value, and ratios of material properties in tension and compres-
sion are investigated. It is assumed that b = 0.0020 m, h = 0.004 m, [ = 0.130 m
and F' =4 N. For a beam that exhibits identical creep behaviour in tension and
compression, it is assumed that Agxr = 0.0015, By = 0.1-1077 Pa~!, ¢y = 0.4,
¢ = 0.4, and n = 0.0012 (the remaining parameters are varied for the purpose
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of the parametric analysis). It should be noted that in the case of asymmet-
rical creep behaviour, the parameters in tension are chosen to be 30% higher
compared to the values in the symmetrical case. Additionally, the parameters
in compression are varied for the purpose of the parametric analysis. It should
be underlined that the parameters used in the present study are mainly for illus-
trative purposes. Other parameters can also be used depending on the particular
problem.

First, the change in strain energy release rate over time induced by non-linear
creep is analysed at different locations of the crack along the beam thickness. For
this purpose, the time-dependent solution for strain energy release rate, derived
for the case where the material exhibits identical creep behaviour in tension
and compression, is applied. Calculations of the strain energy release rate are
performed at the various time values for three hj/h ratios. One can get an idea
about the change of strain energy release rate over time in Fig. 3 where the
strain energy release rate in non-dimensional form is plotted against the non-
dimensional time for three h;/h ratios. The increase in strain energy release rate
over time, which can be observed in Fig. 3, is induced by the non-linear creep.
One can observe also in Fig. 3 that the strain energy release rate decreases with
increasing hq/h ratio.

1.0

0.8

G 3
%)' 10° 0~6/
0.4C

0.2

|
0.0 3 6 9 12
Aggpt - 10°°

Fic. 3. The non-dimensional strain energy release rate for identical creep behaviour in tension
and compression plotted against the non-dimensional time (curve 1 — at hi/h = 0.2, curve 2 —
at h1/h = 0.4, and curve 3 — at hi/h = 0.6).

The change of the strain energy release rate over time is investigated also for
the case where the material has asymmetrical creep behaviour in tension and
compression. The effect of crack length is investigated too (the crack length is
characterised by a/l ratio). The results of the calculations are illustrated in Fig. 4
where the strain energy release rate in non-dimensional form is plotted against
the non-dimensional time at three a/l ratios. The curves in Fig. 4 indicate
that the strain energy release rate increases over time.
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F1G. 4. The non-dimensional strain energy release rate for asymmetrical creep behaviour in
tension and compression plotted against the non-dimensional time (curve 1 — at a/l = 0.2,
curve 2 — at a/l = 0.3, and curve 3 — at a/l = 0.4).

The influence of the external force value on the strain energy release rate
is analysed. For this purpose, calculations are carried out at different external
force F' values by applying the solutions of the strain energy release rate (2.22)
and (3.25). The strain energy release rates obtained from (2.22) and (3.25) are
plotted against the force value in Fig. 5. The curves in Fig. 5 demonstrate that
the strain energy release rate increases with an increase in force. It can also
be observed in Fig. 5 that the strain energy release rate for the case when the
material has identical creep behaviour in tension and compression is lower than
that for the case when the material has asymmetrical creep behaviour.

1.0~ 2
0.8+ 1

GﬂO 6
b 10° .61
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F,N

F1G. 5. The non-dimensional strain energy release rate plotted against the value of the force F’
(curve 1 — at identical creep behaviour in tension and compression, curve 2 — at asymmetrical
creep behaviour in tension and compression).

The effect of Axr/Aoxr and /Py ratios on the strain energy release rate
is studied too. Calculations are performed for various Axr/Aoxr and S/5o
ratios by using the solution of strain energy release rate for the case when the
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material has identical creep behaviour in tension and compression. The effects
of Axr/Aokr and B/f ratios are illustrated in Fig. 6 where the strain energy
release rate in non-dimensional form is plotted against Axr/Aoxr ratio for
three 3/0p ratios. One can observe in Fig. 6 that the strain energy release rate
increases with increasing Ax r/Aox r ratio. The increase of 5/ ratio also leads
to an increase in the strain energy release rate (Fig. 6).

T

0.81 5
Gﬂo_ 6
—b 10° 06
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L 1 1 L
0.0 0.5 1.0 15 2.0
AKR
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F1G. 6. The non-dimensional strain energy release rate plotted against Axr/Aoxr ratio
(curve 1 — at 8/Bo = 0.5, curve 2 — at 3/Bo = 1, and curve 3 — at §/8o = 2).

The effect of the asymmetric creep behaviour of the material in tension
and compression is also evaluated. For this purpose, first, calculations of the
strain energy release rate are performed at various Aocxr/Aotxr and Boc/Bot
ratios. The strain energy release rate in non-dimensional form is plotted against
Aocx r/ Aotk r Tatio at three Bo./Po: ratios in Fig. 7. The curves in Fig. 7 indicate
that the strain energy release rate increases with increasing Ao.xr/Aotx R ratio.

