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1. Introduction

Drill pipes (DPs) are the main tools for drilling oil
and natural gas wells. According to statistics, the regions of
the DP near the well head and near the bottom hole assem-
blies (BHA) are more prone to fracture failures. The DP near
the well head is subjected to significant tension during drill-
ing and tripping, which causes tremendous tensile impacts
in cases of sudden raising and braking. In addition, rotary
drilling systems often experience complicated loading in
working conditions, such as severe stick-slip vibration, bit
bouncing and self-excited vibration with parameters varying
in unstable range [1]. All these complicated impact loads
can be broken down into elementary impacts such as tensile,
eccentric compressive, torsional impact loading and trans-
verse collision with well wall.

A few researches on DP failure were reported, for
example, fatigue failures of DPs caused by vibration [2],
erosion wear generated by drilling fluid containing debris
[3], static fracture characteristics studied by a cohesive zone
model [4]. The effects of impact loading on dynamics re-
sponses of DPs with cracks and their fracture failure were
rarely studied. In fact, the impact loads which are applied
repeatedly to the DP act just like a cyclic load. Fig. 1, a and
Fig. 1, b [5] shows the fatigue fracture and twist-off fracture
of the DPs from rig site. Thus it is necessary to take the dy-
namic effects into consideration for accurate and reliable
prediction of the service life of a DP.
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Fig. 1 Broken DPs from rig site: a— fatigue fracture;
b — twist-off fracture [5]

From the fracture appearances of the DPs on a well
site, it was found that most of fracture failures were induced
by dynamic propagation of cracks, which were initiated
from a small defect. Lin & Smith [6] and Carpinteri [7]
found that any initial circumferential surface defects with an
arbitrary shape in cylindrical bars would develop asymptot-
ically into a semi-elliptical shape with a certain aspect ratio

after a few fatigue cycles. Therefore, a semi-elliptical sur-
face crack was often used to represent the defect in a DP,
and the problems with a circumferential crack lying at the
outer surface of a hollow cylinder were mainly studied by
means of numerical methods due to complexity of the prob-
lems [8].

Regarding dynamic fracture behaviours, the pub-
lished literatures mostly focused on two-dimensional cracks
[9, 10]. The papers published on three-dimensional (3-D)
cracking mainly focused on infinite or semi-infinite cracked
body [11, 12]. Only few works have been devoted to the 3-
D crack of an object of a finite dimension. For example, Guo
et al. [13] developed a 3-D FE program and investigated
thermal-elastic dynamic fracture of a hollow cylinder with a
semi-elliptic surface crack under thermal stress and impact
inner pressure. The effects of the hollow cylinder’s bound-
ary surface, crack surface, material inertia and stress wave
interactions on the dynamic fracture behaviours of the cyl-
inder were reported.

In this study, a finite element (FE) model is devel-
oped and used to capture 3-D dynamic fracture responses of
a defected DP under various elementary impact loads, in-
cluding tension, eccentric compression, torsion and trans-
verse collision between the DP and borehole wall. The de-
fect is simplified as a 3-D circumferential semi-elliptical
surface crack on the outer surface of the DP, and inertial ef-
fects on the crack driving force are evaluated.

The paper is structured with 5 main sections. To
begin with, mechanical models corresponding to longitudi-
nal and transverse loading scenarios of DPs are established
in Section 2. Then an FE model to simulate the dynamic
fracture of the DP is developed and validated in Section 3.
Dynamic responses of the cracked DP under various impact
loads are presented in Section 4. Finally, concluding re-
marks are given.

2. Mechanical models of drill pipes subjected to impact
loads

For drill pipes which are widely used to drill oil
and natural gas wells, four kinds of elementary impacts, i.e.
tension, eccentric compression, torsion and transverse colli-
sion with borehole wall, compose almost all the complex
impact loads. Tensile impact happens to the DP near the
well head in cases of sudden raising and braking, and the
other three kinds of elementary impacts usually happen to
the DP near the BHA. Eccentric compression and torsion are
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due to DP whirling, bit bouncing and sticking, and serious
transverse collision usually happens due to parametric reso-
nance in rotary drilling systems. In this section, the mechan-
ical models of DPs under the longitudinal loading scenario
including tensile, eccentric compressive and torsion im-
pacts, and under the transverse loading scenario are estab-
lished.

