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THE COVER PICTURE

The diagram shows the model which was used to simulate a drill string suspended from
a heaving vessel. The string is assumed to be made up of a series of elastic elements.
The mass is denoted by m, the stiffness by k, and the damping by c. The model is used
in a computer program to determine the stresses and displacements at various points
along the drill string.
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INTRODUCTION

The Deep Sea Drilling Project (DSDP) became operational in August 1968 with the
successful sea trials of the drill ship GLOMAR CHALLENGER. The vessel's mission
was to recover cores of sediments and basement rock from the deep ocean for scientific
study. Wireline coring operations have been undertaken with drill string lengths to
23,000 feet. The deepest penetration beneath the sea floor was 5712 feet and the
maximum penetration into basaltic crust was 3543 feet.

The static weight of the 5-inch drill string, including the bottomhole assembly (BHA)
can reach 500,000 pounds. The string is also subjected to dynamic loading due to the
ship's response to wave action. Bending loads are imposed upon the section of drill pipe
that is contained within the guide shoe of the ship. While drilling, torque loading is
exerted upon the drill string. Sea water is pumped down the drill pipe to flush cuttings
from the bottom of the hole and also to activate certain coring tools. The pumping
pressure of this water creates an axial and a radial load upon the drill string. Should
the pipe become stuck in the hole an overpull load must be exerted in an attempt to
free the pipe. All of the above loading situations do not occur simultaneously, but
certain combinations of them do.

It became apparent after a number of years of ship operations, which were leading
toward longer and longer drill strings, that a way of simulating and predicting the
response of the drill string was needed. Since the combination of static and dynamic
loading is the most significant part of the total combined loading, and the most difficult
to calculate, an effort was initiated to develop a computer model to yield the axial
stresses and displacements at any point along the drill string. Work began on this in
1977 and the HEAVE program became functional in 1980. An analysis and computer
program (BEND) was developed concurrently to determine the bending stresses in the
drill pipe. It also became apparent that a method of measuring the stresses in the drill
pipe was needed so that the results of the computer programs could be checked and a
confidence factor in the models established. Technical Report No. 22 describes the
computer models and the instrumented systems which were used to obtain
measurements during actual operations at sea. The results of the computer models and
the instrumented systems are compared. Details of the mathematical analysis, the
computer models, and the instrumented systems are included in appendices.
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HEAVE RESPONSE ANALYSIS

An analysis of the response of a drill string suspended from a floating vessel in a
dynamic sea environment has been made. The analysis permits evaluation of the deflec-
tions and stresses in the string under a wide range of operating conditions and, from the
time history of the stressing, the accumulation of fatigue damage in the material of the
drill string is obtained.

Stresses in the drill string result from:

1) weight of the drill string and attachments suspended essentially vertically from
the vessel (weight in sea water)

2) longitudinal oscillations of the drill string induced by vessel heave motion

3) bending of the drill string induced by vessel roll and pitch and by ocean
currents

4) twist of the drill string induced by drilling torques

Stressing due to the bending induced by ocean currents is always negligible compared to
that induced by roll and pitch, since the latter is concentrated in the region of contact
between the drill string and the vessel (in the guide shoe or picalo to be discussed in the
section on Bending Stress Analysis) while the former is very gradual and spread over the
length of the string. An analysis of typical drilling torques and the induced shear stress
in the string shows this loading to produce a negligible contribution compared to the
stresses from 1), 2), and 3) above. A further discussion of the stresses in the drill pipe is
given in Appendix A.

A previous analysis of stresses and fatique accumulation in the GLOMAR CHAL-
LENGER drill string was given in the Deep Sea Drilling Project Technical Report No. 4
(Ref. 1). A modal analysis of the heave response was employed which considered only
the first mode response. This analysis demonstrated the importance of distributed
damping along the drill string (provided by tool joints and rubbers) in limiting dynamic
stress due to heave-induced longitudinal resonance and showed that the rubbers were
effective in limiting bending stresses in the drill string near the contact points between
the drill string and the guide shoe or picalo.

The present analysis is a refined treatment of the heave response and drill string bend-
ing in a non-uniform drill string (mixed drill pipe sizes and properties) and of the fatigue
accumulation in the drill string material. A lumped parameter model of the drill string
is employed, and a complex transmissibility analysis is used to obtain the heave
response with deterministic and random sea excitation. The non-linear hydrodynamic
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damping on the drill string is approximated by linear damping which is adjusted in
iterated solutions to minimize the mean-square difference between the non-linear and
linear damping forces.

The Model

A drill string suspended from a heaving vessel is represented by the lumped parameter
model shown in Figure 1. The top of the string is coupled to the vessel through a heave
compensator which is modeled by a linear spring with spring rate k, and a linear
viscous damper with damping constant c, . When the heave compensator is not used,
ki is set to a very large number compared to the drill string spring rate so that the dis-
placement XQ at the top of the drill string is essentially equal to that of the ship. The
displacement of the ith lumped mass is designated as x , and the ship displacement is
designated as zHv(u) where x is the input amplitude to the vessel (sinusoidal or random
sea), Hv(u>) is the vessel transfer function, and w is the circular excitation frequency.
The heave compensator parameters and vessel transfer function are discussed further in
subsequent sections.

The drill string is represented by n-1 lumped parameter elements of length L, where n is
chosen sufficiently large that an increase in n does not significantly change the calcu-
lated string response. Each element of the drill string is modeled by:

a) lumped mass m. at the top of the element, representing the mass of the string
element of length 1. plus any added mass due to hydrodynamic effects

b) a linear spring of spring rate t, = E{ At/ /, where Et is Young's modulus of elasti-
city of the string element and A. is the cross-sectional area of the string ele-
ment

c) hydrodynamic damping represented by adjusted linear damping coefficient c

d) structural damping represented by an equivalent linear damping coefficent c .
S1

Evaluation of the element parameters is discussed in subsequent sections. A lumped
mass m is attached to the bottom of the last string element to represent a bottom hole
assembly which has adjusted linear damping c . A linear spring of rate k attaches m
to the sea floor. When k is zero, the string is freely suspended, and when k^ is very
large, the string is essentially fixed to the ocean floor. n

Equations of Motion

The equations of motion for the lumped masses are linear and may be written in the
form
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0 = m1 x\ + c, ^ + ch (xY - àb) - c*i (*2 " *i) + k ix\ ~ *b) ~ ki (*2 ~ x\)

0 = m, x\ + c, i, + c,,.! (z, - i ,^) - c81 (i l+1 - z.)

+ ^,-1 («, ~ *i-i) ~ A, (a:,+i ~ *à for t = 2 «Ö n - 1 ( l )

0 = »«n i'n + Cn Xn + Cfn_x (zn

The complex transfer functions for the system of equations 1 are found and steady-state
or stationary random response is then determined by standard techniques (Appendix B).

Excitation

Steady-state solutions of equations 1 give the drill string response to sinusoidal input
displacements at the top of the string. The response of the system to steady-state sea
swells is found using the vessel transfer function and harmonic amplitude of the sea as
input to the vessel.

The wave amplitude or energy is a strong function of wave frequency or wavelength in a
random sea. One mathematical model for this dependence is given by the Pierson-
Moskowitz power spectral density function for fully developed waves in a random sea
(Ref. 2). This spectral density function, inferred from experimental data, may be writ-
ten as

Φss { u ) = 8.10 x I0 ' 3 f α;"5 exp
# 1 / 3 < >

(2)

where EL /„ is the significant wave height, equal to twice the root-mean-square (rms)
value of the excitation, and g is the acceleration of gravity. The significant wave height
is then

(3)



When the wave motion is Gaussian distributed, and H1/3 is constant (stationary random
Gaussian), statistical information about the response can be obtained (rms values of the
response). The drill string response to other stationary random Gaussian input spectra
may also be found (experimentally determined spectra, for example).

Heave Compensator

Passive dockside tests on the GLOMAR CHALLENGER heave compensator (Ref. 3),
together with analyses of the head loss due to fluid friction in the hydraulic lines and
the adiabatic behavior of the air in the accumulator tanks, were used to obtain the
heave compensator spring rate and damping. Coulomb friction in the piston-cylinder
system was found to dominate over other dissipative mechanisms in the heave compen-
sator system when the quantity <jj(xλ - XQ) is less than about 1.5 ft/sec. Turbulent flow
of hydraulic fluid occurs when this quantity is greater than about 1.5 ft/sec and the
equivalent linear viscous damping coefficient is essentially constant (~2100 Ib/ft/sec).
The spring rate measured in pull tests was in reasonable agreement with calculated
values when coulomb friction was taken into account, and k, =0.005 times the load on
the heave compensator when the compensator is used in the passive mode. In the active
mode, test data indicates a spring rate of 2500/XQ lb/ft (with XQ in ft). Details of the
heave compensator analysis are given in Appendix C.

Vessel Transfer Function

The vessel transfer function, or Response Amplitude Operator (RAO), may be measured
experimentally from model tests or determined by computer simulation. RAO's for the
GLOMAR CHALLENGER were derived by computer using the Hansel program and are
shown in Figures 2 thru 6. The RAO's indicate that, for a typical condition of bow-on
or quartering seas, a transfer function for heave of HV(UJ) - 0.08 (T-2) is conservative
most of the time for T 14.5 sec. Here T is the excitation period (T=2TT/U;) and
H (<*>)=1 for T > 14.5 sec. The actual RAO's, and not the linear approximation, are
used in the computer model to be described later.

Structural Damping

The third and fourth terms on the right-hand side of equations 1 for the ith element
give the linearized structural damping force on the element. This force is frequency
dependent and the linearized structural damping coefficient is found by the method of
energy balance (which equates the energy dissipated per cycle for linear and non-linear
processes). The linearized coefficient is found to be

c ='01

π

(4)
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where 6 is the logarithmic decrement for the drill string material in free vibrations (see
Appendix C). For the case of random inputs, the rms value of UJ is used in equation 4.

Hydrodynamic Damping

The major damping on the drill string results from its motion with respect to the sea.
This damping has the important effect of limiting the displacements and stresses in the
drill string when the excitation frequency range is near the resonant frequency of the
drill string. Accurate representation of the hydrodynamic damping forces is therefore
important. Hydrodynamic damping on smooth pipe, on tool joints and rubber drill pipe
protectors (rubbers), and on the bottom assembly for deterministic and random inputs
to the drill string are summarized below.

The equivalent linear damping coefficents used in equations 1 are found in such a way
that the mean-square difference in the actual and linearized damping forces are minim-
ized. This technique gives the same result as the Ritz-Galerkin method, the energy bal-
ance method, or the method of slowly varying parameters when the input is determinis-
tic (Ref. 4). For random inputs, this method gives a result which differs from that
obtained for deterministic inputs.

Smooth Pipe Hydrodynamic Damping

The treatment of Ref. 1, page 97 for the smooth pipe and sinusoidal oscillations gives

(c, ) smooth pipe = yj ^~ * P A i li (deterministic) (5)

where

v — kinematic viscosity of sea water

= 19.68 x I 0 ' 6 /C2 / sec for sea water at 0 °C

p - mass density of sea water = 2 lbs— sec2 / ft4

Di = outer diameter of drill pipe

Equation 5 was derived using the drag on a flat plate oscillating harmonically in a
viscous fluid. For the random case, the drag force is taken to be

(F)*mooth pipe = ^Di y Au \ u \ (random) (6)
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where

CD\ - drag coefficient for a plate parallel the flow

A = area of plate (= π D1 for unit length of pipe)

u = flow velocity

Using a Reynolds number = where L is the length of pipe between rubbers, a drag
v

coefficient of 0.003 is obtained for u in the range of expected pipe velocities (Ref, 5).
The linearized drag coefficient for the smooth pipe in the random sea is found, using the
mean-square difference technique, to be

, )smoothpiPe = ( — f/2 <toi -£- π Du ( i, ) r m t /, {random) (7)

where ( i, ) T m s = the rms velocity of pipe element i. The linearized drag coefficients for
the smooth pipe are added to the linearized coefficients for the tool joints and rubbers
on the drill string element to obtain the linearized hydrodynamic drag coefficient for the
element.

Tool Joint and Rubber Hydrodynamic Damping

The damping force, proportional to the square of the velocity, is taken as

Frubber = Cm J Ap U | U | (8)

where

Ap= projected area = π
p p j

cD2 = drag coefficent for tool joint or rubber

D2 = outer diameter of tool joint or rubber

A drag coefficient of 0.65 is obtained when the finite length of the rubbers and tool
joints is taken into account (Ref. 6). The linearized hydrodynamic drag coefficient for
tool joints and rubbers on the string element in the deterministic case is then
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(<\ )rubber = cm ~" ( #2 . ~ »̂i«•) w I 2» I ~ (deterministic) (9)

where

zj = amplitude of oscillation of element i

s, = rubber spacing on element i.

In the random case the linearized coefficient is given by the expression

/ \i/2 l

« ) r lbber = i C i ? 2 JL * ( J^.. _ D{x.) ( i, ) r m β -L (rαnc/om) (10)
I 7T I L S:

Bottom Hole Assembly Hydrodynamic Damping

The bottom hole assembly (BHA) is treated as a disk of area A = π Z)2 / 4
(D=diameter of BHA) giving a linearized hydrodynamic damping coefficient for the har-
monic case of

cB = Cß3 — >i <jj | xn | (deterministic) (ll)
3 7r 2

where

xj = amplitude of displacement at the bottom

cDZ = drag coefficient = 1 . 2

In the random sea case the linearized coefficient is

cn = (1.88) - i - C2?3 £ Λ (xn ) r m , (random) (12)
o 7T Z
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Mass Calculations

The mass of the elements is obtained by adding the mass of accelerating sea water at
the rubbers and tool joints to the mass of the elements at rest. The added mass per
rubber (or tool joint) is determined from experimental measurements made on block
bodies accelerating in a still fluid (Ref. 7) and is

{added m)rubbeT = /t/θ.91 D% - 0.785 D{ l\ (13)

where

/ = rubber length

The added mass per element is then

(added m)eiement = (added m)rubber — (14)
s.

Appendix C gives more details on the added mass. The mass of an element at rest is
taken as the weight of the element in air divided by g.

Fatigue Life

Fatigue of the drill string must be carefully considered and taken into account. The
problem of fatigue is compounded by the corrosive effects of sea water, thereby produc-
ing corrosion fatigue. The process is as follows - as a result of fatigue, caused by cyclic
stressing, a tiny crack is initiated on the surface of the metal. Corrosion then proceeds
into the crack reducing the load bearing cross sectional area and increasing the stress
level. This causes the crack to propagate with more corrosion and higher stress taking
place until the part finally fails. Other factors, in addition to corrosion, have an effect
on the fatigue strength of a part. The more important ones are surface condition, mean
stress level, temperature, loading rate, stress concentration due to imperfections in the
surface, combined loading, variable and random dynamic stresses.

Two types of fatigue are present in the drill string. Heave induced fatigue is caused by
the heave motion of the ship. Bending fatigue is caused by the rotation of the drill
string as it bends to the curvature of the guide shoe due to the action of water currents
and the pitch and roll of the ship. Bending of the drill pipe will be discussed later in
the report.
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Figure 7 shows the Goodman diagrams for the S-135 (steel) and the 2014-T6 (alumi-
num) drill pipe. The Goodman diagram gives the relationship between the alternating
stress and the mean, or static, stress. Points lying below the curve are in the safe or
acceptable range. The maximum values for alternating stress shown on each diagram
represent the endurance limit for that material, i.e., the alternating stress which can be
endured indefinitely without causing failure. Non-ferrous metals do not have a pro-
nounced endurance limit but, as will be discussed later in this section, a reasonable limit
for the aluminum drill pipe is 5.65 ksi. Also, steel does not have a pronounced
endurance limit when immersed in sea water, but as can be seen from Figure 8, a rea-
sonable limit is 10,000 psi. The maximum values shown for mean stress in Figure 7 are
the ultimate tensile strengths.

Limited fatigue data exists for full sized S-135 drill pipe in sea water. This data can be
fit by an analytical expression with two adjustable parameters, B and m, which takes
the form

i -

KB (15)

where

N(σ) = number of cycles to failure

K = corrosion factor

σ = alternating stress amplitude

σs = mean (static) stress

σ u — ultimate tensile strength of pipe material

The stress amplitude in element i is given by

σ = Λ. (16)

The fatigue life (hours) in the deterministic case is then given by

Life - 2 π N
3600

(deterministic) (17)
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where to is in rad/sec, and the fraction F of fatigue life expended due to longitudinal
heave motion for time T hours is

T
F= (deterministic) (18)

Life

Fatigue in the random case is treated using an "equivalent fatigue stress" (Ref. 8). The
equivalent stress (see Appendix D) is

σe = V2 [ r ( 1 + f ) ] m σrms (random) (19)

where

F = complete gamma function

The fatigue life (hours) is then

Life = 2 7T iV — (random) (20)
3600 ujrms

where

"Trras
w ™ ~ ~r~~~"

Fatigue curves for the S-135 drill pipe under various conditions of loading are shown in
Figure 8. The fatigue curve for aluminum drill pipe (see Figure 9), particularly at low
alternating stress values (< 20 ksi), is fit better by the use of a three parameter expres-
sion of the form

N(σ) = KB
σ,

(21)
(σ-C) J

where C is the third parameter. The two parameter expression, equation 15, gives a
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conservative (low) estimate of fatigue life for aluminum if a fit to the high stress range is
used, since the expression gives smaller values of N than the experimental values at low
stress. The three parameter curve, equation 21, when fit to the high stress experimental
curve is not a conservative approach, since it implies an endurance limit at σ = C which
is not supported by the data. The lowest data point is at 13 ksi and values of B,C, and
m are 456.4 ksi, 5.56 ksi, and 3.082 respectively for the aluminum drill pipe. Using
these values for the fatigue curve parameters, a fatigue life of 250 years is predicted at
an alternating stress level of 6 ksi and a heave period of 2 sec. Thus the assumption of
a quasi-endurance limit with the use of equation 21 has practical validity.

The equivalent stress in the random case is given by

σt- C + Ie σrms (random)

where

(22)

(23)

See Appendix D for a derivation of equation 23. The number of cycles to failure is then

KB (random) (24)
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COMPUTER ADAPTATION

The calculations of drill string response are implemented in a FORTRAN program
called HEAVE. At the heart of the simulation is a routine which determines the
response of the drill string to a pure sinusoidal excitation. The complex transmissibility
method of W. Iwan with adaptation by T. Vreeland is used. The inputs to the routine
are the frequency and amplitude of the excitation and the various drill pipe characteris-
tics. The output of the routine is a profile of the response motion along the drill string.

The response of the drill string to general ocean wave energy spectra is determined by
integrating the sinusoidal responses of the drill string over the constituent sinusoids in
the spectrum. The spectrum may be specified either for the sea (and require transfor-
mation by the ship) or for the ship itself for direct input to the heave compensator/drill
string.

The method is essentially as follows:

1. Determine an input energy spectrum (and location). Transform it as necessary
through the ship's response to use as input excitation to the heave
compensator/drill string.

2. Determine drill string responses to each of the individual sinusoid components
of the transformed input energy spectrum and integrate those responses to get
a root-mean-square (RMS) velocity response "down-the-drill-string" profile.
Geometrically spaced frequencies are typically used in this integration.

3. Adjust drill string damping terms and other velocity-dependent characteristics
in both the drill string and heave compensator.

4. Repeat the integration and velocity-dependent adjustment steps until the velo-
city response profile of the drill string converges.

5. Calculate final response using the just-determined velocity-dependent charac-
teristics to integrate once more over the constituent sinusoids of the input
energy spectrum. In this integration the RMS values of displacement, loading,
stress, etc. are determined.

This simulation gives the RMS response profile of the drill string to general ocean wave
spectra. Either wave-height-determined Pierson-Moskowitz wave energy spectra or
spectra determined from heave accelerations measured on the ship are typically used as
input energy spectra.

