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Advances in fatigue design:

Curvature Index theory
and case study

How drill string and trajectory designs can be optimized to
significantly reduce fatigue damage

DRILLING REPORT

Jason Clark, Nicholas Reynolds and Sean Ellis, T H Hill Associates, Inc. ;
John Stuart, PetroQuest Energy, Inc.

Fatigue is the leading cause of drill
string failures during rotary drilling.
Complexity of the fatigue mechanism
and inability to account for cumulative
fatigue damage make absolute fatigue
life prediction impractical. However,
drill string and trajectory designs can be
optimized to significantly reduce fatigue
damage. This is accomplished by using
fatigue life prediction models to analyze
relative effects that different design
options will have on fatigue life, and to
quantify the advantage of one design
over another.

This article describes the application
of a new technique to compare relative
fatigue lives of drilling tubulars being
rotated in curved wellbores. This unique
methodology, called Curvature Index
(CI) compares different designs for the
combined fatigue effects of hole curva-
ture, pipe size, weight, grade, class and
axial tension in the tube.

On a recent well in the US Gulf Coast
region, PetroQuest Energy, Inc. experi-
enced numerous drill string fatigue fail-
ures while drilling the 8% in. and upper
portion of the 6%-in. hole sections, and
was wary of continued failures while
drilling ahead.

PetroQuest and T H Hill Associates,
Inc., working together, identified the
problem and altered drill string design
and operating parameters to reduce the
potential for fatigue damage. Subse-
quently, the well was successfully drilled
to TD with no additional fatigue failures.
CI was one of the key tools used for
designing the drill string that successfully
drilled the remainder of the well.

INTRODUCTION

Based on failure analyses conducted
by T H Hill over the past two years,
fatigue accounts for about two thirds of
all drill string failures, as shown in Fig. 1.

Complexity of fatigue. The fatigue
mechanism is affected by material prop-
erties, mud corrosivity, trajectory, rotary
speed, loads and several other factors.
This complexity, plus the lack of mean-
ingful knowledge about the amount of
prior fatigue damage, makes accurate,
absolute fatigue life prediction practically
impossible. Further, existing fatigue mod-
els rely on experimental data to calculate
fatigue life, but this data is rarely available
for drill string components.

Relative fatigue life comparison. The
factors above make fatigue lives deter-
mined by calculation so inaccurate that
they are not useful for predicting absolute
fatigue life in drill string components.
However, results from these models are
very useful for comparing the relative

Overload
17%

Corrosion
4%

Other
13%
Fatigue
66%

Fig. 1. Drill string failure mechanisms,
based on analyses performed by T H
Hill Associates, Inc., over the past two
years.
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fatigue resistance of design alternatives
when unknown factors are held constant
and only known factors are varied.

CURVATURE INDEX

This is an analytical tool that uses the
relative fatigue life comparison concept.
It can be used to compare relative fatigue
lives of a given drill string in various oper-
ating conditions, or of multiple drill
strings under the same operating condi-
tions, or both. CI is determined by first
calculating stresses in the outer fiber of the
tube due to bending and axial tension.
This calculation is based on the work of
Arthur Lubinski.! The calculated axial
and bending stresses are then input into
the Forman Crack Growth Model® to
calculate fatigue life (in cycles to failure)
of the tube body. Fatigue life is converted
to CI using Equation 1. Thus, a lower CI
represents a longer fatigue life. The pur-
pose of Equation 1 is simply to reduce the
numbers to more manageable sizes, and
discourage misuse of the calculated fatigue
life as an absolute value.

~ 5% 108
Number cycles to failure

Eq.1

CI values for two or more sets of con-
ditions are quantitative measures of the
relative rates of fatigue accumulation.
The calculations hold constant those fac-
tors usually unknown to the designer,
while varying those that the designer is
likely to know. The ratio of one CI value
to another represents the ratio of fatigue
lives, other things equal.

Applications of CI include compar-
ing the effects on fatigue life of: 1) Dog-
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leg severity; 2) Hanging load

pipe delivered.

below a dogleg; and 3) Pipe size, B ] DLS(Degton) / Operations. The following
weight, grade and class. ! Design2 / 57 =55 three operational effects were
13 L EEE 07 realized: .