The DP discussed in this study is made of G105
steel with Young’s modulus E of 206 GPa and Poisson’s ra-
tio v 0f 0.289, and it is used in drilling ultra-deep wells with
a borehole diameter of D = 314 mm. The outer diameter of
the DP is d = 127 mm and its thickness is t = 9.19 mm
(Fig. 2). A crack is simplified as a semi-elliptical crack lo-
cated on the external surface of the DP. The major axis and
minor axis of the crack are denoted as a and c, respectively,
and the characteristic dimension of the crack is described by
the dimensionless parameters a/t and a/c, the so-called crack
depth ratio and aspect ratio.
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Fig. 2 Mechanical model of the cracked DP under longitu-
dinal impact loads: a — the cracked DP; b — the
cracked cross-section

2.1. Longitudinal loading scenario

A segment of DP of a total length | =2 x 500 mm
is employed for the dynamic analysis subjected to longitu-
dinal impact loading and the geometry and loading are
shown in Fig. 2, a. The crack is assumed to locate in the

middle section of the DP segment, and the symmetric axis
of the crack is along the y direction (Fig. 2, b). Here a/t is
chosen as 0.2, and the aspect ratio a/c as 0.8 which is close
to the transition aspect ratio under this crack depth [14]. An
arbitrary point on the crack front is determined by 6.

To model the longitudinal impact loading, the
lower section of the DP is constrained, while the upper sec-
tion is free and loaded by impact surface loads of tension T,
eccentric compression F and torsion M, respectively. The
tensile impact load is expressed as:

{R-u%,
T() =

0!

o<t<t,
1)

t>t,

where: To is the amplitude of the load, and to is ramp loading
time, which characterises the loading rate. The eccentric
compressive and torsion impact loads are of the same form
described in Eq. (1) given that T is replaced by F and M,
respectively. The action lines of tension and torsion coincide
with the central axis of the DP, while the action line of com-
pressive force F shifts an eccentricity e, derived ase = (D —
d) / 2, from z-axis in the y direction for the eccentric com-
pressive impact as illustrated in Fig. 2, a. It corresponds to
the condition that the cracked cross-section of the DP
touches the borehole wall when compressive impact waves
due to bit bouncing arrives. Here, the basic loading param-
eters are chosen as To= 1050 kN, Fo=360 kN, Mg=10 kN-m
and the time of the ramp loading is set as to= 10 us.

2.2. Transverse loading scenario

Since the outer diameter of the tool joint of the DP
is larger than its body (Fig. 3, a), collisions between DP and
borehole wall always happen at the tool joint. The collision
time is normally a few to ten milliseconds and impact forces
could reach hundreds of kilo-newtons according to the char-
acteristics of sidewall rock [15, 16]. To simplify the analy-
sis, the following assumptions are made: 1. only the joint of
DP contacts the borehole wall, and all the joints of the DP
collide with the borehole wall simultaneously; 2. the head-
on collision happens between joints and wall; 3. the effect
of drilling fluid is ignored during collision; 4. the rotation of
the DP is not taken into account.
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Fig. 3 Mechanical model of the DP under transverse collision with sidewall: a — sketch of the DP; b — mechanical model;

¢ — tool joint with loading area (Length unit, mm)



Based on the second assumption and the fact that
geometry and loading condition of the DP are all approxi-
mately symmetric about the middle section I-I of the DP
(Fig. 3, a), section I-I cannot rotate or move axially and is
set as fixed here. The mechanical model of the DP is then
established by the two adjacent half DPs as presented in
Fig. 3, b, which also shows the structure of the studied DP
which is an internal-external upset DP with a total length of
L = 9,600 mm. The transverse impact force P(t) is repre-
sented as a half sinusoidal wave with amplitude of Po =
= 150 kN lasting for 5 ms, which is applied on a narrow area
of the external surface of joint (10 degrees in central angle)
as shown in Fig. 3, c.