This drill string response is usually examined and reported in two ways:
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1. RMS profiles. RMS displacement, velocity, loading, stress, fatigue life, etc.
along the drill string.

2. Response density spectra. The density spectra and transfer functions (relative
to ship motion) of displacement, velocity, loading, and dynamic stress.

The first perspective allows more direct comparison with the drill string behavior actu-
ally observed at sea in a traditional engineering environment. The second perspective
shows drill pipe resonances, suggests frequency-dependent sensitivities, and shows the
input-output relationship more explicitly.

Sensitivity analyses for this simulation have many inter-relationships because of the
large number of parameters characterizing the drill string, the situation to simulate, and
even the simulation method itself. The matter of the changing response to varying
values of inter-related pairs of input parameters and changing the values of pairs of
input parameters is conveniently handled in the simulation.

The computed drill string responses are displayed on graphs as functions of two parame-
ters. For each of the several values of one parameter the value of a second parameter is
varied. For each pair of parameter values so determined the drill pipe responses are
computed and plotted. This gives a family of curves indexed by the values of one
parameter showing the responses as functions of the second parameter.

The following are the model input parameters characterizing the drill string simulation:

Drill pipe configuration
group length
group pipe type (determines which of several sets

of pipe characteristics are used)
group spacing of tool joints or rubber dampers
number of mass elements in the group

Bottom of drill string
bottom assembly weight
bottom assembly diameter
mass of additional water entrained in bottom assembly
end restraint (free or fixed)

Heave compensator
none, passive, active
spring rate
damping factor

Ship parameters
presence/absence of ship (& transfer function)
ocean wave direction

-14-



Input Spectrum
oceanic/sinusoidal/external
wave height
wave period
number of discrete frequencies in spectrum

Simulation method
velocity-dependent/constant damping
number of drill string-element groups
added mass factor for tool joints, bottom assembly

The following are the response outputs of the drill string model simulation:

As a function of input frequency (or period)
top, bottom velocity, phase, transfer function
top, bottom displacement, phase, transfer function
heave compensator velocity, phase, transfer function
dynamic stress, phase, transfer function
top, bottom dynamic load, phase, transfer function
complex transmissibility (both amplitude and phase)

As a function of position along the drill pipe
RMS velocity
RMS displacement
RMS stress
total stress
fatigue life

As a function of a general input parameter
top, bottom velocity
top, bottom displacement
RMS top stress
fatigue life
RMS heave compensator velocity
RMS heave compensator stroke

Three test cases were run to verify the computer program (see Appendix E):

g
1. A drill string 67 times more stiff than a steel string (E = 2.0 x 10 ksi rather

than 3.0 x 10 ksi)

2. A heave compensated point mass

3. A uniform flexible steel (S-135) drill string which had previously been analysed
using programs developed by Global Marine, Inc. (GMI) and Mechanics
Research Inc. (MRI)
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A string response was calculated by the HEAVE program for case 1 which was essen-
tially equal to the input (at frequencies well below resonance) for deterministic and ran-
dom inputs with the bottom of the string free to move. This is the expected response
for a very stiff string. With the bottom of the string fixed, the calculated response was
essentially a uniform stretch, and the stresses agreed with those calculated for a uniform
stretch of the string. The steady-state response of a point mass supported by a spring
and a linear damper (case 2) may be expressed as shown in Appendix E. Excellent
agreement between response caculated by equation El and the HEAVE program was
found. Top displacement amplitudes and bottom displacement amplitudes versus wave
period were calculated for a 20,000 ft drill string of S-135 steel drill pipe with rubbers
spaced at 5 ft intervals along the string (case 3 with 5 ft input amplitude to heave com-
pensator). Values of bottom displacement show trends similar to the top displacement
but with increased magnitude.
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BENDING STRESS ANALYSIS

A detailed analysis of bending fatigue in GLOMAR CHALLENGER drill pipe and dril-
ling subs is given in Reference 12 and is included as Appendix F. A supplement to this
report was written covering fatigue in the case of random loading (Ref. 13) and is
included as Appendix G. The drilling sub is a heavy wall section of pipe (which reduces
static stress) with integral machined knobs to produce uniform bending and thereby
reduce bending stress. Because of the knobs they are often referred to as knobbies. A
previous analysis of the bending and fatigue due to vessel pitch and roll (Ref. 14) served
as a basis for design of the drill string and guide shoe system. Subsequent analyses,
References 12 and 13, were made in which the problem was treated in much greater
detail in order to refine predictions of fatigue life.

Highly localized bending occurs in the drill pipe and drilling subs due to vessel pitch and
roll (Figure 10) and, when combined with pipe rotation in the drilling operation, leads
to an alternating stress component which is superimposed on the static and dynamic
axial tension stresses in the pipe material. Thus metal fatigue damage may occur in the
drill pipe and drilling subs due to the bending. Figure 10 shows that the bending is
much more severe if rubbers are not used on the pipe. The bending moment decreases
exponentially with distance from a single contact point of the pipe with the guide shoe,
i.e.,

M = Mo exp ( a x ) (25)

where

M = moment at distance x from contact point
Mo = moment at contact point

/w2

×EI)
T = tension in the pipe
El = flexural rigidity of pipe

Thus for a 25,000 foot string of five inch diameter S-135 drill pipe, the bending stress
drops to 45% of the stress at the contact point at x — 10 in., to 13.5% at x = 25 in., and
to 1.8% at x — 50 in. Localization of bending stress at contact points also occurs when
adjacent rubbers or tool joints contact the guide shoe.

The guide shoe of the GLOMAR CHALLENGER was designed to present a surface of
constant radius (350 ft) to the drill string for vessel pitch or roll angles up to 8.5 °. The
minimum diameter of the guide shoe at its top is larger than the maximum pipe diame-
ter (at tool joints and rubbers), and as the vessel rolls the first contact with the guide
shoe surface may be below the top of the guide shoe. It is assumed that the angle θ
between the guide shoe axis and the vertical varies in one plane only so that the pipe is
straight at θ = 0, and begins to bend when θ increases sufficiently to cause the pipe to
contact the guide shoe. An in-phase pitch and roll motion could keep the pipe
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continously in contact with the guide shoe, but this condition is assumed to be infre-
quent. When the pipe is rotated in the drilling operation, the maximum bending stress
at a point in the pipe alternates in sign at the rotation frequency which is usually much
greater than the frequency of pitch or roll. Thus the wave form produced by drilling
rotation stresses is modulated by the wave form produced by the relatively low fre-
quency alternate stressing due to harmonically varying θ (See Figure 20).

Fatigue accumulation due to the bending starts (or resumes) in a length of pipe when it
is put into the string and drilling resumes. The pipe moves down through the guide
shoe as drilling progresses and three different time regimes, in which fatigue accumu-
lates, are analysed:

1) the time the pipe element is above the upper contact point

2) the time the pipe element is between contact points

3) the time the pipe element is below the lowest contact point

Regime 2 is absent when the maximum θ is smaller than the critical angle θ c which first
causes the pipe to contact the guide shoe at two points. Evaluation of the time history
of stressing of a pipe element as it passes through the three regimes to where the bend-
ing stress becomes negligible (a few feet below the lowest contact point) permits the
fatigue accumulation to be evaluated for one trip of the pipe though the guide shoe.
Account is taken of the variation in tension in the pipe arising from vessel heave, and
the different flexural rigidities of the drilling subs and the drill pipe. The combined
accumulation of fatigue due to bending and heave stresses is then considered.

A section-by-section summary of Reference 12 will now be given. Equation numbers
refer to the equations of Reference 12, unless otherwise noted. The introduction, section
I, contrasts the present analysis with the previous design study and briefly describes the
contents of following sections. A summary of the notation is presented in section II.

Deflection and Bending Stress in the Guide Shoe (section III)

Pipe deflection and bending stresses in the guide shoe are found when two or more
rubbers or tool joints are contacting the guide shoe surface. The pipe is assumed to be
tangent to the guide shoe surface at the contact points (a conservative assumption, since
the bending is actually somewhat less at the highest and lowest contact points). The
maximum bending stress, given by equation 6, occurs at the contact point (actually in
the pipe section adjacent to a tool joint or rubber contacting the guide shoe). It
depends upon the pipe tension T, and equations 7-13 are developed for evaluation of the
maximum stress in three distinct ranges of T:
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1) tension below that required to cause pipe contact between rubbers or tool
joints, T TA

2) tension above that required to cause the bending radius at the contact point
between tool joints and rubbers to conform to that of the guide shoe, T> Te2

3) intermediate values between these two tensions

Pipe Deflection and Stress Below the Guide (section IV)

Pipe deflection and stresses below the lowest contact point with the guide shoe are
evaluated and two cases are considered;

1) drilling subs in the guide shoe area

2) drilling subs and drill pipe below the lowest contact point with the guide shoe.

The stress for case 2 decreases with distance below the lowest contact point only slightly
faster than that for case 1, and equation 17a for case 1 is therefore used in subsequent
calculations of the bending moment below the lowest contact point (a conservative
approximation).

Pipe Deflection and Stress Above the Guide (section V)

A one point contact with the guide shoe is first considered, and the maximum bending
moment (at the contact point) is found by solution of a quadratic equation (equation
19) in Z where Z = MQ a / T and Mo = bending moment at the contact point. The criti-
cal pitch or roll angle θ c which causes the pipe to contact the guide shoe at two points
(at adjacent tool joints or rubbers) is given by equation 22, and it is assumed that when
the pitch or roll angle is θ c or larger the bending stress at the contact points is given by
equation 6. This produces a discontinuity in the slope of the Z versus pitch or roll angle
relationship at θ c. The critical angle depends upon whether drill pipe or drilling subs
are in the contact area, (θ cl and θ c2 respectively). Values of Z and θ c are calculated for
two extreme boundary conditions at the power sub (top of the drilling subs):

1) no bending moment (so the slope changes with respect to the axis of the guide
shoe when the vessel pitches and rolls)

2) no slope change with respect to the guide shoe axis (so a bending moment at
the power sub is induced by vessel pitch and roll)

The deflection at the power sub measured from the axis of the guide shoe is assumed to
be negligible compared to the deflection at the first contact point. It is found that both
of these conditions give essentially the same bending moment at the contact point so the
slightly more conservative assumption (l) is used in subsequent calculations. The
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insensitivity of the bending moment at the contact point to a bending moment at the
power sub results from the rapid decrease in moment with distance from the power sub.

Solutions for Z1 and θ c l with drill pipe above the top contact point and drilling subs
between the drill pipe and power sub are given by equations 30 and 31. Solutions for Z^
and θ c2 with drilling subs at and above the upper contact point are given by equations
31e and 3If. Bending stresses at the contact point are related to the appropriate Z
values by use of equation 6.

Stress-Time Variations (section VI)

Variations in pipe tension (due to vessel heave) are assumed to be uncorrected with
changes in vessel pitch or roll. The change in pipe tension produces a modulation in
pipe bending stress at a given roll angle since the parameter a changes. The maximum
bending stress at a given cross-section of drill pipe also varies with time due to changes
in pitch and roll angle (except in the arc of pipe between upper and lower contact points
as discussed above, but here the length of the arc of contact changes with the pitch and
roll angle). As discussed in the introduction, the bending stress at a given point in the
pipe cross-section alternates in sign as the pipe rotates during drilling. The rate of
stress cycling is then governed by the rotation frequency which is normally much higher
than the pitch or roll frequency. Changes in the pitch or roll angle and in the pipe ten-
sion (due to heave) then produce modulations in the envelope of bending stress ampli-
tude. An essentially sinusoidal modulation of the bending stress at a point results when
the pitch and roll amplitude θ 0 < θ c. When θ 0 > θ e a sinusoidal modulation, with a
flat top, occurs over the portion of the cycle in which θ 0 > θ e.

The bending stress at a given point in the drill pipe varies as the point passes through
the guide shoe area. This variation, discussed above, is taken into account together with
the modulations in stress amplitude due to vessel pitch, roll, and heave to evaluate the
fatigue accumulation as the pipe passes through the area where high stress amplitudes
are encountered.

Bending Fatigue Calculations (section VII)

Miner?s rule, equation 40, is used to calculate the fraction F of fatigue life expended, and
a two parameter fatigue law, equation 41, is used. The parameters B and m are
adjusted to fit experimental fatigue data over the range of expected bending stress. The
stress modulation due to pitch and roll is taken into account by use of the factor 1̂
given by equation 44. The factor I«, in equation 45, accounts for modulation due to
vessel heave. The fraction of fatigue life expended while drilling a distance equal to
xx — x2 is then evaluated by use of equation 47.
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Fatigue Accumulation (section VIII)

Equation 47 is evaluated for the fraction of fatigue life expended in drilling through
three regions (F. above the highest contact point with the guide shoe, Fj between top
and bottom contact points, and F^ below the bottom contact point). Fatigue accumu-
lation above the contact point is a maximum at the top tool joint of a length of drill
pipe since it is the section which is above the contact point for the longest period and
receives the largest number of stress cycles. The fatigue accumulation of this section of
pipe is followed as drilling proceeds and until the bending stress drops to low values
when the section passes some distance below the lowest contact point. The fatigue
accumulation due to bending and tensile (heave) cycles is taken to be cumulative (equa-
tion 76).

Bending Fatigue of the Glomar Challenger Drill String - Random Pitch and Roll
(Appendix G)

The treatment for harmonically varying pitch and roll is extended to the random case in
the supplement. The fraction of fatigue life expended in bending while drilling, with
pipe in the guide shoe area, is given by equation 9 of the supplement in terms of
reduced fractions of fatigue life expended (defined as F times the drilling penetration
rate divided by the pipe rotation frequency).

Fatigue Due to Bending and Heave

The fatigue accumulation of the drill string cannot be accurately monitored without a
means of identification of individual pipe lengths and an accounting system to update
the accumulation of fatigue each time a given length of pipe is put into the string in
well-characterized sea states (with known rotation and penetration rates). The number
of trips n that a length of drill pipe can make through the guide shoe area during its
fatigue life may be estimated for specified mean drilling conditions as follows.

Let H = fatigue life in heave for pipe near the top of the drill string, a fatigue life deter-
mined for some mean conditions evaluated by the heave dynamics program, described in
the previous section on Heave Response Analysis. Let F = fraction of fatigue life
expended due to bending in one trip through the guide shoe, again a mean value. If the
total time the pipe section is subjected to heave at high stress is T (the total time of use
to failure), the fraction of fatigue life expended due to heave alone is T/H. For failure

nF+ T/H = 1 (26)

The relationship T = nTA may be used where Th is the mean time the drill string is sub-
jected to heave while drilling one hole (each length of drill pipe is used to pass through
the guide shoe area during drilling only one time per hole). Solving for n yields

n — (27)
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Figure 11 shows the spacing of rubbers that can be used with either steel or aluminum
drill pipe to keep bending stresses below critical levels. The representation exhibits
discrete jumps since one rubber per joint (30 feet) of pipe produces a 15-foot spacing, 2
rubbers per joint produce a 10-foot spacing, etc. It can be seen that approximately
10,000 feet of the 5-inch steel pipe and 12,000 feet of the 5-inch aluminum pipe can be
deployed without rubbers. They are frequently used on even the lower sections of the
drill string to provide damping. However, the use of rubbers as bending stress limiters
dominates over their use as dampeners as can be seen from Figures 12 and 13. For a
20,000-foot drill string the difference in bending stress by using no rubbers or rubbers at
5-foot spacing is about 80 ksi. For the same conditions the difference in heave stress,
because of damping, is about 4.5 ksi.

When deploying extremely long drill strings (> 20,000 feet) it may be necessary to
obtain further reduction of the bending stress than can be realized with the guide shoe
and with rubbers on the drill pipe. When drilling ahead, and particularly when the rate
of penetration is slow, the knobbies can be used to decrease both axial and bending
stresses. After a few hundred feet of knobbies have been deployed they can be replaced
with standard drill pipe by tripping quickly thru the guide shoe area. When the rate of
penetration during drilling is fast or when deploying pipe to reach the mudline, a very
long string may require the use of a picalo (bend limiter) as shown in Figure 14. The
picalo is designed for a particular length of drill string. The stiffness of the picalo is
highest at the upper end and decreases gradually to the bottom end thereby maintaining
a constant radius of curvature under the bending load. A picalo was used with a 23,000
- foot drill string on Leg 89 (see section on Instrumented Systems) and the bending
stress in the drill pipe was decreased by a factor of approximately 2.5 compared to the
use of the guide shoe alone.
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INSTRUMENTED SYSTEMS

The instrumented systems were designed for the purpose of obtaining stress and dis-
placement measurements on the drill string that could be used as a validation of the
computer model. The instrumentation that has been used at DSDP to measure the
stresses and displacements in the drill string consist of three major systems-the Instru-
mented Drill String Sub (IDSS), the Drill Bit Motion Indicator (DBMI), and the Ship
Motion Data System (SMDS). When at all possible the three systems were operated
simultaneously so that the drill bit motions and the stresses in the drill string could be
correlated with the motion of the ship. Figure 15 shows the three systems and their
location when in operation.

Instrumented Drill String Sub (IDSS)

The IDSS is a joint of drill pipe which is outfitted with strain gages and a self-contained
battery operated recording package. It was used to measure stresses at the top of the
drill string. The standard drill pipe IDSS, as shown in Figure 16, was used when drill
pipe was being run at the top of the drill string. The heavy wall IDSS, as shown in Fig-
ure 17, was used when heavy wall pipe was being run at the top of the drill string due
to a long drill string and/or rough weather. The recording package was made up and
installed in the appropriate IDSS which was then inserted into the top of the drill string
when measurements were desired. Details of the operational use of the IDSS are given
in Appendix H.

The arrangement of the strain gages around the outside of the instrumented pipe is
shown in Figure 18. The primary quantities measured were tension, bending in each of
two perpendicular axes, and torsion. For redundancy a secondary backup measurement
was made of each giving a total of eight channels of data. By proper placement and
orientation of the gages bending was excluded from the tension signal and tension was
excluded from the bending signal. Four individual strain gages were connected as a
Wheatstone bridge for each channel. The bridge method gives a very accurate measure-
ment, it improves the temperature compensation, and it produces a larger signal output
than would be obtained with only one gage.

Each of the eight channels in the IDSS was sampled at a rate of 10 hertz. Approxi-
mately 15 minutes of data could be stored in the solid state memory in the recording
package. After the IDSS was taken out of the drill string the memory unit was interro-
gated to determine if it contained data and if the data was reasonably good. A sample
of this interrogation is shown in Figure II of Appendix I. If good data was obtained it
was retrieved from the memory and stored on magnetic tape which was brought back to
the Project for detailed analysis. A data dump from this taping of the IDSS data is
shown in Figure 12 of Appendix I and the format for this taped data is given in Figure
13.
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Before an instrumented sub was used at sea it was fully calibrated in a testing machine.
The test loads used were 200,000 pounds in tension; 25,000 foot-pounds in bending; and
20,000 foot-pounds of torque. The data from the calibration of the latest version of the
heavy wall IDSS is shown in Figures 14 thru 17 in Appendix I. The scaling factors
resulting from these calibrations are shown in Table 1. In preparation for making an
IDSS run, measurements were made of CAL and ZERO for each channel and these
values were stored in memory in the electronics package. CAL was a voltage measure-
ment across a precision resistor, the resistance of which corresponded to an assumed full
load value for the particular channel. ZERO was the voltage measurement correspond-
ing to the no load condition for each channel. During the data reduction the following
relationship was used:

D = d-ZERO (28)
LCAL - ZERO

where

D = reduced data value (lbs or ft—lbs)

d = measured data value (volts)

S — scaling factor (lbs or ft—lbs)

The range of measurement of the IDSS was up to the yield strength of the drill pipe,
i.e., 700 klbs in tension, 64 kft-lbs in bending, and 74 kft-lbs in torque. The reduction
and plotting of the data was done by computer. Typical plots of tension, bending, and
torque are shown in Figures 19 thru 21, respectively. The tension data of Figure 19 was
obtained on Leg 89 with 21,000 feet of drill string deployed. The maximum loading was
about 600,000 pounds, and the dynamic load was approximately ± 150,000 pounds.
The bending stress data of Figure 20 was obtained on Leg 81, during drilling operations.
The higher frequency data corresponds to the bending stress produced by the rotation of
the drill string in the guide shoe, whereas the envelope of the data corresponds to bend-
ing produced as the drill string bends to the curvature of the guide shoe during pitch
and/or roll motion of the ship. Figure 22 is a power spectrum of the bending stress with
peaks occuring at a 10 second period (pitch or roll induced bending) and at a period of
about 1.5 seconds (rotation induced bending). Figure 23 is a power spectrum of the ten-
sion data from Leg 89 and shows the major peak at a 7 second period. This corresponds
closely to the period of the peak ship heave energy as can be seen from the ship heave
spectrum of Figure 30 which will be discussed in the section on ship motion.