1.0
3
0.8F / 5
Gp, /
==-10° -
b 0
0.4+
0.2
| | | |
0.0 0.5 1.0 15 2.0
AOL‘KR
AO[KR

Fia. 7. The non-dimensional strain energy release rate plotted against Aocx r/Aotk r ratio
(curve 1 — at Boc/Bor = 0.5, curve 2 — at Boc/Bor = 1, and curve 3 — at Boc/Bor = 2).
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One can also observe in Fig. 7 that the strain energy release rate increases with
increasing So./Po: ratio.

The effects of Acxr/Aikr and B./f; ratios on the strain energy release rate
are displayed in Fig. 8 where the strain energy release rate in non-dimensional
form is plotted against A.xr/Aixr ratio at three 5./f; ratios. The curves in
Fig. 8 demonstrate that the strain energy release rate increases with an increase

in Acxkr/Aikr and 5./ B ratios.

1.0f-
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F1G. 8. The non-dimensional strain energy release rate plotted against Acxr/Aikxr ratio
(curve 1 — at B./B: = 0.5, curve 2 — at B./B: = 1, and curve 3 — at B./f: = 2).

Variation of the non-dimensional strain energy release rate with increasing
wor and ¢y is depicted in Fig. 9. It can be observed that the strain energy release
rate reduces when ¢g; and ¢; increase (Fig. 9).

8 \
GTﬂO'lo° 0.61 \

0.4

0.0 0.2 0.4 0.6 0.8

F1G. 9. The non-dimensional strain energy release rate plotted against o
(curve 1 — at ¢ = 0.3, curve 2 — at ¢ = 0.6, and curve 3 — at ¢ = 0.9).

5. CONCLUSION

The strain energy release rate for a lengthwise crack in a beam configuration
that exhibits non-linear creep behaviour was studied analytically. The material
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was continuously inhomogeneous along the beam length. The beam was loaded
in three-point bending by a vertical force applied in the mid-span. The length-
wise crack was arbitrarily located along the thickness of the beam cross-section.
Two cases (a beam with identical creep behaviour in tension and compression
and a beam with asymmetrical creep behaviour) were analysed. Time-dependent
solutions of the strain energy release rate were derived for the two cases under
consideration. For this purpose, the time-dependent complementary strain en-
ergy cumulated in the beam was analysed. The creep behaviour of the material
was described using a non-linear stress-strain-time relationship. Since the stress
cannot be determined explicitly from the non-linear stress-strain-time relation-
ship, an approach for analysis of the strain energy release rate was developed
by expressing the z-coordinate through the stress.

The time-dependent solutions of strain energy release rate were verified by
analysing the energy balance in the beam. These solutions were applied to eval-
uate the change in strain energy release rate over time. The analysis revealed
that the creep induced increase of the strain energy release rate overtime. It
was found that the strain energy release rate in the beam with asymmetrical
creep behaviour in tension and compression was higher than that in the beam
with identical creep behaviour. The analysis also revealed that the strain energy
release rate increased with increasing the crack length. The increase of hi/h
ratio induced a decrease in strain energy release rate. It was also found that
the strain energy release rate increases with increasing Axr/Aokxr ratio. The
investigation showed that the increase of /5y ratio generated an increase in
strain energy release rate.

In order to evaluate the effects of the asymmetrical creep behaviour of the
material in tension and compression on the strain energy release rate, calcula-
tions were conducted for various Ao.xr/Aotk R, Boc/Bots Ackr/ Atk r, and B/ By
ratios. The analysis indicated that the strain energy release rate increased with
increasing Aocxr/AotkRr, Boc/Bots Ackr/Aikr, and ./ ratios. This finding
suggests that the asymmetrical creep behaviour of the material induces an in-
crease of the strain energy release rate. Therefore, asymmetrical non-linear creep
behaviour is crucial in fracture-mechanics-based safety design of continuously in-
homogeneous structural members and components. These conclusions are valid
for the selected parameters. The conclusions for other parameters (or, for in-
stance, for other stress-strain-time relationships and other laws for distribution
of the properties along the beam length) may differ to some degree. It should
be underlined again that the parameters used here are mainly for illustrative
purposes.

A possible practical application of the present study is determining the time
value at which the lengthwise crack will begin to propagate. This can be done by
analysing the non-linear creep-induced evolution of the strain energy with time
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(the value of time at which the strain energy release rate falls in line with the
fracture toughness is the time of beginning of the crack propagation). It should
be specified further that the stress-strain-time relationships (2.1), (3.1), (3.2)
and exponential laws (2.2) and (3.3) used in this study illustrate the application
of the presented analysis. Other stress-strain-time relationships and laws of dis-
tribution of the properties in the beams can be used in a similar way depending
on the particular lengthwise fracture problem under consideration.
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