3. Finite element analysis of drill pipe

Based on FE theory of 3-D crack problems, an FE
model is developed for dynamic analysis of a DP with a cir-
cumferential semi-elliptical crack on the outer surface under
various impacts. A convergence study is conducted to deter-
mine the time step and space step for the dynamic FE anal-
yses. Then the FE model was validated to ensure the cor-
rectness of the subsequent analysis.

3.1. Dynamic finite element analysis of 3-D crack problem

For a 3-D crack under impact loading, dynamic J-
integral method, which is independent of the domain used
and robust even with coarse meshes, is used to calculate the
dynamic stress intensity factor (SIF) along the crack front in
this study.

Based on the elastodynamic responses of stress aij
(i,j =1, 2, 3) and displacement u; (i=1, 2, 3), which are ob-
tained using the technique of explicit time integration in FE
analysis of the cracked body, the dynamic J-integral (de-
noted as J9) is calculated as a post-processor by a volume
integral, which is derived from a contour integral applying
the divergence theorem, and the virtual crack extension
method. It is written as:

3¢ :f[(aijui'k U6, )quj +pl'jiuiyqu}dvl )
\%

where: V is a domain whose boundary surface is a small tub-
ular surface S enclosing the crack line. U is the elastic strain
energy and & (k, j = 1, 2, 3) is the unit tensor. p is mass
density of the material and a superposed dot denotes the
time derivative. gk = glk(s) is weighting vector, in which q is
a weighting function varying from one on the crack front to
zero on boundary surface S, and the Ii(s) is a dimensionless
vector whose norm varies from zero to one to describe the
shape of the extended crack front at the position s of the
crack line. The parameter s is the curvilinear coordinate a-
long the crack front and denotes the crack front. For more
details of the dynamic J-integral method one may refer to
the work by Enderlein, et al. [17] and Shih, et al [18].

Then the dynamic SIFs, K/, K and Kj, ,are de-

L1
rived from the dynamic J-integral. The SIFs, which are usu-
ally used to characterize the local crack-line stress and dis-
placement fields, are related to the J-integral as shown in

Eg. (3).
@)
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where: E =E /(1-v?) for plane strain problems and

E = E for plane stress problems. E and v are Young’s mod-

ulus and Poisson ratio, respectively, and G is shear modulus.
Note the SIFs and J-integral are time-dependent. For the
mode | and mode |11 cracks, SIFs could be derived from J-
integral and expressed by Eq. (4):

KS =2Ged?.

In the following sections, the dynamic SIFs of the
cracked DP are calculated by FE method, and dynamic ef-
fects of various elementary impact loads on the crack driv-
ing force are evaluated.

(4)

3.2. The finite element model

FE analysis is conducted using Abaqus to simulate
the elastodynamic responses of the cracked DP, and the re-
sults of stress and displacement are extracted to calculate the
fracture parameters. In this section, FE models under vari-
ous longitudinal impacts, including tension, eccentric com-
pression and torsion, are presented and discussed. After val-
idation, the FE model would be generalized to the scenario
of the pipe under transverse impact.

The structured-meshing technology is employed to
discretize the whole DP model. In order to generate regular
hexahedral grids, the cracked cross-section is first divided
into several zones (Fig. 4), in which the curve ABC is a half
crack front with the deepest point denoted as C and the edge
point as A. The curve DEF and GHI are both elliptical lines.
10 nodes are set evenly for the crack front AB and BC, re-
spectively. The zoning line CF and ClI that are normal to the
crack front are divided into 10 uneven parts respectively ac-
cording to the geometric progression, which takes the crack
tip C as a starting point. In the direction of z-axis, the upper
half (1/2 <z <1) is divided into two parts. The first interval
is I/2 <z < 51/8 and the second is z > 51/8.