The data from the IDSS was stored in memory in the electronics package and the read-
out occured at some later time. However, the drilling crew needed a real time read-out
of drill string tension so that on-the-spot decisions could be made. A Martin-Decker
load gage at the rig floor provided this instantaneous read-out, and the load was also
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recorded on a TOTCO recorder at the rig floor. A typical example of a TOTCO load
recording is shown in Figure 18 in Appendix I.

Figure 24 is a series of plots showing a typical progression from sea power spectral den-
sity, which is the excitation parameter used in the HEAVE program to the dynamic
load power spectral density. The first plot in the series is the Pierson-Moskowitz sea
spectrum mentioned previously. This spectrum was derived from a number of spectra
measurements taken by British weather ships in the North Atlantic. This composite
spectrum is used frequently by researchers, but is problably not truly representative of
all the oceans of the world at all times of the year. The second plot in the series is the
ship heave RAO or transfer function. The RAO's were mentioned in the section on
Heave Response Analysis. The condition of quartering seas, i.e., with the wave direc-
tion at 45 ° to the bow of the ship, is used almost exclusively in the HEAVE program
since it is the worst case, except for beam seas, which are avoided if at all possible. The
third plot in the series is the ship heave power spectral density which results from
applying the heave RAO to the sea spectrum. The instrumented data shows a peak
occuring at a period of about 8 seconds, which correponds closely to the peak for a 6-
foot wave, but with a magnitude that corresponds more closely to the magnitude for a
15 to 18-foot wave. The reason for this discrepancy is not clear. The fourth plot in the
series is the dynamic load RAO and shows the resonant heave period (6.8 seconds) of
the drill string. The last plot shows the dynamic load power spectral density. The
instrumented data shows a much higher peak than the curves derived from the HEAVE
program. Again, the reason for this is not clear. However, the period at which the peak
occurs is in very good agreement.

It might appear from the set of curves in Figure 24 that drill string resonant heave
periods are below the range of maximum ocean wave energy, even for long drill strings.
However, even though the peak sea power for a 6-foot wave is relatively low, the peak
occurs at a period which is fairly close to the resonant period for long (>25,000 feet)
drill strings. And it must be remembered that, at resonance, a very small excitation can
produce a large response. This may have been the cause of the large dynamic loading
on Leg 89 which was mentioned previously (also see section on Drill String Resonance).

Drill Bit Motion Indicator (DBMI)

The DBMI is shown schematically in Figure 25. It is basically an accelerometer package
which is attached to the core barrel and dropped down to the bottom of the drill string.
The vertical (heave) acceleration of the drill bit was measured and the data was stored
in the self-contained electronics section of the package in a similar fashion to the method
used with the IDSS. Three ranges of acceleration were available, ± 0.1 g, ± 0.5 g, and
± 1.0 g. One of the ranges was pre-set before the instrument was sent down the drill
string. As with the IDSS the instrument was interrogated after retrieval to determine if
data had been recorded and, if so, the data was transferred to magnetic tape to be car-
ried back to the Project and analyzed. A data dump from a DBMI tape is shown in
Figure J l of Appendix J and the format for the data is given in Figure J2.
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A plot of typical data from a run of the DBMI is shown in Figure 26. The low fre-
quency data at the beginning of the plot represents the condition of a free hanging drill
string whereas the higher frequency data was produced while drilling. In an effort to
establish time synchronization of the data from the instrumented systems a jerk load
was imposed upon the drill string by dropping it slightly and then catching it. This
method did not produce the synchronization desired, since the ship did not "feel" the
jerk load, i.e., it did not show up on the ship motion data system. However, the DBMI
did feel the jerk load, and the resulting data plot is shown in Figure 27. The point at
which the jerk load was applied is easily seen in the figure as the start of the greatly
increased amplitude oscillations which then damp out and return to the normal heave
motion signal of a free hanging string.

The data from the DBMI is in units of acceleration. If displacement rather than
acceleration is desired, it may be approximated by using

s = JL (29)
<JJ

where

s = displacement

a = acceleration

2 7T
« = —

T — period

The period can be approximated as the time between two successive maxima or minima
on the acceleration record. A transformation from acceleration to displacement can be
performed by a double integration process in the computer. However, since the initial
conditions required for the integration are difficult to determine, the approximation dis-
cussed above is sufficient in most cases.

Ship Motion Data System (SMDS)

The SMDS was developed so that the ship motions could be measured and correlated
with the drill bit motions and the stresses in the drill string. Spectra can be developed
from the ship motion data and these spectra can be used as input for a model. For
example, the ship heave spectrum can be used as the excitation input to the HEAVE
computer model to see how the resulting bit motion and top drill pipe stresses compare
with those actually measured at the same time that the ship heave data was taken.

A block diagram of the SMDS is shown in Figure 28. In addition to the heave, roll, and
pitch motions of the ship the system also measured and recorded the hookload, i.e., the
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loading at the top of the derrick when the drill string was deployed. This hookload
included the weight of the drill string plus any equipment that was run above the string
such as the travelling block, the power sub, or the heave compensator. The heave, roll,
and pitch were obtained from a vertical reference gyro and an accelerometer, both of
which were mounted near the moon pool of the ship. The SMDS data was recorded on
magnetic tape to be analyzed at a later time. A data dump from the tape is shown in
Figure Kl of Appendix K and the format for the taped data is given in Figure K2.

A typical plot of heave data from the SMDS is shown in Figure 29. A power spectrum
of heave data in Figure 30 shows that the maximum ship heave energy, for the particu-
lar run noted, was located in the range of periods from 6 to 10 seconds. Typical plots of
pitch and roll data are shown in Figures 31 and 32 respectively. A hookload record
from the SMDS is shown in Figure 33. It shows the maximum hookload to be about
610 klbs. At the same time that the SMDS data was being recorded on tape it was also
recorded on a strip chart recorder so that a quick-look could be obtained. A portion of
a strip chart recording is shown in Figure 34.

Coordinated Runs

Whenever possible, the three measurement systems - the IDSS, the DBMI, and the
SMDS were all operated at the same time in a coordinated run (see Fig. 15). This was
done so that the measurements of drill pipe stress and bit motion could be correlated
with the ship motion excitation. The coordinated runs were also made so that any
prominent events might be picked up on at least two and possibly all three of the sys-
tems, for example, the jerk load mentioned in the DBMI section. The jerk load was
seen on the DBMI, but it was not significant enough to be seen on the heave record of
the SMDS, and the IDSS malfunctioned on the jerk load runs. Details on methods used
for deployment of the three systems for a coordinated run are given in Appendix L.

Coordinated runs of the instrumented systems were begun on Leg 72 and continued on
Legs 74 and 76 as a break-in and development period. Table 2 shows a summary of the
data that was obtained from the instrumented systems since Leg 76. It was unfortunate
that there was a real scarcity of data from the IDSS system which was continually
plagued by electrical problems. A comparison of data obtained from the instrumented
systems and results obtained from the computer model (HEAVE) is given in Table 3.
There is generally good agreement except for the vertical loading in the drill string on
Leg 89 which will be discussed in the section on drill string resonance.
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LONG DRILL STRINGS

Long drill strings have frequently been deployed during the course of the Deep Sea Dril-
ling Project, the longest one being 23,000 feet of 5-inch pipe. As technology improves
and experience is gained, it is envisioned that even longer drill strings will be used.
There are a variety of methods which may be used to achieve long drill strings. Smaller
diameter (<5") pipe may be used, at least on the lower portion of the string. However,
this is usually not an attractive alternative since it would necessitate the design, fabrica-
tion, and testing of a complete line of smaller coring tools than have been used to date
in the Deep Sea Drilling Project. A tapered string may be used where, for example, 5-
inch pipe is used on the lower portion of the string, then a larger diameter, or diameters,
on the upper portion of the string. A mixed string, say 5-inch steel and 5-inch alumi-
num, may also be used. And finally, a tapered and mixed string can be used, where the
string is composed of more than one diameter of pipe and more than one material. The
properties of three types of standard drill pipe are given in Table 4.

An example run of the HEAVE model and the resulting plots are shown in Figures 35
thru 40. The run describes a 30,000 - foot tapered and mixed string composed of 5 1/2
and 5-inch steel and 5-inch aluminum pipe with a Pierson-Moskowitz sea spectrum as
input excitation and no heave compensator. The rubbers mentioned in Figure 35 were
used for two reasons, first to decrease the bending stress and secondly to provide damp-
ing. Figure 36 shows the amplitude of displacement of the drill string. It can be seen
that the bottom of the string experiences greater displacement than the top, which is a
typical situation. The velocity of the drill string is shown in Figure 37 and the trend is
similar to the displacement. The dynamic stress in Figure 38 varies abruptly because of
the different diameters and materials used in the string. The total stress is shown in
Figure 39. Actually it is the total of the static plus the dynamic stress, but does not
include the bending stress. For most efficient use of material the configuration of the
drill string should be such that each section of one diameter or one material is stressed
to some reasonable limit, say 90 percent of the yield strength. This is the case for the
two top steel sections and the aluminum section in Figure 39 if bending stress is also
considered.

The fatigue life is given in Figure 40 and again there are abrupt changes due to change
in cross section or change in material. From fifteen years experience at sea DSDP has
found these computer generated fatigue curves to be conservative. Drill strings have
parted, but in most cases the failures were due to material flaws, overstressing, or inade-
quate inspection methods. In addition to the plots, printed numerical output as shown
in Figures 41 and 42 is also available from the computer. Figure 41 is a reprint of the
data that was inputted in order to make the run. Figure 42 is a typical page of the
results from the run.

The HEAVE program has been run for drill string lengths from 12,000 feet to 30,000
feet and the results are shown in Figures 43 thru 47. The curves are plotted versus drill
string length and are based upon the same input as in Figure 35 with the following
exceptions:

-28-



1) Drill string length was varied from 12,000 to 30,000 feet

2) 5-inch pipe was used thru 24,000 feet; from 24,000 to 30,000 feet a tapered
string was used (20,000 feet of 5-inch at bottom topped off with 5 l/2-inch)

No heave compensator was assumed, thereby producing the worst case, i.e., highest
stress. Many times during operations at sea it is impossible, or impractical, for various
reasons to use the heave compensator. When the compensator is used, the dynamic
stress level is reduced. However, the dynamic stress is a relatively small percentage
(<10%) of the yield strength of the pipe, and so the reduction is not too significant
unless the pipe is being worked near its strength limit.

Figure 43 shows the heave displacement amplitude of the top of the drill string, which is
assumed to be the same as the heave displacement of the ship. The ship displaces
10,000 tons whereas the wet weight of drill string is about 220 tons at most. Therefore
the deployed string has a negligible effect on the heave motion of the ship, and the top
of string displacement curves are constant for any particular wave height. The displace-
ment amplitude of the bottom of the drill string is shown in Figure 44. Because of its
elastic properties the string, in general, has greater bottom displacement for longer
strings. Figure 45 shows the top dynamic stress amplitude. It is interesting to note
that, for the 6-foot and 9-foot wave, the dynamic stress decreases as the drill string
length increases from 22,000 to 24,000 feet. This may be due to some resonance effect
around 20,000 to 22,000 feet and increased damping beyond 22,000 feet. It should be
remembered that the wave height values given on the figures represent peak-to-peak
whereas the amplitude values given in Figures 43-45 are plus or minus. The combined
static plus dynamic stress is shown in Figure 46. The maximum stress ranges from 100
ksi to 112 ksi, which means that a bend limiter (picalo) would be required at the longer
drill string lengths to keep the total stress (static + dynamic + bending) from exceeding
90 percent of the yield strength (121.5 ksi) of the S-135 steel pipe. Figure 47 shows the
fatigue life based upon the stress at the top of the drill string. Efficient utilization of
drill pipe can be realized by rotating a section of pipe from the top of the string to a
progressively lower position in the string after it has accumulated a pre-determined frac-
tion of its fatigue life at each position.

Table 5 is a listing of various configurations to obtain a 30,000-foot drill string. The
first two configurations require the use of a picalo to keep stresses within safe limits.
Some of the configurations use non-API pipe, some are tapered (different diameters),
some use aluminum drill pipe (ADP), and some use a smaller bore than the standard
pipe used on the CHALLENGER (5-inch, 19.5 lbs/ft). The configurations in Table 5
are workable, but not necessarily optimum.

Before some operations at sea, especially when high loading on the drill string is antici-
pated, a loading curve, such as shown in Figure 48 may be developed. The load values
on the figure take into account the bending and principal stresses. A limit on the load-
ing can be established, e.g., the 90 percent yield limit on the figure. The loading, as
observed at the rig floor, is then not allowed to exceed the limit.
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DRILL STRING RESONANCE

The first plot of Figure 24, the Pierson-Moskowitz sea power spectrum, shows that signi-
ficant energy is available in the range of wave periods from 5 to 10 seconds. The second
plot of Figure 24, the ship (CHALLENGER) heave RAO, indicates that a good portion
of the energy in the ocean can be transferred to the ship. This is substantiated in a
spectrum of measured ship heave shown in Figure 30 where, again, a significant portion
of the energy is located in the periods from 5 to 10 seconds. For drill strings of less than
20,000 feet there is no problem. However, for drill string lengths between 20,000 and
30,000 feet the resonant heave period falls in the range of periods between 5 and 10
seconds, and heave resonance becomes a possibility. Figure 49 shows the region of ocean
energy and the resonant heave periods of various configurations of drill string.

Figure 50 shows the resonant heave period of a 20,000-foot non-tapered steel drill string
to be about 5.8 seconds. The resonant period plot of a tapered 30,000-foot string com-
posed of 5 1/2 and 5-inch steel pipe exhibits two resonant periods corresponding to the
two sizes of pipe as shown in Figure 51. The principle resonant period is seen to be
about 7.9 seconds. The approximate resonant heave period for a non-tapered, non-
mixed steel drill string is given by:

L > 8500 feet, Dia = 5 inches] (30)

where

L = length of drill string (excluding bottom hole assembly)

a = velocity of sonic waves in the pipe material

m i - mass of bottom hole assembly

m1 = mass of drill string

Figure 52 shows the effect of damping on heave displacement. The damping factor for
the drill string is less than 0.1, and as the forcing frequency in heave approaches the
resonant heave frequency of the drill string, the amplification factor increases rapidly
with a resultant increase in the dynamic stress at the top of the string. This may have
been the situation on Leg 89, mentioned previously where unusually high dynamic loads
of ± 150,000 pounds were observed. These high dynamic loads were predicted in Refer-
ence 15, and a set of curves, Figure 53, from the reference show a dynamic loading of
175,000 pounds for a ship heave of one foot. The curves are based upon harmonic excita-
tion, and it is possible that, at times, the seas may have a harmonic character. A run of
the HEAVE model was made using the conditions of Leg 89 with a harmonic sea. The
results are shown in Figure 54 where the drill string experiences a dynamic load of
almost 150,000 pounds at resonance under the excitation of a 9-foot wave, or a ship
heave of one foot (see Figure 2 at a period of 6 seconds).
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The magnitude of the vertical motion of the bottom of the drill string is greater than
the heave of the drilling vessel (see Fig. 36). The ratio of these motions (bottom/top) is
a maximum when the wave period is equal to the natural heave period of the drill
string. This amplification of motion at the bottom of the string results in an oscillatory
tension stress which is a maximum at the vessel and is given by (Ref. 16)

Mβ.io• £*(=..£)
psi (31)

where

XQ = heave displacement of vessel, ft

Tn = natural heave period of drill string, sec

T = period of heave motion of vessel, sec

For safe operation, considering fatigue,

or .75 σy , whichever is smaller (32)

where

&E = endurance limit for drill pipe material

σs = mean (static) stress

<ru= ultimate tensile strength of drill pipe material

σ y— yield strength of drill pipe material

The heave amplitude of the vessel as a function of wave height can be found from RAO
curves such as shown in Figures 2 and 3. Using the RAO's in conjunction with equation
31 and a resonance curve,e.g., Figure 49, a set of curves can be drawn depicting safe
operating sea states for various lengths of drill string. An example of this is shown in
Figure 55 where safe operating conditions are combinations of wave height and period
which lie below the curve. Another way of determining a proper drill string configura-
tion and safe operating condition is to use Figures such as 12, 46 and 49. The fatigue
life in both heave and bending should also be checked and monitored.

Some methods of reducing the dynamic loading are available. The damping can be
increased by the addition of rubbers along the length of the drill string. However, so
much damping is required to reduce the dynamic loading that it is only the long drill
strings which have sufficient damping. A second method of reducing dynamic loading is
by the use of a heave compensator. A computer plot resulting from a run of the
HEAVE program for a 20,000 foot drill string with heave compensator is shown in Fig-
ure 56. The three peaks represent the heave resonances of the drill string, or a portion
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thereof, (3-4 sec) and the heave resonance of the compensator-drill string combined sys-
tem (21 sec). Each of the resonant periods fall outside the range of maximum ocean
energy that was shown in Figure 49. There are times, even when the heave compensa-
tor is being used, that it must be locked out, e.g., to add a section of drill pipe. There-
fore, the heave compensator does not necessarily lessen the dynamic load on the drill
string, but it can lessen the time that the string is subjected to relatively high dynamic
loading, and thereby help to increase the fatigue life. A third method of reducing the
dynamic loading on the drill string is by using a mixed string. Figure 57 is a plot from
a run of the HEAVE program for a 30,000 foot tapered, mixed string. By comparing
with Figure 51 for a 30,000 foot tapered steel string, it can be seen that the fundamental
resonant heave period has been lowered from 7.9 sec for the steel string to 3.3 sec for the
mixed string. This lowering of the resonant period below the high energy band of the
ocean will aid in reducing dynamic loading.
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CONCLUSIONS

Two types of systems have been described in this report - the computer models of the
drill string (HEAVE and BEND) which calculate stresses and displacements, and the
instrumentation systems (IDSS, SMDS, DBMI) which measure stresses and displace-
ments. A computer model is needed to make predictions of results, especially under
conditions which have not as yet been encountered during operations at sea. On the
other hand, instrumented systems are necessary so that results obtained from them dur-
ing actual operations may be used as a check on, or validation of, the computer results.
The results of each system are used to refine the other.

Tension data, i.e., stress at the top of the drill string as measured by the IDSS, agreed
fairly well with that calculated by the HEAVE model. Much of the measured tension
data was cluttered with electrical noise, but where the data was reasonable it was usu-
ally within about 5 percent of the computer prediction. The hookload measurement
from the SMDS was also in good agreement after taking off the weight of any running
gear such as the travelling block, the Bowen power sub, or the heave compensator. Due
to lack of synchronization it was not possible to determine the angle of pitch or roll at
any point along the bending stress record. The portion of the drill string in contact
with the guide shoe is dependent upon the pitch or roll angle. If the strain gaged por-
tion of the instrumented sub is bent in full contact with the guide shoe the strain gages
will show the maximum bending stress corresponding to the length of drill string. Oth-
erwise, the bending stress will be less than the maximum, which is the case as seen in
Table 3. The torsion stress is not calculated in the HEAVE or BEND program, and
therefore no comparisons were made with the values measured by the IDSS. The tor-
sional yield strength of the S-135 pipe material corresponds to a torque of 74,000 ft-lbs.
The maximum torque, as recorded on the TOTCO recorder at the rig floor, was usually
no greater than 12,000 ft-lbs.