CASE STUDY = 77 1. Rotation—This was min-

In 2003, during the drilling of § ’ ,/ /i A imized by running a downhole
an exploration well in the Gulf 3 ; PAEEARSD motor and reducing rotary speed
Coast region, five drill string £ / to 20 rpm from 70 rpm (mini-
fatigue failures occurred withina ~ § i Design3 iess mum speed of the top drive).
six-day period. At one point,a & - The reduction did not dramati-
tube that was recently inspected : == cally affect ROP. Decreasing rpm
washed out after drilling only 9/ 2 reduced the number of stress
hr. All of the failures occurred in ; = e ] cycles, which minimized fatigue
the same shallow depth interval. R damage and increased relative

Investigation showed no met-
allurgical problems with the drill
string and no apparent issue with
the trajectory, as the MWD sur-
vey data (taken at 100-ft intervals) showed
a dogleg severity less than 1°/100 ft over
the interval of interest. However, because
of the number of failures in the same
location, the operator ran a gyro survey
through the problem interval at 5-ft sta-
tions. This survey showed a dogleg of
about 20°/100 ft in the interval where the
failures were occurring. Fatigue was cleatly

HWDP.

TABLE 1. Drill string configurations*

5-in. 5%-in. 5-in.
Design HWDP HWDP 1951b
1 X X 12,000
2 1,000 X 11,000
3 1,000 X 100
4 X 1,000 100
5 X X X
6 X X 1,000
* From top of problem area downward.

Fig. 2. Curvature Index for 5-in., 49.3 ppf, 55-ksi, 80% RBW,

crack to grow within a given component.

With the above factors in mind, the
fatigue resistance of each of the six drill
string configurations shown in Table 1 was
evaluated. Designs 1 and 2 were those
that suffered the fatigue failures. Designs
3, 4, 5 and 6 were new designs that were
analyzed for possible use; Design 3 was
ultimately selected.

All analyses were per-
formed assuming the
20°/100 ft dogleg was the

primary cause of the fatigue
1/ ¥ . . .

1:;’93";‘) failures. Since CI incorpo-
3000 rates several of the factors
3,000 that contribute to fatigue, it
13,900 was used as the primary tool
13,900 for choosing between design
12,000 alternatives. Table 2 displ
14,000 ernatives. Table 2 displays

some design values for the

two drill strings that sus-

the failure mechanism, and because of
the probability of more failures, the eco-
nomic feasibility of continued drilling
was cast into doubt.

Designing a new, fatigue-resistant drill
string became the focus of the investiga-
tion. When attempting to mitigate fatigue
damage, four main items should be
addressed:

1. Mean tensile stress—Simply stated,
the higher the mean tensile stress in a
component that is also undergoing cyclic

tained failures (Designs 1
and 2) and for the four alternatives being
considered (Designs 3, 4, 5 and 6).

Design 3 was chosen because it has
the lowest CI and, hence, the longest
fatigue life. Compared to Designs 1 and
2, that failed repeatedly, expected life of
alternative 3 is some 230% greater. Fig.
2 compares Cls of Designs 2 and 3.
Equal CI values represent equivalent
fatigue life, and the ratio of Cls quanti-
tatively represents the
ratio of expected fatigue

fatigue life by another 350%.

2. WOB—Using a torque
and drag program, a bit weight
was selected to minimize hook
load through the dogleg while rotary
drilling, without exceeding the drill pipe’s
critical buckling limit.

3. Mud weight—Maintaining the
heaviest practical mud weight (consider-
ing fracture gradient, differential stick-
ing and ECD) reduced buoyed weight
of the string, and therefore reduced ten-
sion through the problem dogleg.

Drill string attributes. Internal plas-
tic coating works as a barrier between
corrosive mud and drill pipe ID. Stress
relief features in HWDP eliminate unen-
gaged thread roots (stress concentrations)
and allow more flexibility within the con-
nection. Both of these features were incor-
porated for pipe run in the new design.