Inner surface of DP

Outer surface of DP

05| 05

Fig. 4 Partition sketch of partial cracked cross-section
(Length unit: mm)

Fig. 5 illustrates the FE mesh of a quarter of the DP
and the refined mesh around the crack front as an example.
Starting from the cross section z = 1/2 (namely, the location
of the crack surface), 40 nodes are set nonhomogeneously
in the first interval, which is 1/8 long, according to geometric
progression. For the second interval (z > 51/8), the mesh size
in the z-direction remains the same as that of z = 51/8. In the
FE model, the eight-node linear brick element with reduced
integration denoted as C3D8R is employed, and there are
268,750 of nodes and 247,360 of elements totally employed
in the FE model.
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Fig. 5 FE mesh of a quarter of the DP model and mesh re-
finement around the crack front

At each time step, 10 contour integrals are ex-
tracted around the point of the crack front in the plane per-
pendicular to the crack line, in which the average value of
contour integrals from the 41" to the 8™ is defined as dynamic
J-integral for this point. Then dynamic SIFs are deduced
from the dynamic J-integral. For convenience, dynamic SIF,

K (i =1, 11, 1), under longitudinal impact loads of ten-
sion, eccentric compression and torsion, described in
Eqg. (1), is normalized with respect to the static SIF, K; (i =
I, 11, 1I). The static SIFs are obtained under static tensile
load To, static eccentric compressive load Fo and static
torque Mo, respectively, at the same point as that of K, and
they are expressed as:

K$ =K IKS, i=11010, (5)
where: K¢ (i =1, I, 1) is the dimensionless dynamic SIF
for longitudinal impact loads.

3.3. Convergence study

Convergence study is conducted to determine the
appropriate space step and time step for modelling the dy-
namic responses of the cracked DP herein.

A convergence study related to space step is con-
ducted under static tensile loading. For the static tensile

loading, the dimensionless SIF, K, , is defined as:

(6)

Kf/(ow/g),

where; o is the nominal tensile stress at the crack.

To obtain different element dimensions for the FE
mesh of the DP, a refinement factor n is introduced and de-
scribed as follows. Referring to Figs. 4 and 5, the crack
fronts AB and BC are refined n times by setting 10n nodes
respectively and homogeneously, and CF and Cl are set 10n
nodes respectively according to the geometric progression.
40n nodes are inserted unevenly along the z-axis within 1/2
<z <51/8 of the crack on the basis of geometric progression.

With different mesh densities, K;, on the crack front as a
function of  is computed and shown in Fig. 6. It’s found
that K;, at the deepest point C of crack front (6 = 90°) is

not sensitive to mesh density, while K, varies greatly near

the outer surface point A of the DP (6~ 0°). Taking the result
corresponding to the mesh case of n = 1.4 as reference, the

maximum relative errors of K, , which happens at point A,
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are calculated and listed in Table 1. It is concluded that the
numerical results are converged with mesh refining. The re-
sults from the mesh with n = 1 are almost consistent with
those from the mesh with n = 1.4, and the relative error of

K,, isonly 0.7% for point A between these two cases. Con-

sidering both computation effectiveness and accuracy, the
FE mesh with n = 1 as shown in Fig. 5 is used to simulate
the fracture behaviour of DP, and is further extended to
modelling the dynamic responses of the cracked DP under
various impact loading.
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Fig. 6 K, along the crack front with different mesh densi-
ties (n = 1 corresponding with the mesh model of
Fig. 5)
Table 1
Relative errors of K;, at Point A
corresponding to different mesh densities
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Fig. 7 Effect of different time steps on K,

Convergence study about time step is conducted
under tensile impact T that is formulized in Eq. (1). In order
to avoid influence of waves reflected from both ends on the
crack, the dynamic response of the cracked DP is simulated
for 250 ps. Time step At is chosen as 1 us, 2 us, 5 us and 10

us, respectively. The predicted time history of K¢, at the

deepest point C of the crack with Az is shown in Fig. 7. When
At decreases, the numerical solution becomes stablized and
converged, and the results  obtained  with
At = 2 us agree well with those with At = 1 us, with only a
0.5% error for the peaks. Thus the time step of 2 us is
adopted in following simulations. Meanwhile, the time



histories of the contour integrals from the 4" to the 8" at
point C are compared, and it is found that the maximal
relative error is only 0.4%, meaning that conservation of dy-
namic J-integral is also ensured.