The ship heave, as measured by the SMDS system was usually greater (by as much as a
factor of 2) than that resulting from the HEAVE model. One explanation of this
discrepancy may lie in the reporting of the wave height, which is later used in the
HEAVE model, during an instrumented run. The wave height was estimated from
visual observation which may tend to under-estimate longer period larger waves or
swell. Another reason for the discrepancy may be the method of arriving at the ship
heave from the SMDS record. The heave was measured as acceleration and converted
to displacement by using a/UJ2 where a is an average value of the acceleration and UJ is
the frequency - found from an average period on the record. This method is adequate
for a harmonic function, but may not give accurate results for a random situation such
as the heave record. Double integration of the acceleration record has been attempted,
but the results were in doubt since no definitive initial conditions could be established.
Pitch and roll angle are not calculated in the computer model. Consequently no com-
parison is made with the pitch and roll data from the SMDS.

The bottom portion of the drill string was usually outfitted with bumper subs. These
functioned as heave compensators so that, during drilling, the drill bit was protected
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from periodic impacts with the bottom due to the heave motion of the ship. The DBMI
data was generally taken with the string free-hanging, i.e., lifted off the bottom in a
non-drilling mode. The bumper subs were then stroked out, and the heave motion of
the drill bit was the same as it would be without bumper subs. This motion, as meas-
ured and recorded by the DBMI, can then be compared with the corresponding motion
calculated in the HEAVE computer model. The comparison as seen in Table 3 shows
good agreement. Here, also, the DBMI data was taken as acceleration and was con-
verted to displacement in the same fashion as for the ship heave data.

Generally noisy data and lack of synchronization prevented any cross spectral analysis
of the measured data. However the portions of good data, although not usually long
enough to permit adequate spectral analysis, have supplied valuable information as to
the magnitudes of various parameters. Also, the comparison of the measured data with
the results of the computer model have given added assurance that the model is valid as
a predictive tool.
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COMMENTS

The experience gained from years of working with the drill string computer models and
the instrumented systems at the Deep Sea Drilling Project has revealed many areas
which could be improved. Some of these are listed below:

1) Stress concentration in IDSS

In the existing IDSS the strain gages are attached to the outside of the pipe
and the electrical leads are run to the inside by means of a feed-thru tube (see
Figures 16 and 17). This creates a stress concentration region in the wall of
the drill pipe. The feed-thru tube could be eliminated by installing the gages
on the inside of the pipe. The gages would thus be more protected against
mishandling, but they would need to be covered adequately to prevent damage
or leakage because of the water flow down the pipe.

2) Real time readout from IDSS

A capability for real time readout from the IDSS, possibly in addition to the
self contained recorder, would be very desirable so that on-the-spot informa-
tion could be seen and on-the-spot decisions made. This would require a slip
ring assembly if the drill string were to be rotated during the time of the meas-
urement. However many useful measurements could be made without rotating
the string; i.e., with the string free hanging and not drilling. The real time
reader could be plugged into the IDSS, readings obtained for a few minutes,
then unplugged, and drilling resumed.

3) Quick-look for IDSS

The data from the SMDS was displayed on strip chart as well as being
recorded on magnetic tape. The chart recording allowed a quick-look at the
ship motion and hook load. A similar arrangement would be useful for the
IDSS where the data could be displayed in graphical form, either on strip
chart or on a CRT. The present system can be interrogated for data, but the
data is printed out as columns of numbers which must then be scanned visu-
ally if maxima are to be discerned. A quick-look graphical display would more
clearly, and more quickly, show any maxima.

4) Synchronization of instrumented systems

When the instrumented systems were being developed it was the intent to
have them all synchronized in time. To a certain extent this was achieved - a
time delay was set in the DBMI before it was dropped down the drill pipe, the
IDSS was set to start at the same time as the DBMI, and the SMDS recording
was started when both the DBMI and IDSS were due to start. This produced
concurrent data from each of the systems, but not really synchronized data
because the start times for the systems were not exactly the same. For this
reason, and also because of noise in the data, it was not possible to perform
cross spectral analyses. The best method of obtaining synchronization of the
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data is by a master timing signal that is introduced into the data of all three
(or more) systems. This could be done easily with the SMDS, not so easily
with the IDSS, and with much difficulty with the DBMI. If a plug and unplug
method, such as mentioned in the real time readout, were used with the IDSS
then a master timing signal could be entered into the data. For the DBMI an
electrical lead could be run down to the bottom of the drill string (Ref. 17).
However this is expensive and time consuming and must be considered relative
to the worth of the data to be obtained. Other methods are available for
transmitting data from downhole sensors and one should consult the literature
on measurements -while-drilling (MWD).

5) Electronic integrity

It was mentioned previously that much of the IDSS data contained electrical
noise. It is believed that the noise originated within the electronics package,
and not externally, since the package, being inside the drill pipe, is well
shielded from electro-magnetic radiation such as radio waves. In future
developments of similar packages a concerted effort should be made to assure
that this noise is eliminated. A thorough shock and vibration analysis should
be done and, after the unit is built, a shock and vibration test should be con-
ducted.

6) Wave measurements

The Pierson-Moskowitz (P-M) sea spectrum has been used in the HEAVE pro-
gram as the input excitation. The comment has previously been made that
the P-M spectrum may not be truly representative of all the oceans of the
world at all times of the year. Actual measurement of the wave spectrum in
an operating area would be useful for later analysis of data from the instru-
mented systems. Equipment is available for obtaining such spectra. Wave
riding buoys which contain an accelerometer have been used for this purpose.
The wave data can be stored within the buoy for later readout or it can be
transmitted, by telemetry or hard wire, to a receiving and recording station on
the ship. The buoy is usually attached by a long tether to the ship so that the
buoy is free to move up and down with the waves, but yet it does not drift
away and can be recovered when desired. Some of the wave buoys are set up
to measure not only vertical acceleration of the waves, but also the directional-
ity of the waves. If a wave spectrum is measured during a particular operation
where the instrumented systems are deployed then the spectrum can be used
in the computer model in place of the P-M spectrum when simulating the run.

7) Fatigue Life

Experience of DSDP has shown that the fatigue life, as calculated in the
HEAVE and BEND programs, is very conservative. This is in agreement with
Figure 8 showing the calculated fatigue curves for the steel drill pipe to be
more conservative than the results of full scale fatigue tests by Rollins. The
calculated fatigue curve for aluminum drill pipe (See Fig. 9) appears to also
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be conservative especially for low values (< 10 ksi) of alternating stress which
is the more typical situation. The 3-parameter fatigue equation has been dis-
cussed and preliminary runs indicate that it gives more reasonable values of
fatigue life for aluminum drill pipe than does the 2-parameter equation. More
work needs to be done in refining the equation or equations to be used in the
computer model for fatigue life.

Also, a methodical system for maintaining a log of the usage of each joint of
drill pipe should be devised. This may, and probably will, necessitate the use
of some type of magnetic bar code identification on each joint. This code
could be scanned as the pipe is put into, or taken out of, service and the log
updated. Much of the scanning, processing and updating of the data could be
handled by "computer. As fatigue hours accumulate on a particular joint of
pipe at the top of the string, the joint would be moved to a position lower in
the string on a subsequent deployment.

More work should also be done in the area of fatigue testing. Specimens cut
from drill pipe often exhibit a higher fatigue life than the pipe itself. Fatigue
tests should be conducted on the full scale pipe and various stress levels should
be used so that the fatigue curve can be defined. If possible, the tests should
be run in ocean water, or at least on joints of pipe that have been in the
ocean.

8) Combined stress

This report has described two computer programs used to find stresses in the
drill string - HEAVE which calculates the static and dynamic heave stresses
and BEND which calculates the bending stress. Equation A9 of Appendix A
shows these three stresses plus an additional stress, usually called the principal
stress, produced by the pumping pressure. All of these stresses may act con-
currently and are therefore additive. It would be convenient to have the two
programs combined into one and include the principal stress and any assumed
overpull so that the output, while showing the separate stresses, would also
show the overall total stress.
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OF TOOL JOINTS (30 FT)

400,000LBS

FIGURE 10
DRILL STRING IN GUIDE SHOE



BASED ON: 90% YIELD , BHA = 40,000 LBS
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FIGURE 11
RUBBER SPACING VS DRILL STRING LENGTH
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FIGURE 12
EFFECT OF RUBBER SPACING ON
BENDING STRESS IN DRILL STRING
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FIGURE 13
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FIGURE 14
GUIDE SHOE AND PICALO SYSTEM

PICALO
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FIGURE 15
DRILL STRING DATA SYSTEM

HEAVE
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FIGURE 16
INSTRUMENTED DRILL PIPE ASSEMBLY
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FIGURE 17
INSTRUMENTED HEAVY WALL PIPE ASSEMBLY
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FIGURE 18
STRAIN GAGE LAYOUT FOR IDSS
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TENSION DATA FROM IDSS
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FIGURE 20
BENDING DATA FROM IDSS
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FIGURE 21
TORQUE DATA FROM IDSS



10 sec (pitch or roll induced)
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1.5 sec (rotation induced)

89/585ORO2

3.'s 4.0

FIGURE 22
POWER SPECTRUM OF BENDING STRESS
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FIGURE 23
POWER SPECTRUM OF TENSION DATA

89/462ORO4
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FIGURE 24
RESPONSE AND LOADING

CURVES FOR HEAVE MOTION
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FIGURE 25
DRILL BIT MOTION INDICATOR (DBMI)

-68-



DflTfl FROM FILE SHIPDfiTfl/81/553flS03/ENG.
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FIGURE 26
DATA FROM DBMI
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FIGURE 27
JERK LOAD SIGNAL FROM DBMI
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FIGURE 28
SHIP MOTION DATA SYSTEM (SMDS)

KENNEDY 9832
INCREMENTAL

TAPE RECORDER

HOOKLOAD
SENSOR



to
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FIGURE 29
HEAVE DATA FROM SMDS



89/462ORO4

FIGURE 30
POWER SPECTRUM OF HEAVE DATA



89/5850R01

FIGURE 31
PITCH DATA FROM SMDS



ICO 20.0 30.0 HO.O SO.O 60.0 70.0

TIME (SEC)
80.0 90.0 130.0

FIGURE 32
ROLL DATA FROM SMDS

120.C



89/462ORO4

TIME (SEC)

FIGURE 33
HOOKLOAD DATA FROM SMDS
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FIGURE 34
STRIP CHART RECORD FOR SMDS



00

RUN ID# 1368
GROUP LENGTH (FT) ^ELEMENTS RUB3ER SPRCING (FT) PIPE TYPE

H.C.

1
2
3
4
5
6

5000.0 10
5000.0 10
5000.0 10
5000.0 10
5000.0 10
5000.0 10

TYPE =HONE
BOT RSSY DIRM = 0-867
INPUT
HYDRO
H.C.
HYDRO
RDDED

TYPE
DRMPG
SPRING
DRHP
MRSS

=RRNDOM SEfl
=VELOCITY DEPENDENT
RRTE = 0.005
IN HOLE = 0
FfiCTOR FOR JOINTS = I.1

X-RXIS: ELEMENT DEPTH (FT) FROM
CURVE
PLOT
PLOT
PLOT
PLOT
PLOT

INDEX
# It
H 2:
ft 3:
# 4:
# 5:

H.C.

7.0
7.0
7.0
7.0
7.0
7.0

DRMPING =2100
DS END RTTRCH =FREELY
SIG
SHIP
0ELT
0

14 = 0

0.
: URVE HEIGHT (FT) VRLUES
RMPLITUDE (FT) CU
VELOCITY (FT/SEC) [23
DYNRMIC STRESS (LB/SQIN) [33
FRTIGUE LIFE CLOG HRS)
TOTRL STRESS (LB/SQIN)

[43
15)

URVE HT - 6
X-FCN =45 OFF BOU
GRPS = 6

00 TO 0.00 BY
6.00 9.00

10= 5.50 ST. RPI
1=5 ST.,
1=5 ST.,
2=RLUMINüM
2=RLUMINUM

PREM RPI
PREM RPI
, NEU
f NEU

4=5 ST. 90Z-UL RPI

SUSPENDED

0.00
12,00

BOT RSSY UT 40000
INPUT LOCTN =TO SHIP
U INT STEPS = 40
PIERSON/MOSKOUITZ.
BOT-GRND SPRING RflTE
RDDED BOTTOM MRSS = 0
= 0

15.00 18.00

FIGURE 35
COMPUTER SETUP FOR 30,000 FT DRILL STRING



RUN #1368 (10/10/83 11:47*133

UflVE HEIGHT (FT)

+
Δ

α
o
X
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15.00
18.00

FIGURE 36
AMPLITUDE OF DISPLACEMENT OF DRILL STRING

0 5.0 10.0 15.0 20.0 25.0
ELEMENT DEPTH (FT) *103

30.0



RUN #1368 CiO/10/83 11:47:13)

UflVE HEIGHT (FT)

0 5.0 10.0 15.0 20.0 25.0
ELEMENT DEPTH (FT) *lθl

+
Å

a
©
X

δ
B
00

9.00
12.00
15.00
18.00

FIGURE 37
AMPLITUDE OF VELOCITY OF DRILL STRING

30,0



0 0

NEW 5.5 IN. DIA. STEEL

NEW 5.0IN.DIA.STEEL

W l #1368 (10/10/83 11:47:13)

UflVE HEIGHT (FT)

+
Δ

Q

O

×

6,00
9.00

12.00
• ts•oo

18o00

NEW 5.0 IN.DIA.ALUMINUM

PREMIUM 5.0 IN. DIA.STEEL

FIGURE 38
DYNAMIC STRESS IN DRILL STRING

5.0 10.0 150 20.0 25.0
ELEMENT DEPTH (FT) *103

30.0
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CO

_ J
CU
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CD

0

NEW 5.5 IN. DIA STEEL

NEW 5.0 IN. DIA STEEL

NEW 5.0 IN. DIA
ALUM

RUN #1368 C10/10/83 11«H7*133

UflVE HEIGHT (FT)

+ 6o00

12»00
ISoOO
18o00

PREMIUM 5.0 IN. DIA STEEL

6.0 lOiO ISO 2Q'O
ELEMENT DEPTH (FT)

FIGURE 39

TOTAL STRESS IN DRILL STRING

25.0 30:0
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CO
CU

o

LLJ

<ΛJ

o
0

NEW 5.5 IN. DIA STEEL

NEW 5,0 IN. DIA

ALUM.

RUN #1368 (10/10/83 11:47:13.1

UflVE HEIGHT (FT)

5.0 10.0 ' 15.0 20.0 25£>
ELEMENT DEPTH CFT) *103

+
Δ
tD
O
X

6o00
9,00

12-00
IS.00
18.00

PREMIUM 5.0 IN. DIA STEEL

FIGURE 40
FATIGUE LIFE OF DRILL STRING

30^0



ö

o

o
L_

DSDP HEAVe MCDEL C05/05/82] (COMPILEC 080483) RUN 1D# 1306 AT 06/04/83 15:23:13
USES HEAVE/FTN CO8/04/83] (COMPILED 08/04/63)

5 CRILLSTRING ELEMENT CROUPS —

GROUP LENGTH ELEMENTS SPACING PIPETYPE

L

i
2
3
4

C C Q U
ccoe J
Cf 031
Ct 04 )
C 1 0 5 ] :
CCC6J
c c o π
CCC8 J
CCC9J

c t i o i
CC 11 ]
C[ 12]
C C H ]
C t H 1
CC 15]
CC 161
CClfl l
CC19]

50C0
5C00
500C
5000
3000

I0
I0
10
11)
6

7.00
7-00
7.00
7.00
7.00

HEAVE COMP TYPE 0.0
HEAVE COMP DAMPING 2100.0
flOTTCH ASSY WT 4.0E»4
BDTTCN ASSY DIAH 0.667
LNO ATTACH^E^I 0.0
INPUT LOCATION 0,0
INPU] TYPE 1.0
WAVE HEIGHT 6.0
INTEGhATICN STEFS 40.0
HYDdO DAHPIN3 1.0
SHIP S TRANSFER FCM 2.0 - —-
INPUT SPECTKUM 0.0
HEAtfE COMP SPRING RATE 0.005
NLHEG (AGAIN) 5.0
HCT/GKND SPRING RATE 0,0
HYDRO DAMPING IN HOLE 0.0
ACOL BOTTCH MASS 0.0
ADDED MASS FACTGR 1.44

O

PLCT SPECIFICATIONS:
X-AXIS: 'ELEMENT DEPTH (FT) -
CURVE INDEX: 'HAVE HEIGHT (FT)

FROM 0.

.* 5 VALUES:

TO

6.0

ΘY 5A
9.0 12 1 5 . 18.

oo

5 PLCTS
- PLOT

PLOT
1 Y-AXIS: 'AMPLITUDE (FT) (I)

2 Y-AXIS: VELCCITY CFT/SEO (2)PLOT 3 Y-AXIS: 'DYNAMIC STRESS CLB/SQIN>. (3)
PLOT 4 Y-AX1SS FATIGUE LIFE (LOG HRS). (4)
PLOT 5 V-AXISS TOTAL STRESS (LB/SQlNK»-<5) —

— END OF SETUP FOR RUN I 1 3 0 6 ™

r

•'' L

o

o

FIGURE 41 "
INPUT DATA FOR RUN OF HEAVE PROGRAM



RUN ID NO. 1306
O

ELT DEPTH *^^tIIü2S !!k2£III —2IU.H5ES5 £ £ J I S U I Λ I £ £ I2I±t.5I5£ 5 -£22.££5I22. : : i : 5 ^ : i : i i . . £ t I . G R P *

I — VALUES FCR HAVE HEIGHT ( F T ) * 6 . 0
O ! 1 0. 0.54 0.39 4.12E 03 1.80E*04 9.41E#04 8*6 0. i.O

s 2 5.00E»02 C.56 0.40 4.12E»93 2.00£»04 9.23EO4 8.7 O 1.0
3 - ?..00E*0 3 0.59 ——-0.4 3—— 4. HE+3 5 2.22E*04 ?.05E*3 4 8.7 Qi 1.0
* 1.50E*03 0.63 0.46 4.1O£*O3 2.45E»04 8.87EO4 8.6 0. 1.0

O i 2.00£*03 0.67 0.49 4.08EO3 2.70E»04 8.69EO4 8.5 0. 1.0
6 2.50E*03 0.71 0.53 4.06O03 2.96E*04 8.51EO4 8.4 0. 1.0

i•—-•• 7 3 . 0 0 E » 0 3 0 . 7 6 - — 0 . 5 * 4 * 0 3 E » 0 3 ~ ~ - 3 . 2 6 E * 0 4 8.33LO4 8.3 0 1.0
β 3 . 5 ) E * O 3 O . ß l 0 . 6 2 4 » 0 0 E » 0 3 3 . 6 0 C * ü 4 8 . 1 5 E O 4 8 . 1 0 . 1 . 0

O ! 9 4 . U O E * O 3 0 . 8 6 0 . 6 7 1 . 9 6 1 * 0 3 3 . 9 ? E * 0 4 7 . 9 6 E + 0 4 3 . 0 0 . l O
1 0 4 . 5 0 £ * 0 3 0 . 9 2 0 . 7 3 3 . 9 2 E » 0 3 4 . 4 3 E » 0 4 7 . 7 8 £ » 0 4 7 . 9 0 . 1 . 0

i u 5 . 0 0 £ » 0 3 0 . 9 7 0 . ? β 3 . e e £ O 3 4 . 9 4 E » 0 4 7 . 6 0 E « 0 4 7 . 8 0 . 2 . 0
1 2 5 . 5 0 E > 0 3 1 . 0 0 * 8 5 3 . 8 4 E « α 3 5 . 5 3 E 4 Q 4 7 . 4 1 E * 0 * N f i &• 2 - 0