Other attributes. In many circum-
stances, Charpy V-notch impact test
records are excellent tools for estimating
a material’s ability to resist fatigue crack
propagation. In addition, HWDP with a
minimum yield strength of 100,000 psi,
when compared to standard 55,000-psi
HWDP, will operate at a lower percent-
age of its yield, given the same applied
axial tension. This results in slightly bet-
ter fatigue performance. Also, 100,000-psi
HWDP will have been quenched and
tempered rather than normalized. This
will provide a more refined and uniform
grain structure, which generally yields

TABLE 2. Summary of analysis’

stress excursions, the shorter its fatigue life  lives.
will be. In addition to Design Side Pump Curvature Tension
2. Stress amplitude—Higher stress redesigning the drill lﬂ]ag. press., Index ] bellowlh
amplitude equates to a shorter fatigue string, the operational / pst g'ed,
. . . 1 470 2,700 29,700 221,000
life, all else equal. parameters, drill string 2 500 2800 10100 243,000
3. Corrosiveness— T he more corrosive  attributes and inspection | 3 350 3,900 4.400 168,000
a mud system, the shorter the fatigue life  protocol were addressed | 4 350 3,900 5,700 169,000
of a component in that system will be, to further reduce the rate | 3 320 4,200 31,400 153,000
. . 6 330 3,900 15,700 157,000
other things equal. of fatigue damage accu- | .. _ A
L Side loads and tension below dogleg are for rotary drilling with 10k WOB.
4. Fracture toughness—The tougher mulation, and - help Surface pressure is at 180 gpm pump rate.
the material, the more difficultitis fora ensure the quality of
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better material fracture toughness. In this
case, however, neither test records nor
high-strength HWDP were available in
the short time at hand.

Inspection program. DS-1*Category
3-5 inspection’ with a Magnetic Particle
Inspection of the slip and upset area was
selected for the HWDP.

Case study summary. The remain-
ing 2,000 ft to total depth was drilled
with Design 3 over 17 days without
another fatigue failure. This design, based
on using CI as a comparative tool, was
several times better with respect to fatigue,
when compared with original designs that
failed. The reduction in rotary speed fur-
ther increased the drill string’s fatigue life.
The additional steps of employing
inspected pipe with internal plastic coat-
ing and stress relief features no doubt
helped as well, though the exact amount
cannot be quantified.

CONCLUSIONS

Because fatigue causes such a high pro-
portion of drill string failures, there is
drastic need for improvement in fatigue

Article copyright © 2003 by Gulf Publishing Company. All rights reserved.
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design methods.

Curvature Index combined with other
fatigue mitigation techniques can signifi-
cantly improve ability to design a fatigue-
resistant drill string. For designers wishing
to use this tool, a full suite of curves sim-
ilar to Fig. 2 will be available in DS-1*
Third Edition, due for release late this year.

Repetitive fatigue failures at the same
depth indicate a trajectory problem. Such
a problem may not show up with wide
survey spacing. WO

* Trademark
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A greatly
expanded
volume

manufacturing

specification for
drilling tubular

products

* Establishes require-

ments for two service
levels: Normal and
Critical

* Covers drill pipe,

HWODP, subs, drill
collars and pup joints

+ Addresses the

requirements for
higher grade drill pipe
(Z-140 and V-150)

* Introduces a special

category for thick-
wall drill pipe

» Criteria displayed in

tabular format for
ease of use

drill string
design and
operation

* Innovative fatigue
mitigation design
methods (Curvature
Index and Stability
Index)

* Risk-based design
groups for overload
prevention and
fatigue mitigation

* Expanded coverage
for slip crushing
issues

+ Considerations for
reactive torque and
casing wear

* Instructions for
specifying an appro-
priate inspection

I NSPECTION

dedicated to
inspection

* New inspection
criteria introduced
for thick-wall drill
pipe, HWDP and
drill collars

+ Coverage of Z and
V grade drill pipe

* Manufacturer-
specific connection
inspection criteria

* New inspection
category for heavy
duty landing strings

* Fishing tool
inspection criteria