3.4. Numerical verification

Due to the lack of experimental results of dynamic
fracture behaviour of a hollow cylinder with a circumferen-
tial semi-elliptical crack on the outer surface under impact
loading, the present numerical model is verified in terms of
the fracture behaviour under static loading, including ten-
sion, torsion and bending. The predicted results are com-
pared to those reported in other literatures. For the mode |

s

loading condition, the dimensionless SIF K, , which ap-
plies to both tension and bending, is given by Eq. (6). Simi-
larly, the dimensionless SIF, K;,, , for mode Il loading ap-
plying to torsion is defined as:

(+/7a)

where: 7 is the nominal shear stress at the crack.
Under the static loading condition of tension, tor-

sion and bending, the computed K, at both the deepest

point C and the edge point A of the crack front, derived from
J-integrals, are compared with those obtained by Newman,
et al. [19] Wang, et al. [20] and Chen, et al. [21], respec-
tively, which are all adopted in Handbook of the stress in-
tensity factor [22], as presented in Table 2. It is found that

the maximum relative error of the K, is only 4.2%. In ad-

dition, the relative error between the average
J-integral and corresponding 5 contour integrals (from the
4™ to the 8" contour) is computed. The maximum value is
only 0.7%, which means that path independence of the static
J-integral is assured very well. This demonstrates that the
present FE model could simulate the response of the cracked
DP under static loading well.

Ko = K;

ot 1l

(")

Table 2
The computed K of the cracked DP under static tension,
torsion and bending loads

Load K Point £ Point P
4 || ¢ | @

Tension Ky (pr;zeg)ltgr]nodel) g;ii 1.9 g;ié 0.1
Torsion Ko (pIrC’e(, :]e[nzt Or]nodel) g 2‘31? 1.1 g 233 35
Bendingl- (pgf[“ztl‘]’()del) g:Z; 3.9 g:;ﬁ 42

For the effectiveness of the present FE model in
simulating dynamic fracture responses of the cracked DPs,
confidence is gained from the convergence corresponding to
time step and path independence of the predicted dynamic
J-integral, which are presented in Section 3.3. Therefore, the
present FE model and mesh is expected to be able to
simulate dynamic crack under various impact loading. It
should be noted that in the following calculations the J-
integral values are extracted only at the deepest point C
(6 =90°).
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4. Dynamic response of DP under various impact loads

Employing the developed FE model, dynamic re-
sponses of the cracked DP are investigated under each ele-
mentary impact load, and the inertial effects of the impact
loading on the dynamic SIFs are evaluated.

4.1. Dynamic response of DP under longitudinal impact

Longitudinal impacts including tensile, eccentric
compressive and torsional impacts, are discussed in this sec-
tion.

4.1.1. Tensile impact

Loaded by the tensile impact with different loading
rate, which is characterized by a ramp loading time, to, the
dynamic responses of the cracked DP are computed and

evaluated. The K¢, with varying to of 5, 10, 20 and 50 us is

shown in Fig. 8. Due to reflection and interference of the
stress waves from the inner and outer surfaces of the DP and
the crack surface, several peaks appear. The greater the

loading rate, i.e. the less tois, the larger the K¢, peak is. For

to="5 us, the peak of dynamic SIF is 1.314 times of the value
at the static loading condition.
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Fig. 8 Effect of loading rates on K¢, under tensile impact

4.1.2. Eccentric compressive impact

For the cracked DP, the up-going stress waves cor-
responding to eccentric compressive impact are made up of
longitudinal compressive waves and bending waves. Here
the analyzing time is set as t = 250 us to avoid the influence
of the upper and lower boundary surfaces of the DP model
on the dynamic response of the crack.