Q 1 3 6 . 0 0 E * 0 3 1 . 1 O . e á 3 . 7 9 E K 3 3 6 . 2 ? E * 0 4 7 . 2 3 E » 0 4 Kt l 2 . 0
14 δ.t>OE + 0 3 1 .1 0 . 9 4 3 . 7 3 E « 0 3 7 . 0 1 E » 0 4 7 . 0 5 E * D 4 7 . 6 0 . 2 . 0
1 5 - 7 . 0 0 E * ü J 1.2 0 . 9 9 3 . 6 8 £ 3 3 7 . 9 4 E * C 4 — 6 . 8 6 E O 4 7 . 6 0 . : 2 . 0
16 / . 5 0 ε » 0 l 1.2 1.0 3 . 6 2 E » 0 3 9 . 0 3 E * 0 4 6 . 6 8 E » 0 4 7 . 5 0 . 2 . 0

O , 1/ e « 0 0 t * 0 > 1 . 3 1.1 3 . 5 5 E O 3 l . 0 3 E » 0 5 6 . 4 9 E O 4 7 . 5 0 . 2 . 0
L, tt fi.bOE*O3 1 .4 1.1 3 . 4 8 E * 0 3 l . l « E * 0 5 6 . 3 1 E * 3 4 7 . 4 0 . 2 . 0
gj 1$ 9 . 0 0 E * 0 3 1.4 1.2 3 . 4 1 E * 0 3 1 . 3 6 E » 0 5 6 . 1 2 E O 4 7 . 4 0 . 2 . 0
' 20 9 . 5 0 E + 0 3 1 . 5 1.2 3 . 3 4 E O 3 l . 5 8 E * 0 5 5 . 9 3 E * 3 4 7 . 4 0 . 2 .D

•J 2 1 1.00E + 04 1.5 1.3 3 . 2 ò E » 0 3 1.34E 05 5 . 7 5 E * 0 4 7 . 3 0 . 3 . 0
22 1 . 0 5 E * 0 4 1 .6 t . 3 3 . 1 6 E » O 3 2 . 1 5 E f O 5 5 . 5 6 E » 3 4 7 . 3 0 . 3 . 0

r 23 —-―• 1 . 1 0 t * ü4 1 .6 1.4 3 . lOE*f)3 2 55E*05 5 . 3 7 E + 04 7 . 3 ~ ' 0 3 . 3
I 24 1 . 1 5 E * 0 4 1 .7 1.4 3.O1E+O3 2 . 9 9 E » 0 5 5 . l β r » 0 4 7 . 3 0 . 3 . 0

O \ 25 1 . 2 0 E » 0 4 i . 7 i . 5 ? . 9 2 E * J 3 3 . 5 6 E * U 5 4 . 9 9 E * 0 4 7 . 2 θ ! UO
? 6 1 ^ 5 E « 0 4 l . f i 1.5 2 . 6 J E » α 3 4 . 2 7 E * 0 5 4 . 8 l E » 0 4 7 . 2 0 . 3 . 0
27 1 . 3 0 E + 0 4 1.8 1.6 2 7 3 E * 0 3 - « l δ E * ö 5 4 62E*04 ~ 7 . 2 0 . ~ 3 . 0 "
28 i . 3 5 E t O 4 1 .6 1.6 2 . 6 3 E » 0 3 6 . 2 8 E * 0 5 4 . 4 3 E O 4 7 . 2 0 . 3 . 0
2» f - * 5 f * 0 4 1 . 9 1 .6 2 . 5 3 E O 3 7 . 7 1 E + 0 5 4 . 2 4 E ^ 4 ?A θl llo
30 1 . 4 5 t * 0 4 1 . 9 1 . 7 2 . 4 3 E » 0 3 9 . 5 5 E » 0 5 4 . 0 5 E O 4 7 . 2 0 . 3 . 0

r 31 ~ l 5 0 C » 0 4 2 . 0 1.7 2 . 3 2 E * 0 3 1 .20E + 06 3 . 8 6 E * 0 4 7 . 1 0 . ~ — 4 . 0
32 1 . 5 5 £ » 0 4 2 . 0 l . δ 2 . 2 1 E * 0 3 l 51E 06 3 . 6 7 E » 0 4 7 . 1 0 . 4 . 0

J I | 3 1 6 0 E « 0 4 2 . 0 1.8 2 . 1 0 F * 0 3 U 9 4 E * 0 6 3.46E»f>4 7 . 1 0 . 4 . 0
34 i t f f * ? * 2 . 1 1.8 1 . 9 9 E * 0 3 2 . 5 3 E « 0 6 3 . 2 9 E O 4 7 . 1 0 . 4 . 0

• 35 U / 0 E » 0 4 — 2 . 1 1.9 I . 5 β E » 0 3 3-34E»C6 3 . 1 0 E » 0 4 7 . 1 . 0 . 4 . 0
36 l 7 5 £ » 0 4 2 . 1 1.9 1 . 7 6 E 0 3 4 . 4 6 c » 0 6 2 . 9 1 E O 4 7 . 1 0 . 4 . 0
37 t . 6 O E * O 4 2 . 2 1.9 1 . 6 4 E * 3 3 6 . 1 5 E * 0 6 2 . 7 2 E * 0 4 7 . 1 0 . 4^0
3fi 1 . 8 5 E + 0 4 2 . 2 1.9 1 . 5 2 E * 0 3 8 . 6 4 E » 0 6 2 . 5 3 E » 0 4 7 . 1 0 . 4 . 0

f— 39 1 . 9 0 E » 0 4 2 . 2 — 2.0 l.40E*03 t . 2 5 E » 0 7 2 . 3 4 E O 4 7 . 1 0* 4^0
40 1 .95E 04 2 . 2 2 . 0 1 . 2 8 E O 3 l 86E 07 2 . i 4 E « 3 4 7 . 1 0 . 4 . 0

. i U 2 . 0 0 E » 0 4 2 . 3 2 . 0 1 . 1 5 E * 0 3 2 . f i S E * 0 7 1 . 9 5 E O 4 7 . 1 0 . 5 . 0
42 2 . 0 5 E » 0 4 2 . 3 2 . 0 1 . 0 3 E O 3 4 . 6 ? E * 0 7 l . 7 6 F * 0 4 7 . 1 0 . 5 . 0

I 4 I 2 . i 0 E » 0 4 2 . 3 2 . 0 9 . 0 2 E O 2 8 . 1 1 E 4 0 7 t . 5 7 E « 0 4 7 . 1 0 . 5 . 0 ~
44 2 . 1 5 E * 0 4 2 . 3 2 . 0 7 . 7 5 E » 0 2 1 . 5 2 E » 0 9 l . 3 8 E » 0 4 7 . 1 0. llθ
* 5 2 . 2 0 E * 0 4 2 . 3 2 . 1 6 . 4 7 E » α 2 3 . 1 6 E » O 8 1 . 1 9 E O 4 7 . 1 0 . 5 . 0
46 2 . 2 5 E + 04 2 . 3 2 . 1 5 . 1 S E + 3 2 7 . 7 1 E * 0 8 9 . 9 3 E « 0 3 7 . 1 θl 5 I 0

! . .— - .-___ - . _ .- - . . . . - .--

- !

L __ _ __ FiπiJRF 42 - - - -
OUTPUT DATA FROM RUN OF HEAVE PROGRAM
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FIGURE 43
TOP AMPLITUDE VS DRILL STRING LENGTH
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FIGURE 44
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BOTTOM AMPLITUDE VS DRILL STRING LENGTH
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FIGURE 45
TOP DYNAMIC STRESS VS DRILL STRING LENGTH
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FIGURE 46
TOP TOTAL STRESS VS DRILL STRING LENGTH
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UflVE HEIGHT CFT)

6.00
9o00

12,00
ISoOO
18,00

CO

14.0 16.0 18.0 20.0 22β0 24nO

DRILLSTRING LENGTH [FT] *10
26B0 28o0

TAPERED —

30.0

FIGURE 47
TOP FATIGUE LIFE VS DRILL STRING LENGTH



20,000 FOOT DRILL STRING
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MINIMUM YIELD POINT (100% WALL) 620
618

600

580

90% YIELD LIMIT (100% WALL)
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FIGURE 48
LOADING CONDITION FOR DRILL STRING
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DRILL STRING LENGTH (KFT)

FIGURE 49
DRILL STRING RESONANT HEAVE PERIODS

J

CONCENTRATION
^ OF

OCEAN WAVE ENERGY
(PIERSON-MOSKOWITZ

SPECTRUM)

STEEL (TAPERED)
+ ADP

25 30



RUN #1300 C07/25/83 14:59:28)

UflVE HEIGHT CFT3

+
Δ

m
0

×

6,
90

12.
15.

00
00
00
00
00

DRILL STRING LENGThl =20 ,000 FT.
DRILL STRING DIA 5 IN.

FIGURE 50
RESONANT HEAVE PERIOD OF

NON-TAPERED STEEL DRILL
STRING

PERIOD CSEC3



RUN #1334 C08/29/83 15:29:473

UflVE HEIGHT CFTJ

+
Δ
Q

O
X

6.00
9.00

12.00
15.00
18.00

DRILL STRING LENGTH = 30,000 FT

DRILL STRING DIAMETERS = ' Λ ! ^ , 5 IN

FIGURE 51
RESONANT HEAVE PERIOD OF
TAPERED STEEL DRILL STRING

r 9 10.0 1S.0 20.0

CSEC3
2S.Q



Xk
A = amplification factor • T T

X = amplitude of heave displacement
k = spring constant
F • constant force (weight of drill string in water)
n= frequency ratio = f/fn

f = forcing frequency
fn = natural (resonant) frequency

C~ damping factor

FIGURE 52
EFFECT OF DAMPING ON HEAVE DISPLACEMENT
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PIPE LENGTH = 22,000'
PIPE DIAMETER = 5"

800

HARMONIC
SINGLE AMPLITUDE
OF SHIP HEAVE

STATIC EQUILIBRIUM

400
8 10

PERIOD (SEC)

12 14

FIGURE 53
DYNAMIC HEAVE LOADING OF DRILL STRING
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RUN #1394 C04/17/84 11:02:54)

UflVE HEIGHT CFT)

Δ
α
Θ
×

6,00
9o00
12,00
ISoOO
18,00

DRILL STRING LENGTH = 21,000 FT
DRILL STRING DIAMETER = 5 IN-

FIGURE 54
DYNAMIC HEAVE LOADING OF
DRILL STRING - HARMONIC SEA

UflVE PERIOD CSEO



22,500 FT OF 51/2 - INCH PIPE

8 10
WAVE PERIOD (SEC)

FIGURE 55
SAFE OPERATION OF DRILL STRING

12 14
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X

RUN #1275 C07/20/83 11:42:30)

UflVE HEIGHT (FT)

+
Δ

α
o
×

6,00
9-00

12-00
15-00
18-00

DRILL STRING LENGTH = 20,000FT
DRILL STRING D I A - 5 I N .

FIGURE 56
RESONANT HEAVE PERIOD OF
DRILL STRING WITH
HEAVE COMPENSATOR

PERIOD (SEC)



o
?

1 1 •• ••

RUN #1369 C10/10/83 1 1 : 4 9 : 2 1 )

UflVE HEIGHT CFD

6.00
9o00

12.00

18lθO

DRILL STRING LENGTH =30,000 FT
(STEEL+ALUM)

DRILL STRING DIAMETERS = 5 4 5 IN

PERIOD (SEC)
25".0 FIGURE 57

RESONANT HEAVE PERIOD OF TAPERED,

M I X E D D R I L L STRING

.



TABLE 1 - IDSS SCALING FACTORS

HEAVY WALL SUB
TENS (KLBS)
BNDA (KFT-LBS)
BNDB (KFT-LBS)
TORQ (KFT-LBS)

STANDARD PIPE SUB*
TENS (KLBS)
BNDA (KFT-LBS)
BNDB (KFT-LBS)
TORQ (KFT-LBS)

PRIMARY"
RCAL

425.57
35.36
35.23
18.88

256.60
20.53
20.81
10.35

SECONDARY
RCAL

392.66
36.01
35.79
18.87

240.90
19.72
20.03

9.85
. J

Standard pipe sub was taken out of service in June 1982 due to malfunctions of the strain gages.
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TABLE 2 - DATA

LEG

81

83

84

89

RUN

552101

553AS03

553AS04

553AS05

504BR01

504BR02

504BR03

504BR04

504BR05

504BR06

5650R01

5850R01

5850R02

4620R04

4620R05

FROM
TENS
KLB

ND
BD
ND
BD

BD

BD
BD

250

BD
ND

BD

BD

BD

610

392

INSTRUMENTED !
BNDA
KFT-LB

ND
8.5

ND
BD

BD

BD
BD

BD

BD
ND

BD

BD

6.0

BD

BD

BNDB
KFT-LB

ND
8.5

ND
BD

BD

BD
5.0

BD

2.0

ND

2.0

BD

5.6

BD

BD

SYSTEMS
TORQ
KFT-LB

ND
8.0

ND
BD

BD

BD
BD

BD

BD
ND

BD

8.0

2.0

5.0

BD

TENSP
KLB

ND
200

ND
BD

BD

BD
BD

250

BD
ND

BD

BD

BD

BD

410

BNDAP
KFT-LB

ND
12.0

ND
BD

BD

BD
BD

BD

BD
ND

8.2

BD

6.0

BD

BD

BNDBP
KFT-LB

ND
BD
ND
BD

BD

BD
BD

BD

BD
ND

BD

BD

5.7

BD

BD

TORQP
FT-LB

ND
X
ND
BD

BD

BD
BD

BD

BD
ND

BD

BD

2.15

BD

BD

ROLL
DEG

BD
±1.32

X
+2.6

-0.30
+1.35

X
X
-0.20
+1.70

X
X
-0.05
+0.91

+1.7
-1.2

+1.8
-1.5

+1.25
-1.55

+1.9
-1.6

PITCH
DEG

BD
±1.35

X
+2.0

-1.20
+0.37

X
X
-1.50
+0.25

X
X
-0.15
-1.20

+2.9
-2.7

+2.0
-2.7

+1.4
-2.8

BD

HEAVE
FT

BD
9.70

14.6

17.8

3.90

X
1.70

3.70

4.70

X

3.10

7.4

4.9

4.6

3.5

HKLD
KLB

238

210

280

248

254

248

250

248

257

255

230

ND

ND

550

440

DBMI
FT

ND
+ .05*

±.16*

ND

BD

+ .87

±.79

ND

ND
ND

+ .44

ND

ND

ND

ND

WAVE
HT
FT

4
4
8

7

4

5

5

4

6

3

3

4

6

3

3

WAVE
PER
SEC

7

7

8

7

6

7

6

6

5

6

5

7

7

6

6

PIPE
L
KFT

9.0

9.2

9.7

9.9

11.3

11.3

11.3

11.3

11.3

11.3

10.2

23.0

21.0

21.0

17.0

TENS Tension (Primary)
BNDA Bending A (Primary)
BNDB Bending B (Primary)
TORQ Torque (Primary)

* During Drilling

TENSP Tension (Secondary)
BNDAP Bending A (Secondary)
BNDBP Bending B (Secondary)
TORQP Torque (Secondary)

HKLD Hookload
ND No Data Taken
BD Bad Data
X Data OK - Plot not made
HEAVE and WAVE HT values are peak-to-peak



TABLE 3 - COMPARISON OF VALUES

LEG

81

83

84

89

CHANNEL

HKLD (KLBS)
DBMI (FT)
BND (KSI)
HEAVE (FT, P-P)

HKLD (KLBS)
DBMI (FT)
BND (KSI)
HEAVE (FT, P-P)

HKLD (KLBS)
DBMI (FT)
BND (KSI)
HEAVE (FT, P-P)

HKLD (KLBS)
TENS (KLBS)
BND (KSI)
HEAVE (FT, P-P)

INSTRUMENTS j COMPUTER

210.0
±0.48

±20.0
1.94

254.0
±0.82

±10.5
2.00

230.0
±0.56

±19.3
0.62

**
550.0^
610.0
±6.45

1.86

208.8
±0.3£

±23.0
1.08

257.0
±0.7§

±23.5
1.08

238.7
±0.5^

±23.3
1.00

492.0
492.0 „
±12.26

1.08

Hand calculated values of maximum possible bending stress

*
Unusually high dynamic loading observed on Leg 89 is discussed in this report
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TABLE 4 - DRILL PIPE PROPERTIES

Material
Weight in air (lbs/ft)
Weight in sea water (lbs/ft)
Young's modulus (psi x 10 )
Ultimate strength (ksi)
Yield strength (ksi)
Outer diameter (in)
Inner diameter (in)
Wall thickness (in)
Cross section area (in )
Moment of inertia (in )

S-135
21.6
18.8
30.0

159.3
135.0

5.000
4.276

.362
5.272

14.269

S-135
26.7
23.2
30.0

159.3
135.0

5.500
4.670

.415
6.626

21.571

2014-T6
13.2

9.2

10.0
64.0
58.0

5.150
4.100

.525
7.628

20.659
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TABLE 5 - CONFIGURATIONS OF 30,000 FOOT DRILL STRINGS

(INCLUDING BENDING STRESS; 40,000-LB BHA; 7-FT RUBBER SPACING)
(100K OVERPULL)

MAT'L

S-135

S-135

S-135

ADP

S-135

S-135

S-135

S-135

S-135

S-135

S-135

S-135

S-135

S-135

S-135

S-135

S-135

ADP

S-135

S-135

S-135

S-135

S-135

ADP

S-135

S-135

ADP

S-135

S-135

S-135

OD

(IN)

5.50

5.00

5.00

5.15

5.00

5.75

5.50

5.25

5.00

5.50

5.00

5.00

5.00

5.00

5.00

5.50

5.00

5.15

5.00

5.50

5.00

4.50

5.00

5.15

5.00

5.00

5.15

5.00

5.00

5.00

ID

(IN)

4.670

4.276

4.276

4.100

4.276

4.500

4.374

4.374

4.374

4.670

4.276

4.408

4.00

4.276

4.408

4.670

4.276

4.100

4.276

4.670

4.276

3.958

4.276

4.100

4.125

4.276

4.100

4.276

4.000

4.276

AREA

(IN2)

6.63

5.27

5.27

7.63

5.27

10.06

8.73

6.62

4.61

6.63

5.27

4.37

7.07

5.27

4.37

6.63

5.27

7.63

5.27

6.63

5.27

3.60

5.27

7.63

6.27

5.27

7.62
5.27

7.07

5.27

NOM
WT

(LBS/FT)

24.70

19.50

19.50

13.20

19.50

39.43

34.74

26.11

18.84

24.70

19.50

16.25

25.60

19.50

16.25

24.70

19.50

13.20

19.50

24.70

19.50

13.75

19.50

13.20

26.20

19.50

13.20

19.50

25.6

19.5

WET
WT

(LBS/FT)

23.17

18.8

18.8

9.2

18.8

37.8

33.3

25.1

18.1

23.17

18.8

15.7

24.7

18.8

15.7

23.17

18.8

9.2

18.8

23.17

18.8

13.0

18.8

9.2

22.2

18.8

9.2

18.8

24.7

18.8

LENGTH

(KFT)

12

18

10

15

5

2.110

4.840

6.140

16.910

5.029

4.228

20.743

6.173

4.061

19.766

5

10

10

5

5.5

8.0

16.5

9.5

20.5

3.8

14.0

8.0

4.2

6.5

23.5

%OF

YIELD

93

87

79

91

88

88

89

88

91

90

TOTAL
STAT WT

(KLBS)

656

460

740

562

579

515

532

407

540

643

COMMENT

1
y> Picalo

f
J

lNon

(API

1
>API

f J
J

ADP into bottom

< 6 ' Roll

< 4 * Roll
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APPENDIX A

COMBINED STRESSES IN DRILL PIPE
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Neglecting the minor current-induced stresses, the component stresses which may exist
in the drill pipe are as follows:

σ... =
W (Al)

σ - 2±
p~ A.-

(A2)

σh -

pR,
(A3)

EDC
2

Kl

tanhKl
TS• Vw

El
(A4)

where

σ, -
TD
AI

f
1/2

(A5)

(A6)

σ w = axial stress due to static weight

σp = axial stress due to pumping pressure (principal stress)

σh — hoop stress due to pumping pressure

crb= maximum bending stress due to pitch and roll of ship and also

due to ship offset from directly above drill site

σt = torsional stress due to rotation of pipe while drilling

{σ rms — ro°t mean square value of alternating axial stress

due to heave motion of ship caused by wave action

W — static weight (in sea water) of that portion of drill string below point being considered

Ai— pipe wall cross sectional area

p = pumping pressure
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A ~ area corresponding to I.D. of pipe

Rm — mean radius of pipe

t = wall thickness of pipe

E= modulus of elasticity of pipe material

D = O.D. of pipe

C — Curvature of guide shoe

I — moment of inertia of pipe wall cross sectional area

I = half spacing of rubbers or tool joints

T = torque applied while drilling

Φ as (<*>) - power spectral density of sea

HV{UJ) — transfer function of ship

TRi0 (u) = relative displacement transmissiblity with respect to input

L = length of drill string below point being considered

ÜJ — circular frequency

The evaluation of the integral in equation A6 to find (σ t) r m 8 is part of the HEAVE pro-
gram. The combined stresses are given by (Ref, 11):

σn = - ±yj [*-+g> + *»+(g '‰-g*]2+ g2 ( A 7 )

j ^ + ^ + ^ 2

+ ^ ) - ^ ] 2 + σ2 ( A 8 )

where

σn= normal stress

σ s = shear stress

In the actual application of the combined stress equations, little difference (.15 percent)
is found by using the full equation for σ or using the simpler expression

V* = <Tu, + O p + *b + KOrms (A9)

and therefore the simple expression is most often used. The maximum value of torque
used by DSDP has been around 12,000 ft-lbs which, even for long drill strings (20,000
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ft), gives a value for σs of approximately 50,000 psi which is about 65 percent of the tor-
sional yield strength of the S-135 pipe material.
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APPENDIX B

EQUATIONS OF MOTION
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The complex transmissibility analysis presented below solves equations 1 for the abso-
lute transmissibility, i.e., the amplitude of the ith element with respect to the input
(top) point, and the relative transmissibility from which element strains are obtained.
Element velocities in the deterministic case are obtained from the input amplitude and
frequency using the absolute transmissibility. Dynamic forces and stresses in the deter-
ministic case are directly related to the element properties and the relative transmissibil-
ity. Root-mean-square (rms) values of string response are found using the absolute and
relative transmissibilities together with the vessel transfer function and the power spec-
tral density of the sea.

Steady State Response Analysis - Harmonic Input

Assume a solution of the form

ii= jw xi (B l )

à• = - α , 2 x, (B2)

where

j= V=i

Substituting equations Bl and B2 into equations 1 gives

0 = -m1uj2x1 + (cj + ch + c3l)juxλ - juchx0 - jutc^x? (B3)

+ (kh + *i)*i - khxo - klX2

0 = -m 2u; 2Z2 + (c 2 + csl + cs2)ju>X2 - JOJCS1X1 - JOJC32X3 (B4)

0 = -m,w 2x, + (c, + c8i_x + cn)ju>Xi - jujc3i_lxi_1 - jojcsixi+1 (B5)
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0 = -mnu
2xn + (cn + cn_1)ju;xn - jwc^ji,,.! (B6)

+ (*n-l + kn)xn - ^.jX^!

From equation B6, the ratio — — can be found

i (B7)

From equation B5

5L ^ c ' - ' + *-' (B8)

( n) -f V

X;• l - l

for i = 1 to n—1 where c^ = ch and AQ = λA .

Define absolute transmissibility of point i with respect to point i - 1 as

TAi,i-l —X±~ = Ai + jfl. (Xt w noi iAe area A,) (BIO)

Note that by starting with equation B7 and working up the string, all the TA^X can be

written in terms of the m^c^c^and k{. To evaluate the TAii_1 let
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Thus

1 ~ 2 1 2

7? + A 2
(B12)

7? + A2
(B13)

where

ßi WC

7, = *,_

A = wjc

(*b = **) (B14)

(B15)

(B16)

(B17)

for i = 1 to n where csn = A n + 1 - Bn+1 = 0 . (Bis)

The absolute transmissibility with respect to the input (top) point is

= Φ, (B19)

where

Φj = Ax and Xj = BY

for 1 = 2 to n.

The transmissibility amplitude is then

(B20)

(B21)

(B22)

and

ÜJ TA\ , 0

-117-
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with phase angle

θ - tan"1

Φ,
(with respect to the input, (B24)

Stresses are obtained from a consideration of the relative motion of the masses. Define
the relative displacement as

x R i = xi+i ~ xi

and the relative transmissibility as

TR{ =
xR{

(B25)

(B26)

for i = 0 to n - 1.

Then

TR{=

- 1) +

for i = 0 to n - 1.

(B27)

(B28)

The relative transmissibility with respect to the input (top) is

* = l(Ai+1 - 1) + jß (Φ, +

, +

where

1)Φ, -

!)*.- +

(B29)

(B30)

(B31)

(B32)

(B33)
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Then

(B34)

The dynamic force on the heave compensator is given by

= khXoTRo = (B35)

(B36)

The dynamic stress in the ith element is

σ i - (B37)

where

i = pipe wall cross sectional area

Response in a Random Sea

The displacement, velocity, and dynamic stress in the drill pipe in a random sea
environment are

1/2

(xOrms =

\xi)rmi ~

1/2

1/2

(B38)

(B39)

(B40)
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where

Hv (UJ) = transfer function of ship

ΦSS{OJ) = Power spectral density of sea
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APPENDIX C

HEAVE COMPENSATOR

STRUCTURAL DAMPING

ADDED MASS
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HEAVE COMPENSATOR

No Heave Compensation

The spring rate of the h<
times the spring rate of a 30 ft length of steel drill pipe.
The spring rate of the heave compensator is set to 10 lb/ft which is greater than 100

Passive Heave Compensation

For adiabatic conditions (no heat transferred)

L \V-KAtj

where

ΔL = Load variation

L — Load - weight of string in sea water

V ~ Volume of accumulator at midstroke

K = Accumulator piston area, air side/ accumulator area,fluid side

Ac — Area fluid side, compensator

x — Stroke - XQ— XY

For K A,x« V
c

-1.2

V

KAcx
1 + 1.2 — - 1

(Cl)

AL = khx, kh = ^ L l . 2 — L (C3)
x V

For the compensation system aboard the GLOMAR CHALLENGER
KAC1.2 = 0.005 (FT1).
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Active Heave Compensation

Active mode data shows AL 2500 lb up to 12 foot heave amplitude.

Assume AL in phase with x

2500 = kk (XQ - xλ)

2500

(*o - x\)

(C4)

The value of AL is output, and the approximation for k, should be checked (AL should

be near 2500 lb).

STRUCTURAL DAMPING

The structural damping force is

FD = c « (*,+i - *»)

Let

Z,+ 1 — Z, = BúJCOSüJt

where

5 = Amplitude o/(z,+1 — z,)

Energy dissipated/cycle = ΔE

ΔE - J c8l (z J + 1 - z,) áz = πCsjJß
2u; (C5)

cycle

Maximum energy in a cycle is

^ («)

So

T• (C7)
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Or

c., =
, Δ£ (C8)

For small damping

where

Percent damping is

Thus

δ = log decrement
AB

B

(AB = Decrease in amplitude/ cycle)

100

c,,, =
PDkx

IOOXCJ

For the S-135 steel drill pipe PD 0.5.

ADDED MASS

Rubber or Tool Joint

The added mass due to a rubber or tool joint is

mn =

where

p = mass density of sea water - 2 Ib—se<r / ft

2 = diameter of tool joint or rubber

Di = pipe diameter

(C9)

(CIO)

(en)

(C12)
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Equating equation C12 to equation 13 yields

which is used in the computer model.

Bottom Hole Assembly (BHA)

The added mass due to the BHA is

M. = P 4- & (C13)
D

where

D = diameter of BHA
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APPENDIX D

FATIGUE LIFE
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Random input to a resonant system produces a probability density of the maxima of the
envelope of oscillations or stresses given by the Rayleigh distribution

P{σ<σm<σ + dσ) = Pmdσ = e x p f - - ^ - 1 - ^ (Dl)

where P àσ = the probability that the minimum stress envelope σ lies between σ
m, m

and σ -|- ασ, and σ = the root mean square stress amplitude. The probability that
σ is greater than n times σ is thenm ° rms

oo

F\σm>nσrr = j Pmdσ = exp — n (D2)

Equation D2 indicates that 12.5% of the stress maxima will be greater than twice σ ,
1.1% will be greater than three times σ , and 0.034% will be greater than four times

rms
σ rms ' ^ ^ e ^a*^Su e Ufe in the random loading case must take into account the distribu-
tion of stress amplitudes, and the high stress amplitudes have a much more significant
effect on fatigue life than the more frequent low stress amplitudes.

The fatigue life analysis used in the heave dynamics program assumes that fatigue dam-
age accumulates linearly (Miner's rule), so that the fraction R of fatigue life expended
after n cycles is

(D3)
N(σ)

Failure occurs at R = 1, so from equation D3 setting n = N and R = 1 there results

N = - (D4)
PJ

J0-~N(o

Using equation 15 and Dl in equation D4 and performing the integration gives

N = vσ-y

(2 m / 2 r( l
(random, no tension)
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where

F (1 -+- m/2) = gamma function with argument ( l+m/2)

K - corrosion factor

An equivalent stress may be used in equation 15 for the random loading case (see J.
Miles, Jour. Aero Sciences (1954) 753). The equivalent stress is obtained by equating N
in equation 15 ( with σ — σ ) to N in equation D5, giving

l/ro

(D6)

TO + 1

For large m, T(l + m/2) = (m/2)! M e'm/2 (―) 2

and

-2. (πm)1'2' f < D 7 '

Equation D7 shows that σ is proportional to Vm for large m, so the low stress fit to
the fatigue curve for aluminum which gives an m 16.5 will give a larger σ than the
high stress fit with m 5, and a correspondingly shorter fatigue life (life oc l/N).

Using a fit of equation 15 to the low stress fatigue curve results in short predicted
fatigue life relative to that when a fit to the high stress curve is used. The high stress
fit gives a conservative estimate of fatigue life at low stress (at 5 ksi, N = 5.1 x 10 with
B = 174, m = 5 and N = 1.2 x I 0 1 1 with B = 23.5, m = 16.5), while the low stress fit
gives an ultra-conservative estimate of fatigue life in the random sea. The high stress fit
is therefore preferred as a first approximation approach.

A better fit to the fatigue curve would give a better approximation to the fatigue life.
A simple three parameter fit of the form

(D8)
σ - C

where B, C, m are constants is used for aluminum drill pipe. Equation D8 implies an
endurance limit at σ = C. While this is not a conservative assumption, the dominance
of high stress cycles in determining the fatigue life will give reasonable predictions for σ
> C. A fit at σ = 25 ksi, N = 1.7 x I0 4 ; σ = 15 ksi, N = 1.6 x 10 , σ = 6 ksi, N = 4 x
I 0 9 gives (for K = l )
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( \ 3.082

_î iJ (D9)

σ - 5.65J

At 6 ksi and a 2 sec heave period, a life of 250 years results according to equation

(D9) and the extrapolated fatigue curve. As will be seen, σ is always greater than C in

the random loading case.

Use of equation (D8) in the random sea case requires a modification in the equivalent

stress value used in the fatigue life calculation. With equation (D8) substituted into

equation (D4), an equivalent stress is found following the steps used to obtain equation

(D6), giving

<re=C+Ieσrms (D10)

where

Cfσrm. \ σrm>)
(DU)

The integral is evaluated numerically. A plot of I vs σ /C is shown in Figure Dl for

m = 3.082. Values of I σ vs σ are shown in Figure D2 for C — 5.56 ksi and m

= 3.082. β r m S r m S

The fatigue life with a static stress σ and ultimate tensile strength σ is then
s u

N =

\
KB(l - —

σ,,

Jeσrm8
V

(random with tension)

Fatigue life calculations for the aluminum drill pipe can be modified to employ equa-

tions (DU) and (D12) in place of equations (15) and (19).
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APPENDIX E

TEST CASES
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Stiff Drill String

A stiff string with a free end should have a response, at frequencies well below reso-
nance, essentially equal to the input at the top. A 20,000 foot string, with two element
groups (each with the same properties) was analyzed with an input amplitude of 0.1 ft
at 5-sec period. The string was made 67 times stiffer than normal by taking E = 2 x
10 lb/in . The computed response was essentially equal to the input. The string
response in a random sea was also found to be essentially equal to the input. A stiff
string with a fixed end should stretch uniformly at frequencies well below resonance.
The stress is easily calculable, and the computed response and stress agree with the
expected response.

Heave Compensated Point Mass

The steady state response of a point mass m supported by a spring k, and a linear
damper c, may be expressed in closed form as

1 -

1 /2

(El)

where

«! =
m
CL

2n= —
m

n = natural (resonant) frequency

A Point Mass test case was run with the following parameters:

Number of element groups
Number of elements in group
Drill string length, ft
Rubber spacing (for added mass), ft
Type of pipe
Heave compensation
Heave compensator damping (c, ) lbs-sec/ft
Weight of BHA, lbs
Diameter of BHA, ft

1
1
30

,-2
4.65 x 10
5-inch, S-135 steel
passive
2100
0
0
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Bottom end attachment - freely suspended
Location of input excitation = heave compensator
Type of input = harmonic
Hydrodynamic damping, lbs-sec/ft = 0.01 (constant)
Load at top of string, lbs = 394,000
Mass (m), Ibs-sec2/ft = 14,646.4
Spring constant (k ), lbs/ft = 3940
Natural frequency (CJ ) sec = 0.51866
2n = 0.1434

The computer results for XQ = 5 ft are given in Table El with the values calculated from
equation El . Excellent agreement is found. The computed phase angles were checked
with the analytic solution, arid excellent agreement was also found.

Flexible Drill String

A flexible drill string was analyzed to compare the response to that calculated by GMI
and MRI for the same string. The following parameters were used:

Number of element groups = 1
Number of elements in group = 15
Drill string length = 20,000
Tool joint or rubber spacing, ft = 30
Type of pipe = 5-inch, S-135 steel
Heave compensation = passive
Heave compensator damping (c, ) lbs-sec/ft = 2100
Weight of BHA, lbs = 40,000
Diameter of BHA, ft = 1.0
Bottom end attachment = freely suspended
Location of input excitation = heave compensator
Type of input = harmonic
Hydrodynamic damping, lbs-sec/ft = 0.01 (constant)

and velocity dependent

The heave compensation, total load, and mass values for this case are the same as those
used for the point mass test case. Values of top displacement are plotted in Figure El
for periods from 4 to 18 sec. The peak amplitude is reduced and the peak is shifted to
larger periods as the string damping is increased, as expected. The parameters used in
the velocity dependent case give more damping and a greater reduction in amplitude
than the constant damping case with 0.01 lb/(ft/sec). The GMI and MRI values are
significantly lower, indicating more damping was used in their models.
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Values of bottom displacement are plotted in Figure E2. Again the displacements calcu-
lated by GMI and MRI are lower, indicating more damping was used in their models.
Table E2 lists top stress values calculated with constant damping and velocity depen-
dent damping, and compares these with the GMI and MRI results.

Figures El and E2, and Table E2 show the response to be sensitive to string damping.
It is, of course, sensitive to the heave compensator damping as well. These damping
parameters are subject to a larger uncertainty than any of the other string parameters,
and should be determined experimentally where possible.
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TABLE El

POINT MASS TEST CASE RESULTS

PERIOD
(Sec)

4
6
8

10
12
14
16
18

RESPONSE AMPLITUDE, ft
HEAVE Program

0.79
1.83
3.99
9.16

18.56
14.83
10.75
8.81

Equation El
0.795
1.83
3.99
9.17

18.6
14.8
10.8
8.80

TABLE E2

TOP STRESS-FLEXIBLE STRING TEST CASE

PERIOD
(Sec)

4
6
8

10
12
14
16
18

HEAVE
Program

4510
4428
5159
7066

11488
10352
5329
3224

HEAVE
Program

4507
4427
5151
6988

10425
9264
5226
3214

GMI
4080
4400
5320
7260
9850
8230
4960
3150

MRI
3480
4070
4764
6207
8323
9504
6819
4259

1 Constant damping
2 Velocity dependent damping
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-141-



Analysis of Bending Fatigue

in Glomar Challenger

Drill Pipe and Drilling Subs

Submitted to: University of California, San Diego
Deep Sea Drilling Project
8603 La Jolla Shores Drive
La Jolla, California 92093

. P. 0. No. G10608-3058

By: T. Vreeland, Jr., Ph. D.
1209 Louise Ave.
Arcadia, California 91006

June 23, 1979

Revised, October 19 1979

-143-
i



TABLE OF CONTENTS

List of Figures

I. Introduction

II. Notation (List of Variables)

III. Deflection and Bending Stress in the Guide

IV. Pipe Deflection and Stress Below the Guide

V. Pipe Deflection and Stress Above the Guide

A. Constant Flexural Rigidity Above and Below the

Contact Point

1. Slope = 0 at the power sub

2. Moment = 0 at the power sub

B. Drill Pipe and Drilling Subs Above the Contact Point

C. Drill Pipe and Drilling Subs Below the Contact Point

VI« Stress-Time Variations

A. Average Stress

B. Bending Stress

VII. Bending Fatigue Calculations

A. Miner
1
s Rule and the Fatigue Equation

B. Fatigue With a Sinusoidally Modulated Alternating Stress

C. Fatigue With the Mean and Alternating Stress Varying

Due to Vessel Heave

D. Fatigue Accumulation While Drilling

VIII. Fatigue Accumulation

A. Fatigue Accumulation Above the Upper Contact Point

1. 9
9
 S> θc

2. ft, > θc

B. Fatigue Accumulation Below the Contact Point

1. θ.Φ)

2.

a) For the fraction of time that é

-144-



VIII. B. 2. cont.

b) For the fraction of time that Q/t > @c

C. Fatigue Accumulation Between the Uppermost and the
Lower Contact Points

1. For the Fraction of Time the Pipe is in Contact
at x

2. For the Fraction of Time the Pipe is not in
Contact at x

D. Cumulative Fatigue

E. A Previous Estimate of F

Table I

Figures

-145-



LIST OF FIGURES

Drill Pipe with Adjacent Tool Joints of Rubbers Parallel to the Guide

Drill Pipe Below the Guide

Drill Pipe with One Point Contact in the Guide

oC vs. Drill String Length

&c vs. çC for Zero Moment and Zero Slope at the Power Sub

*? vs. ££ for Zero Moment and Zero Slope at the Power Sub

vs. oL for Different x Values, Zero Moment at the Power Sub

) vs.

( JL - Xo ) vs

for Different x Q Values, Zero Moment at the
Power Sub ( ̂  > ^J. )

for Different *< and × Values, Zero Moment at
the Power Sub ( £j, < ̂  )

10.
I

lla.

lib.

lie.

12a.

12b.

Drill Pipe and Drilling Subs Ab ve the Contact Point

£f vs. (£J for Drill Pipe and Drilling Subs Above the Contact Point

C4-Xe) vs ésje for Drill Pipe and Drilling Subs Above the
Contact Point

Q vs. ΦU
t
 for Drill Pipe and Drilling Subs Above the Contact Point

vs
*-^3

 f o r D r
i H i

n
g Subs and Drill Pipe Below the Contact Point-^3

v s >
 ^

 f o r
 Drilling Subs and Drill Pipe Below the Contact Point

L4

Modulated Alternating Stresses During Drilling

θ.