Fig. 9 presents the time histories of K¢, under ec-

centric compressive impact with different loading rates.
Bending wave is a dispersive wave and the wave velocity is
different from that of the longitudinal wave. Waves reflect-
ing from the crack surface interferes with that from the inner
and outer surfaces of the DP. Therefore, the dynamic re-

sponses of K¢, show characteristics of complexity. K¢,
diminishes somewhat with a decrease in loading rate and the
maximum value of K¢, isonly 1.025. In most cases, K, is

below 1, which means that the crack driving force is weaker
under dynamic loading of eccentric compression compared
to that under corresponding static load.
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Fig. 9 Effect of loading rates on K¢, under eccentric com-
pressive impact

4.1.3. Torsion impact

To avoid influences of reflected waves from both
ends of the DP model, the torsion impact is assumed to last

for 450 us. Under the torsional impacts with different load-
ing rates, changes of K, over time are computed as

shown in Fig. 10. Being different from the complicated dy-
namic responses under tensile impact or eccentric compres-

sive impact, the time histories of K¢, under torsion impact

are all regular decadent waves with a period of 30 us or so
and approach 1 at last, namely, the static state. The maxi-

mum value of the K, increases with the increase of the
loading rate. Under the ramp loading time of to = 5 us the
peak value of K/, is 1.277 times of the corresponding
static value. In the case of to = 50 us the greatest value of

K¢, isonly 1.060 and the dynamic effect almost vanishes.
14
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[ tD:10ps
.......... YU=?-OI~L5
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Fig. 10 Effect of loading rates on K¢, under torsion im-

pact

Under these three kinds of longitudinal impacts,
the peak values of dynamic SIFs generally rise with the in-
crease of the loading rate as shown in Fig. 11. It is found
that the tensile impact presents dynamic effect most promi-
nently, followed by the torsion impact. The eccentric com-
pressive impact contributes the least to the dynamic fracture
of the DP. Under the actual loading condition with frequent
tensile and torsional impacts, the dynamic effect of the im-
pact loading on fatigue life prediction of the DP must be
taken into consideration.

409

—=—Tensile impact

—s—Torsion impact

Eccentric compressive impact

Max. of K

09

0.8 ‘ . s . ]
0 20 30 40 50

IO/ps

Fig. 11 The maximum value of K¢ versus loading rate for
different longitudinal impacts

4.2. Dynamic response of DP under transverse collision

The dynamic response of an internal-external upset
DP as shown in Fig. 3, b is modelled using the developed
FE model. The dangerous position of the DP is identified
firstly under collision according to stress analysis of a per-
fect DP, and then the DP with a crack at the dangerous lo-
cation is simulated. The influence of stress wave caused by
the collision on the dynamic crack driving force is evalu-
ated.

Firstly, the dynamic response of an uncracked DP
subjected to the transverse impact loading is computed to
determine the locations of the cracks which are liable to
start. Establishing a cylindrical coordinate system as shown
in Figs. 3, b and 3, c, the dynamic responses of longitudinal
stress are presented on the two axial lines: line 1 is a = 0°,
r = d/2, z > 0, which is corresponding to the loading area,
and line 2 is a = 180°, r = d/2, z>0, which is opposite to the
loading zone. For line 1, the axial stress varying with time
and location is sketched in Fig. 12, a, which shows that the
maximum axial stress of 595 MPa appears in the middle sec-
tion of the DP, i.e. section I-l in Figs. 3, a and 3, b, at
t = 42 ms, when the axial stress contour near this point is
presented in Fig. 12, b. Similarly, Fig. 13, a gives the result
at the line 2, in which the maximum axial stress of 394 MPa
occurs near the joint (z = 227 mm as shown in Fig. 3, b) at
t = 33 ms when the axial stress contour near this point is
extracted and shown in Fig. 13, b. At these two locations,
crack initiation will most likely occur.