-146-



BENDING FATIGUE OF GLOMAR CHALLENGER DRILL PIPS

Introduction

An analysis of bending fatigue of the drill pipe in the area of the

guide is presented in this report. The analysis accounts for fatigue of

the pipe due to bending: (a) above the guide, (b) in the guide while the

pipe is in contact with the guide, (c) in and below the guide while the pipe

:.s not in contact with the guide. The varying tension load in the pipe

[due to vessel heave) is taken into account. The fraction of the fatigue

life of a stand of pipe that is expended as the stand is used for drilling

ihrough the guide area is calculated.

Previous estimates of fatigue accumulation due to drilling through

the guide have assumed:

1) the bending stress above and below the contact points with the

guide is negligible.

2) pipe in the guide is bent to conform to the guide over an arc

given by R 9
Λ
 where R is the guide radius, and Φ

A
 is the instant-

aneous pitch and roll angle.

When bending above and below the guide is considered, we find assump-

tion 2 above to be conservative, and the contact between the pipe and guide

j.s either at one point, or over an arc length which is less than R &g

Assumption 1 above neglects fatigue accumulation above and below the contact

i
i

re and is non-conservative. ,

-Wirth the instantaneous pitch and roll angle, Φ ^ less than a critical

angle, Q
c
, only one point on the pipe contacts the guide, and the bending

stress at the contact point is a function of c^. While θ
c
 is greater than

t^, the pipe contacts the guide at two or more adjacent tool joints or

rubbers, and the maximum bending stress (at the tool joints or rubbers) is

independent of c^ (provided θ^ does not exceed about 8*).

I The notation used in this report is listed in Section II. The def-

lection curve, maximum bending moment, and the stress in the pipe when it

contacts the guide at two or more adjacent tool joints or rubbers, are
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found in Section III. Bending below and above the guide contact points is
|
jtreated in Sections IV and V. Stress-time variations are considered in
i

•

[Section VI, and bending fatigue calculations are discussed in Section VII.
i
Cumulative fatigue damage is evaluated in Section VIII.
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II. Notation (List of Variables)

A, 8, C, D, A,,ß,} Ctß D., A>, B‰>C2.t t

Ao m cross-sectional area

&0 » fatigue parameter

Do • pipe O.ü.^ rf,

J£ m Young's Modulus

E2,(ε2)
t>
(El)

‰
 - flexural rigidity

F m fraction of fatigue life expended

OJ * F above the upper contact point.

Fg » F. below the lower contact point

Hi » F between the upper and lower contact points

Fp * F due to heave dynamics ' -

Z, - 2f
O
 - integrals V .

• bending moment at contact point,

• bending monent at contact point,

^tCx) » bending moment at x

A/ • number of cycles to failure

/K
 m

 radius of the guide

/ • instantaneous pipe tension
 :

constants

*A

Tc‰ " critical tensions

• mean tension

m
 dynamic tension amplitude

« distance drilled

Jc-

-fraction of time thatö^öCf, for bending above contact point, f2 below)

- (t p of guide O.D. -Z> ) /2 — S

« length between top contact point and power sub

A -lengths,

- fatigue parameter

/U • number of cycles, or an integer
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•

1

-

-

s -

s
9
-

s
,-

X'

V

x -

e .

^-

v -

«/, "

£ -

4-

-̂  -

^ ) , •

rubber or tool joint spacing

S/2

distance to contact point ( S
t
<S^ )

time

distance along pipe

distance from top of guide to power sub

X* when power sub is at the top of its travel

Y
o
 when JC

9

 β
 0 »

drilling penetration rate

pipe deflection

time average of pl

(toβl joint O.D. - D
β
 )/2

instantaneous pitch and roll angle

critical pitch and roll angle

amplitude of the pitch and roll

bending angle above the guide

bending angle below the guide

^ at (X,l with drill pipe and subs above contact point

O
c
 atlXo)

m
' with drill pipe and subs above contact point

@
c
 with drill pipe and subs above contact point

t‰ with drill pipe and subs below contact point
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\0CX) s« bending stress at x

ö] • bending stress at a to l joint or rubber,

ój. bending stress at a tool joint or rubber,

OZ alternating stress

0/j m mean stress » W/tye

Up dynamic stress amplitude - 7p/An

(J2 m instantaneous average stress

= ultimate tensile stress

* drilling rotation frequency, rad/sec

• heave frequency, rad/sec

• roll frequency, rad/sec

• phase angle

» (l-G(x)|/

G(x> = -L
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;III. Deflection and Bending Stress in the Guide

i
The deflection curve of the pipe (or drilling subs) in the region of

contact with the guide (two or more adjacent tool joints or rubbers cont-

acting) and the maximum bending stress are found in this section. At low

tension values, the pipe touches the guide only at the tool joints or

rubbers. As the tension is increased, the pipe O.D. will contact the guide

midway between adjacent tool joints or rubbers. Two critical loads are

{defined. The first, 7c/ , is the minimum load which causes the pipe to

i
jcontact the guide midway between tool joints or rubbers. The second, let >
i

is the minimum load which causes the pipe curvature at the contact point to

|equal that of the guide.

We assume the pipe to be tangent to the guide at the tool joints and

jji = Mα), (At*) CK

rubbers which are spaced a distance,- S<<Ht where f‰ => radius of the guide.

We take the origin of a cartesian coordinate system at a rubber or tool

|joint as shown in fig. 1. From elementary beam theory, the differential

equation for pipe deflection, U«S

ρ+TLt (i)
a Y " * /

where £ * Young's modulus,

X
 m
 moment of inertia of pipe cross section,

bending moment at x, and

C,D * constants.
i
i

Equation 1 is valid provided the pipe does not contact the guide between 0

iand x. The boundary conditions are:

ÙL

(2)

(3a)
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« J (3b)

Tf> 3 J i ( , s ; 3- > ( 3 c )

where £ - (to l joint or rubber O.D. - pipe O.D.)/2

5, » cβntact p int < 5"o, and the guide surface for x « ß is
approximated by

%s 2& * c> in eqs. 3 above. (4)

Using eq. 2, the s lution of eq. 1 nay be written in the fore

tj(y) A CstUh <k× - ot×) + 3 (cosh «*v - / ) (5)

where e{ ~yJ/^rX » and

Aj & a constants which are given below.

The maximum bending stress occurs at x * 0, and is given by

‰ c?> ; (6)

where Ml*)~ EZ -T£ I £TJt& - T"ß

Dó = outside diameter of pipe.

The constants A and 8 are found to be

A lhUUS

( ft, is the load which makes g & ) - ~- ̂  g , and it is fβund
numerically using Newton

1
 s method.) *^

2k*
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(10)
» i

I

numerically.) «tf
x
/v*<^ &

( l
t‰
 i

s
 t^

e
 lead which makes -r-̂  / • "T" »

 a n c
* it is foundof - 1

Replace 5* with £, in eqs. 9 and 10. The value of S, i s j

found from the condition ^-2 / •—- , again using

Newton*s method.

Zero's of the following functions are found when applying Newton1s method:

F . r

- Λ ) - ^ + §J/ αi)

where A and B are given by eqs. 7 and 8, and 7^, " £"jToC0 ( 'fifdL+) i

- I .
and

F r ^ ; hfs

:T i s known, < T > 7 ^ a ) , s ©< i s fixed in eq. 13.

-154-



•

-

1 . • •
1

IV. Pipe Deflection and Stress Belov the Guide

Bending below the lowest contact point

with the coordinate system sho«n in fig. 2.

at x
 β
 0 (the lowest contact point)

at large x . ^ / .

Solution of eqs. 1 and 14 gives for the case

the guide area: •- ,

The bending moment at x is M C*)

and the stress is (T£x) * G*i &

where ^ Z t
 m
 ' *-° y

:. : With drilling subs and drill pipe just

the equations are solved vith the additional

of deflection, slope, moment, and shear at x

and the bending moment at x »j£% is:

A comparison of eqs. 17a and 17c shovs

conservative approximation for the case with

with the guide is treated

The boundary conditions are:

M
" "z^r~

 and

(14)

of drilling subs only in

0 , , (15)

V ", (16a)

- M<, £ * (17a)

and M
β
 is the (17b)

bending moment at

the contact point.

below the contact point

condition of continuity

-Jf
4
 (fig. 2):

fifth)

(16c)

%/} -+Jç&»A*{3.J?;) (17c)

that eq. 17a is a slightly

both drilling subs and drill

pipe below the contact point (see Appendix page D) . Eq. 17a is used to

evaluate the fatigue accumulation below the c

M a is found in Section V. C. "
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V. Pipe Deflection and Stress Above the Guide

A. Constant Flexural Rigidity Above and Below the Contact Point

The geometry of the pipe and guide, with one contact point is shown

schematically in fig. 3. The origin is taken at the power sub, and the x

axis is parallel to the guide center line. The bending moment at the con-

tact point (P) is M^ ( eq. 16). The boundary condition at the power sub

is not well defined, so two cases are considered ( slope =» 0 at the power

sub, and moment = 0 at the power sub).

l Slope > 0 at the power sub

The boundary conditions are

(18)

jSolution of eqs. 1 and 18 gives

where «j? • t9 β • —•— > flnd we have made the approximations
T t

eo$kdJt £ fthkλÅ. > > /^ which reduces a transcendental

equation to the quadratic eq. 19.

The critical pitch and roll angle is found by the use of eqs. 6 and

19 with µttl
^ ^ (20)

' e
For the case T" < 7£/ ,

j / Q<ss/>tt>us
% a n d
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T
 + (

Λ ~~~•
(22) j

2. Moment: » 0 at the power sub

The second of the boundary conditions, eq. 18, is replaced by

(23)

Solution of the equations then gives

2

and — +(
lr
-— 5?

(24)

(25)

The quadratic equations were solved using the following data:

R - 350 ft, × o - 18,33,48 ft, g - 0.13 ft. Values of e>C vs. drill string

length are shown in fig. 4 for drill pipe and drilling subs.

Figures 5 and 6 compare Scvs.oC and 5 vs. é ^ for the two

boundary conditions at the power sub. The zero moment condition will be

used in the following analysis as it is slightly more conservative (it

gives a larger //}0
m ** Vw for a given 0j^ ) .

The distance between the contact point and the top of the guide is

given by

£-×0 - / C / < £ x - O for &Λ<£C, (26)

and Jt*.-Xo - Af&c-&e') for &A %, £>c (27)

Figure 8 shows ( J?c~ X ) vs. β̂  for xQ » 18, 33, and 48 ft, assuming

s - 5 ft and T éTc, . Figure 9 shows (J - Xo ) vs. é

48 ft , with d= 0.18 and 0.34. Note that J-×* * j2± - yo for

for ×Q • 18 and

> 2° for PL - 0.18). Since × o varies from|on fig. 9 for ^ – 0.34 (
I

|l8 ft to 48 ft while drilling, the approximation that C0jXj.A ̂ JruJntJ>> 1

!is reasonable, and i t is best at large tensions where the fatigue problems.
I .
ate most severe.
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B. Drill Pipe and Drilling Subs Above the Guide

Solution to the problem of two different sections of oipe above the

guide is obtained using the coordinate system shown in fig. 10. The lengtbj

of drilling subs is assumed to be ü‰= 28 ft, and the boundary conditions at

the power sub and the contact point (x =» 0) are the same as in section V. P

2 above. Deflection, slope, moment, and shear force are continuous at

the junction between dril l pipe and drilling subs

With dril l pipe below the contact point, & • -^r > and the bending

moment at the drilling sub— drill pipe junction ( x Jt, ) is:

Mfj?,) » Mo (co$lo *,$, + ~Stvt i £,$,) (29)

where the approximation Cosl* J>‰Å‰ * 3Mn *t‰<£z• has been made.

The equations for 2 and ^ ^ for zero moment at the power sub are:

-J -=<2 OO)

f o r 4 á>c , vhere 2, , A
/ - G/J,/,)

and

/ _ S<i.

where with Mfo) given by eq. 6.

The length Jl = J,+J7 is obtained from eq. 26 or 27. Note that

is a function of 2 through i t s dependance on Jct , and that •~
1

Values for Λ and Δ are obtained from eαs. 30 and 31 by an iterative

proceedure. Starting with <Δ» —? , convergence to 1 percent is

attained in one to three iterations.

Fig l la shows &t vs. £A and fig. l ib shows ^-» Xo

 v s ß/L

Figure l i e shows values of o^vs. o(#
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C. "Drill Pipe and Drilling Subs Below the Guide

Solution for the bending moment at the contact point gives:

where = r - . a n d Δ - ' , GCdJlλ
/ - - Λ

The bending stress in the drill pipe at x
 m
jl is then

The critical angle, ( &«.\ » with drilling subs at the contact point,

is found from the equation: .. ""'.'-- 1; •;

T^ f x-**
where (T&TZt at the maximum value j

of tension in the drill string)*.

Values of \&<J
‰
 vs. Jc$ are shown in fig. 12a and values of

2
t
 vs. 0

A
 are shown in fig. 12b.

The bending moment in the drill pipe at X
 β
 Hz

 i s
 Mf*)&

•and the bending stress is:

—'

Note that as Jcjj becomes large, fa *= l and eqs. 31a and 3lb reduce

to eqs. 24 and 25 with <t> - 2j. and pi - D<
Λ
 . Eliminating ×o from eqs.

31a and 31c gives:

e)

T'° *(31«
where

- 1 5 9 -



iVI. Stress-Time Variations

A. Average Stress

i i
i

Tension in the pipe varies about a mean value Y4 with an amplitude
I 7^ given by the heave dynamics program. We take

I
77*) - 7* + Tpsti* jnH (32)

jwhere -fLi a heave frequency, and
I

t • time.

The average stress in the pipe at time t is then

i (33)

Where 0^
 β
 TA/ÅO , 0~0 -‰/j\ > a^d A ^ cross sectional area.

B. Bending Stress

i
The maximum bending stress at a given cross section of the pipe varies

with time due to changes in the pitch and roll angle (except in the arc of

I
contact: for cji>θ) > and due to changes in X. We assume

•

é>A - &9 S1* (Ait - f ) (34)

i

where @c amplitude of the pitch and roll,
i

•0.2.** pitch and roll frequency, and

d) angle by which the pitch and roll leads the heave-induced
tension.

I
We make the simplifying assumptions that JZt and Q.X are uncorrelated,

and that (D 0, The alternating bending stress on a pipe element while

drilling (with pipe rotation frequency U>>JZJ is then modulated at the

pitch and roll frequency as shown schematically in fig. 13.

An additional but smaller modulation of the alternating stress occurs
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with changes in rf due to the heave induced dynamic tension, T" . We have

I where

j
! For

TA

-
(36)

The bending stress then varies in time and is given by

: (37)

where ‰ . ; f ( T . / * flT / ^ ) ~ (f / (38)

a n d
 ^

 β
 ^ /öT / /r- / Λ (39)

We treat these modulations independently in the next section since it

is assumed thatX and X^^are uncorrelated.
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!VII. Bending Fatigue Calculations

A. Miners Rule and the Fatigue Equation

The pipe rotation frequency is assumed to be large compared to

^2*t
 ai*d •^x » so PiPe tension and the maximum bending stress at a

Jgiven cross section are essentially constant over each rotation cycle.

We use Miner1s rule to calculate the fraction, F, of fatigue life expended

jwhere VX. » number of cycles with alternating bending stress
amplitude, (T* , and mean stress, 0$ , and

number of cycles to failure.

jWe express the number of cycles to failure as

;where &o}fà** fatigue parameters, and

0µ ultimate tensile strength.

Bc Fatigue with a Sinusoidally Modulated Alternating Stress

The number of alternating stress cycles in <̂ * J•T

land the fatigue accumulation in one pitch and roll cycle is then
2X

or

where (T fftx) ( Table I), and
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where I"1 =• gamma function. The assymptotic expansion is accurate to
17. at m=»3.82, and the max. error is 7% at m=O.

The term It accounts "for a sinusoidal modulation of the alternating stress

*•".-...

C. Fatigue with the Mean and Alternating Stress Varying due to
Vessel Heave CuJ >> _rz.# 3

The fatigue accumulation in one heave cycle is

or

where

JC‰
(45)

÷ * •
The factor Jf^ accounts for the modulation of alternating and mean stress

due to vessel heave, and may be evaluated by numerical integration

A good approximation to I . I* B /-*=£**h

D Fatigue Accumulation While Drilling

The number of heave or pitch and roll cycles experienced by a pipe

element in drilling a distance/dxf is ' .-••"*

du

where uT. • -Ct, or JCZI > and

X m penetration rate.

The fatigue accumulation in drilling from V to V, is then

>r_-L

(47)



i L

where (TC×) is the alternating stress value from Table I.
i
.The fatigue accumulation above, in, and below the guide is evaluated in the

I
inext section.
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VIII. Fatigue Accumulation

A. Fatigue Accumulation Above the Upper Contact Point

Fatigue accumulation above the contact point (? 3 fig. 3) is a

maximum for the top tool joint of a 30 ft stand of drill pipe (or drilling

sub) as this joint is above the contact point for the longest time during

[drilling. As drilling proceeds, the value of xo decreases from (×o)max
1 * •

48 ft to a minimum value which i s found using eq. 26 with JZ= M^ß•^~ J2‰

i.e. J> 0) ; - V

öflwhere 2 i s a function of (x o ) m i n (as given by eq. 30 with €

SJ-<O-rtJ Solving eqs. 30 and 48 for (× o ) m i n gives

(49)

o -Vmiir

where

The value of >
'•SAX • . o min

found using (×o)w a = 48 ft in eq. 31. .

Using eq. 47 and Table I, we find the fatigue accumulation above the

( "Ti

, and Qo i s replaced by c^ in eq. 49 when

is found using (x ) . in eq. 31, and QpcJ i s

'guide is

! where -T. *

(50)

(51)

i s found using eq. 30 with éL

2.

When the combination of x_ and Q
Λ
 makes

and the. stress does not Increase with increasing 0
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I

I stress amplitude is modulated over the time intervals

i

— - i, to + t,

where n is an integer, and it is constant over the intervals

J ton
to £

*
 +
 Λ T

 (flδ 13)

We treat the two time intervals separately and note that while the

modulation envelope is not a full sine wave, it is conservative to

assume a sine wave modulation for the fraction of time during one pitch and

roll cycle for which &*£&> This fraction is

• Y • • • - •• ̂  , and using eq. 34 with CU= Q,

we obtain A 9 -
1
 θe

{ - # *'* -3- (52)

Since ^ is a slowly varying function of × o (figT 7) we may use (ß
I

ixx eq. 52 for a conservative estimate of F^ (this maximizes the fraction

of time the alternating stress amplitude is at its peak value of

The fatigue accumulation above the guide for θ^>θ is then

• Ti

) (eq. 27)

—
 f

 and ̂  is obtained from eq. 31.

3. Calculation of F

Equation 50 is used for Cfc*fév\ and eq. 54 i s used for

-166-



Both equations are used when ( €?c‰] ^Gfc vCZ. ) . Computer implementation

of the calculations is as follows:

I a. Calculate ^ ^ using ( x o ) m a x . If ßo< ^ ‰ / M . eq. ^

I
j is used to evaluate F . i

A !

b. If ß > / $ ) » • the value of (XΛ) . is found using eqs. 27

and 31 giving !

i

I where <
x

o
>min /^'^

r
•
 ( ( x

o^min
 i s s e t t o 1 8 f t i f

 ^<^"< 18
 f
t.)

•

The value of (á J is found from (x ) . using eq. 31. If ßo>('&c) » !