Secondly, circumferential semi-elliptical surface
cracks as described in Section 2.1 (a/t = 0.2 and a/c = 0.8)
are set at these two extreme positions, denoted as C; and C;
one by one as shown in Fig. 3, b and dynamic responses of
the cracked DP are simulated using the developed FE
model. In order to avoid the constraints of fixed boundary
on the crack, C; is set as 100 mm from the fixed end.

Transverse impact from the sidewall excites bend-
ing waves and shearing waves in the DP. Due to interaction
between the incident wave and reflection wave from bound-
aries such as fixed ends, the internal and external surfaces
of the DP and crack surface, together with the dispersivity
of the bending wave, the SIF oscillates violently as time in-
creases. Fig. 14 illustrates the time history of the dynamic

SIF K/ at the deepest point of crack Ci. It shows that the
first peak of 1.4 MPa-m'? appears at 5.2 ms, and the maxi-
mal value of K' of28 MPa-m*? happens at 42.2 ms.
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Fig. 15 presents the time history of K| at the deepest point
of crack C,. The first peak of 9.6 MPa-mY2 appears at
t=5.4ms, and the maximum K, isabout 22 MPa-m*? hap-

pening at 33.2 ms. Because the amplitude and number of
stress cycles are the key factors for operating life of a DP,
collision between DP and borehole wall threatens the safety
of the DP seriously.

5. Conclusions

Dynamic behaviours of a defected DP have been
simulated under various elementary longitudinal impact
loads such as tension, eccentric compression, torsion impact
and transverse collision between the DP and borehole wall,
which are the components of actual impact loads. A FE
model has been developed and the inertial effect of the im-
pact loading on the fracture properties of the cracked DP is
evaluated. The main conclusions can be drawn as follows:

1. Under longitudinal impacts, the peak values of
dynamic SIFs generally rise with the increase of the loading
rate. Dynamic effect due to tensile impact is the most prom-
inent, followed by the torsion impact. Compression shock
from down hole has the least influence on the cracked DP.
With the crack shape and loading considered in this paper,
dynamic SIF is 1.314 times and 1.277 times of correspond-
ing static values under the loading conditions of tension and
torsion respectively.

2. As for the transverse collision between the tool
joints and the sidewall on the crack driving force of the DP,
the middle section of a single DP and the section near the
joint are more prone to fracture. Influenced by incident
wave from collision exciting, reflection waves from various
surfaces and dispersivity of the bending wave, the dynamic
SIF oscillates violently, which threatens the safety of the DP
seriously.

3. Sharp fluctuation of tensile force or torsion
shock, caused by bit bouncing, and violent transverse colli-
sion have significant impacts on fracture failure, and the dy-
namic effects on DP’s fracture and fatigue evaluation cannot
be ignored.
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G. H. Zhao, L. Zhao, Y. X. Zhang, J. Li

FINITE ELEMENT ANALYSIS OF DYNAMIC
FRACTURE BEHAVIOUR OF DRILL PIPE UNDER
VARIOUS IMPACT LOADS

Summary

In this paper, finite element analysis is conducted
to study dynamic responses of a defected drill pipe (DP) un-
der impact loading encountered in working conditions. Lon-
gitudinal impact loading such as tensile, eccentric compres-
sive and torsional impact loading and transverse collision
loading are considered. A finite element model is firstly de-
veloped and validated, and then employed to evaluate the
effects of various impact loading on dynamic responses of
the defected DP. It is found that the inertial effect due to
tensile impact is the most prominent among all the longitu-
dinal impact loadings. In addition, the effect of the trans-
verse collision between the DP and the borehole wall on the
driving force of the crack is evaluated. It is concluded that
the dynamic effects of the various impact loading frequently
exerting on the DP should be taken into consideration for
life prediction of DPs.

Keywords: drill pipe, three-dimensional crack, dynamic
fracture, finite element analysis, impact loading.
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