FA is evaluated using eq. 53.

i
C If C&J^&e<C&X the value of xo - (xo)x which makes A

.-- — ' met v"

is found using eq. 31. From eq. 27, (‰J β
/

f
-*/*-5* , where β

A
•4 (^#-2^

and J?, is the root ( nearest to 48 ft) of:

Equation 50 gives (F
A
)^ when I3 is evaluated using the limits (×o)i and

Equation 53 gives (F.)2 when I, is evaluated using the limits

to <•×o>V and FA= ( V l + ( V 2

B. Fatigue Accumulation Below the Contact Point

V<? calculate the fatigue accumulation as the top tool joint of a

stend of pipe moves from the contact point to some distance below that

point. The exponential drop in bending stress with distance below the

contact point makes the fatigue accumulation beyond about 7 ft below the

contact point neglegible as shown below.

The value of × o starts at (×o)min
 w n e n t n e top tool joint of a

stand is at the contact point and decreases to x = IS ft before a new
o

stand is added. Thus J. = (×o)min - × o and the bending stress a t / is
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(56)

vhere (Tz\= {(×*j&o) (eq. 51).

The fatigue accumulation below the guide before another stand is added

is then

‰*

F& — - ú

where
(58)

At the lower limit the exponential term is 1, and at 7 ft (m=3.82, S-135 drill

-3 I
pipe), the exponential term in eq. 58 is approximately 8X10 " for ̂  0.18
(low tension) and 1X10 for p( 0.34 (high tension). Fatigue accumulation

greater than about 7 ft is then negligible. ( The fatigue parameter

m for drilling subs is larger than for S-135 drill pipe, so the same

argument applies to drilling subs.)

2. θ
o
 > θc

a. For the fraction of time, f, that θ*

Following the analysis used in VIII A 2, we find

Ti. Zc
(59)

j where

(60)

Note that Q
c
 may be determined from eq. 31cusing (x

o
)

m
£

n
 (eq. 55).

Actually, θ
c
 increases a small amount from its value at (x

o
) ^ as x

o
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, decrease?, to its lowest value of approximately 18 ft. We ignore this

small change in θ
c
 for a conservative estimate of the fatigue accumulation

Therefore, we assume B (0-11 in the following equations.

b) For the fraction of time, (1-C » that Q
A
 > g .

The lowest contact point is fl{Q
0
 -&+) below the topmost contact

point, and the bending stress at the contact point is U]U^)
t
 The stress at

$2 , measured downward from the lowest contact point is

(61)

and the fatigue accumulation during one pitch and roll cycle is

eft

or

where

The integral T accounts for"the modulation of the alternating stress

jduring a pitch and roll cycle ( X7 <C 1). The fatigue accumulation in

drilling to X is then

(62)

(63)

(M)

1.

We find the fatigue accumulation between the topmost and lowest

jcontact points for in the next section.
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C. Fatigue Accumulation Between the Uppermost and the Lower

Contact Points

l For the fraction of time that the pipe is in contact at x

In the time intervals (*£‰ - •£, ) bending fatigue accumulates with an

alternating stress amplitude, öJtQ The time interval of contact at x in

one cycle of pitch and roll is then

(65)

The fraction of drilling time per pitch and roll cycle in which the pipe

is in contact at x is then

(66)

The fatigue accumulation is then

w h e r e

(67)

(68)

Figure 14 is a plot of I vs. é~• . Not* that ‰ 0.637 for g• 0, the

result given in Deep Sea Drilling Project Technical Report No. 4, p. 17.

The value of ^ is insensitive to x ( fig. 7), so we may use eq. 31 to
£ O

find 0c with ×Q - 18 ft.

2. For the fraction of time the pipe is not in contact at x

The bending stress at x below the topmost contact point is

(69)

where Yc « the instantaneous contact point «? ß(£C-QC

Fatigue accumulation during one pitch and roll cycle is then
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"' U
β *- J-f (70)

where ‰ « rr Sfh

Upon substitution,

7

where

The fatigue accumulation while drilling from the topmost to the lowest

contact points Is then

(71)

(72)

where

and

-/̂

, f
A<6
*lo

 J

(73)

(74)

(75)

D. Cumulative Fatigue

The fatigue accumulated at the top tool joint of a stand of pipe

used to drill through the guide area is then

(76)

where fy±
 β
 the fatigue accumulation due to heave dynamics which is

calculated in the heave dynamics program for drill pipe. When drilling

subs are used,

for X « string length.

<tx ^
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where X ». penetration while drilling with a stand of drilling sub.

E. A Previous Estimate of F

The approximations mentioned in the introduction lead to considerable

simplifications in the analysis. It was assumed that the drill pipe

contacts the guide for @/i > 0, and that the alternating stress at the

contact point is O^út\ Neglecting fatigue accumulation when the pipe is

not in contact with the guide gave

— : + Ft> (78)

The first term of eq. 78 approximates f^ + /^ . + /£. , and the

accuracy of the approximation will be determined when the values of

for different conditions of drilling are calculated using eq. 76.

FASC * Scaled fraction of fatigue life expended due to
bending while the tool joint is above the contact point

FISC * Scaled fraction of fatigue life expended due to
bending while the tool joint is between contact points

FB5C « Scaled fraction of fatigue life expended due to
bending while the tool joint is below the contact point

The Fraction of Fatigue Life Expended due to Bending Through the

Guide is given by:

with:

where

in units of feet,

= Modulation factors due to changing
tension induced by vessel heave.
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contact point Ĉ ^ j

Between contact points

Above

*

Below

t h e
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t h e

1
I
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2
- i

i

•

STRESS VALUES

(

( x

( :
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x measured downward
point)

i.
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measured downward from contact
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Addendum I

An Approximation of I and Its Accuracy

I . Series Expansion and Term by Term Integration

Integral I , in eq. 45, is given by

.-i f
V J

Expanding the integrand, retaining terms up to fourth order in Q. and Q ,

and integrating term by term gives

f K O \

II. Approximation of Q.

The dynamic bending stress amplitude, £T , due to an increase in pipe

tension is given by eq. 39. We approximate dT for 5 ^ / as

where
 Λ

 ^ - % -fa
 ‰

We use the expressions for σ
f
 given in Table I, and obtain the derivatives

»V < P^ 9 above the contact point
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Using eqs. 26 and 30, we obtain

where Lfl - — and

Values of Q*/(iVr ) vs î are given in Table Al. Also given in the
MA

table is L<f+{**}/VL4 J which is the ratio of the fatigue accumula-

tion rate at X- to that at the contact point when i^ = 0. It is seen that

this ratio drops very rapidly as X increases, so a conservative assumption

is *. i To

(A7)

B. #* < ^ , Below the Contact Point

Following the treatment used above, we find

C. ^v ^ ft » Between Contact Points

For

COtk^S-t .and

D &**> @c > A b o v e the Upper Contact Point ( Tá• Tct )

For a conservative estimate, we drop the last term and use eq. A9.

E. é > ßc , Below the Lower Contact Point ( T«£ Te, )

Again, for a conservative estimate, we drop the last term, and use

(Ai2)
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III. Approximation Accuracy

The series expansion of the integrand of I_ is slowly convergent,

so the approximation of eq. A2 underestimates I». The approximations

for Q. overestimate its value. Numerical calculation shows for Qc^•θc.

above the contact point, these approximations give acceptable accuracy

in I« up to Tj/T
A
 =0.3 (see Table A H ) . For Qo>O± , the approximation

for Q
1
 is very good, and eq. A2 underestimates I_. Using the approxima-

tion for Q, and numerical integration of eq. Al gives very acceptable

accuracy in I« (see Table A H ) .

IV. Effective Values of ‰

Different values of I« may be evaluated for fatigue above the contact

point (I
o
) , between contact points (I

O
)

T
, and below the contact point (I.).

A. ė
9
 4 &c

We use eqs. A2 and A7 or A8 to evaluate (I
9
)

Δ
 • (I

9
)r>

B. c^>> θ
c f
 Between the Contact Points

We use Q given by eq. A9, and evaluate (Io)
T
 ^y numerical integra-

tion of eq. Al.

C. θo^étc , Above the Contact Point

The fraction of time that θ
9
<&

c
is given by eq. 52:

+
'"7T -Q; CHU)

We may approximate (θ
c
 ). by

* o.πs-o.2 2.
t ( A H )

0

5 < s < 20 ft. This approximation gives a maximum error of 0.2

for 0.15 < a
1
 < 0.35 and T < T

c
. (Table AH3) . We then take
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(A1S)

D. 0o > Qc , Below the Contact Point

We take

U e.> P t = (L.V f* * f I*)x ^i- -ft.) ( A 1 6 )

where "**
 a
 7f

 5lu
* Q

o
 , and we use eq. 3lf with I 0 to

obtain the approximation (θ )
2
 = °'

336
 + 0.74. (A17)

^See Table AIHfor the accuracy of the (Q ) approximation.)

V. Calculation of F

The fraction of fatigue life expended due to bending in the guide

area is given by

For öβ4[J9j, this reduces to

/ with ( I 2 ) A evaluated as described in IVA. For flo>fe], we evaluate (I )
I

as described in IV B, and obtain (I
2
)

A
 and (l

2
) from eqs. A15*and A16

respectively.

fee), '

CL), F' C * UJé FΛS c ~] A( S)
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APPENDIX G

BENDING FATIGUE OF THE GLOMAR CHALLENGER
DRILL STRING - RANDOM PITCH AND ROLL
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Bending Fatigue of the Glomar Challenger

Drill String-Random Pitch and Roll

X Introduction

An extension of my report, "Analysis of Bending Fatigue in Glomar

Challenger Drill Pipe and Drilling Subs with Computer Program Description",

submitted to the DSDP, 10/19/79, is presented here. The computer program

for the deterministic case (harmonically varying pitch-and-roll angle of a

given amplitude, θ ) is used to obtain the reduced fractions of fatigue life

expended. These reduced fractions are used in the treatment of the random

case developed in this report.

We use the notation of the previous report in this analysis. The values

of the reduced fractions, FASC, FISC, and FBSC, for the deterministic case

were found to be independent of the pitch-and-roll frequency (provided the

frequency was low compared to the drilling rotation frequency). We are there-

fore concerned with the distribution of pitch-and-roll angles encountered in

the random case. This distribution may be obtained from measurements of

vessel response, or alternately, we may assume a probability distribution of

pitch-and-roll amplitude. The fraction of fatigue life expended while drilling

through the guide area in the random case is found using this probability dis-

tribution and the reduced fractions for constant pitch-and-roll amplitudes

(0 < θ < 8°). The effect of changing tension in the drill string due to

vessel heave in a random sea is treated in the next section.

II. The Effect of Changing Tension in a Random Sea

Evaluation of integral I , which accounts for changing tension in the

drill string, was discussed in Addendum I to my bending fatigue report.

The integrals (I
2
) A

 a n d
 ^2^T

 Taay b e o b t a i n e d f o r
 given values of T /T., for
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0 < θ < 8° which covers the maximum expected range of pitch-and-roll angles.

The fraction of time the pitch-and-roll angle is less than the critical angle

θ was defined as f (f for bending above the upper contact point, and f for

bending below the lowest contact point). In the random case, we may calculate

f if the probability density of the roll angle envelope is known. Let P dθ =

the probability that the envelope of pitch-and-roll angle lies between θ and

θ + dθ, i.e., P {θ < θ (t) < θ + d8}.

Then

-f
 β
 f P Aft ( "*Ci D Jw

(1)

where x - θ/θj^> and

θ the root mean square pitch-and-roll angle.

RMS

The value f is obtained using (θ ) . , and f« is obtained using (θ )
2
 The

approximations to (θ ) , and (θ ) given in Addendum I may be used to evaluate

f
x
 and f

2>

It is reasonable to assume the pitch-and-roll envelope follows the

Rayleigh distribution density given by

Equation 1 then becomes

f = | θ β i 4 t x e " r d x .

Next, we account for the random nature of the heave-induced dynamic tension.

Again, we may take the Rayleigh distribution for the envelope of T /T values
D RMS

and adding the contributions for each value of T_ with the appropriate proba-

bility gives
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(1,1
<<o

where X = I j j f t ^ and

•̂ RMS = t*ie r o o t m e a n square value of dynamic tension.

We evaluate I (X) in eq. 4, using the fractions given by eq. 3 above and the

T
value of Tß/TA = X — - . (Note that θ ^ , T ^ , and T

A
, together with x and u>

AA

specify a particular random sea case for which we wish to evaluate the bending

fatigue.) From addendum I, for the case where θ exceeds θ , for bending above

and below the upper and lower contact points:

We know that θ will exceed θ for a fraction of the time in the random case

c

(f < 1 for θ-..- > 0). (For bending between contact points, (I
2
) (X) = (I

2
) .)

RMS •*- *• x.

The above equations were used to evaluate (‰)
 a n d o m

 f o r a
 number of different

input values, and the results are given in Table I. A good approximation to

the vaiues obtained by use of eq. 4 was found to be

(6)

T T

where X = V2 corresponds to ~ = vT - ^ ^ . Values of I
2
 (\/T) calculated

A A
using eq. 5 are given in Table I for comparison with the values obtained from

eq. 4.

III. Reduced Fractions of Fatigue Life Expended in the Random Case

Values of FASC, FISC, and FBSC for pitch-and-roll angle amplitudes

0 < θ < θ
WA
,

r
 may be obtained from the bending fatigue program. These values

O MAX

when multiplied by the appropriate probability density are summed to give the

reduced fractions of fatigue life expended in the random case:
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θ=o

with similar equations for (FISC) , and (FBSC) , . It is assumed that

random random

P dθ for θ > θ. is negligible. If we assume the Rayleigh distribution
m MAX

density for the envelope of the pitch-and-roll angle, we obtain

where x

Due to the rapid drop in P dx with increasing x in the Rayleigh distribution,

m «
-x /2

we may take θ to be about 8° provided θ < 2.5°(x e • 0.033 for x 3

and 0.001 for x 4). If FASC, FISC, and FBSC are evaluated for 0.8° increments

in θ up to 8°, a Simpson's rule integration of eq. 8 will give reasonable

accuracy.

The fraction of fatigue life expended in drilling through the guide area

is then given by

+
random tóméo* rtv.ác^ T*VCIQ* fin do* tóndói* ^ '

a

0.

0.

18

34

For

T
RMS
"A

0.117

0.117

Values of (I

the Random Case

(I 2) I RANDOM

Eq. 4 E

1.00

1.09

TABLE

) or

S-135

CASE

q. 6

1.00

1.09

I

(Irt)p. and (

Drill Pipe,

θ
c

θ
RMS

0.5
1.0

0.5
1.0

s =

E£

1

1
1

5 ft.

. 4

.01

.10

.11

RANDOM

E£

1

1
1

CASE

. 6

.01

.10

.11

°
 3 4

 0-17 0.5 1.24 1.22
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APPENDIX H

DSDP INSTRUMENTED DRILL STRING SUBS (IDSS)
OPERATIONAL DESCRIPTION AND HANDLING
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A. General

Two joints of pipe are instrumented with strain gages to measure and record ten-
sion, bending and torsion loads during drilling and coring operations. One joint is a
short drilling joint sub to be used with drilling joints. The other is a joint of drill
pipe. Data is recorded by solid state electronics in a sealed instrument case which
fits inside the joints. The recorder is removable and may be used in either joint by
connecting it to a cable connector inside the joint. Measurements may be taken
during normal drilling and coring operations (to retrieve a core barrel the joint
must be set aside). The data is transferred to magnetic tape for processing at
DSDP. An interface unit aboard the ship will allow shipboard reading and check-
ing of the loads recorded.

Technicians will service and install the recorder into the joint. The instrumented
joint will be placed in the string at a location as directed by the Operations
Manager (normally immediately below the power sub 20-foot pup joint).

The following sections provide details of the instrumented joints, handling pro-
cedures, and precautions to be followed during use.

B. Description

The principal components of the instrumentation system are described below:

Drill Pipe Joint Assembly

One joint of 5-inch, S-135 drill pipe, with strain gages attached adjacent to the
pin end. A 5-foot sub is made-up to the pin end to protect the cable loop.
The drill pipe and 5-foot sub are handled and stored as a unit. Tool joints are
modified 5 1/2 inch F.H. Overall shoulder length of drill pipe and sub is 36
feet 2 inches.

Heavy Wall Sub Assembly

One 5 1/2 inch O.D. heavy wall pipe sub, with strain gages attached adjacent
to the pin end. The sub shoulder length is 65 inches. A 10-inch sub is made-
up to the box end and a 65-inch long 5-1/2 inch O.D. heavy wall sub is made-
up to the pin end. The instrumented joint and the two subs are handled and
stored as a unit. Connections are the same as the present drilling joints, i.e.,
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5-1/2 inch I.F. with 7-3/4" O.D. shoulder. Shoulder length of the assembly is
11 feet 8-3/8 inches.

Recorder

Strain gage data is recorded in a removable pressure case (eletronics unit)
installed inside the instrumented joints. The recorder is suspended by a heavy
metal cap seated in the box connection. Fluid passes around the pressure case
during drilling. The pressure case is designed for a maximum circulating pres-
sure of 3,000 psi. The recorder is used with either pipe. Both instrumented
joints have strain gage cable leads with plug-in connectors which make up to
the recorder cable.

A different instrument case top cap is used depending on whether the drill
pipe or heavy wall pipe is used. When running the heavy wall pipe, the larger
flange (4.84 inch long) cap with a 60 ° taper is used. The drill pipe uses the
small flange (3.49 inch long) cap with a 45 ° taper. A two inch nose cone is
threaded on to the top of the cap. A safety stop ring is positioned in the box
of the first joint below the instrumented joint assembly. The stop will "catch"
the recorder in the event of a case of hanger failure.

Strain Gages

The strain gages are bonded to the outside of the pipe adjacent to the pin con-
nection. Interconnecting wires are routed to the inside of the pipe through a
0.54 inch diameter Monel tube which penetrates the pin shoulder. The gages
are water proofed and protected from mechanical damage by a cast
polyurethane sleeve.

C. Handling Sequence (Placing in String)

When measurements are to be taken, as determined by the Cruise Operations
Manager, the following sequence should be followed:

1. Transfer joint from scabbard to mousehole.

2. Electronic Technician brings up recorder, makes up to cable connector
and seats the instrument case into position.
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3. Pump core barrel down drill string.

4. Set drill string on elevators, break connection joint determined by the
Operations Manager. (NOTE: Instrumented joints may run in one of two
positions immediately below the pup joint saver sub or one joint lower).

5. Make-up pup joint to instrumented joint.

6. Insert safety stop ring in box of joint suspended in elevators.

7. Make-up instrumented joint to drill string.

8. Suspend drill string or core ahead as directed. Use normal drilling pro-
cedures but do not exceed 3000 psi pump pressure (pressure drop around
instrument less than 50 psi at full pump).

D. Handling Sequence (Taking out of String or Retrieving Core)

1. Break out instrumented joint, set in mousehole.

2. Remove safety stop ring.

3. Make-up string and retrieve core barrel.

4. Technician removes recorder from instrumented joint and secures cable in
pipe with hanger plate. Flush bore with fresh water.

5. Transfer instrumented joint to scabbard, secure, resume normal opera-
tions.

E. Storage

The instrumented joints are stored vertically in 8-inch steel pipe scabbards adjacent
to the rig floor. The strain gage cables, inside the pipe, are hung off at the box
using hanger plate. A dummy connector should be inserted into the end cable con-
nector during storage. The recorder is stored separately by the Electronics Techni-
cian.
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F. Precautions

The instrumented joints have been designed for rig handling and can survive a
two-foot accidental drop. The joints must, however, be handled with reasonable
care and not subjected to unnecessary hard impacts or shock loading. In particular
observe the following:

1. Do not position tongs, spinning chains, ropes, cables, etc. where they
may bear on, or damage, the black polyurethane strain gage cover.

2. Do not lay the joints down where sharp edges may bear against the strain
gage covers.

3. In all other respects, handle and make up the instrumented joints in the
same manner as normal drilling joints and drill pipe.

4. Ensure that all joints and subs in the assembly have been made up to
proper torques prior to initial use.
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APPENDIX I

DETAILS OF IDSS SYSTEM
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161750
ENTER
164912
•

STRRT

IDSS MUNI TOR
:RD0 1

0 0 0 0 0
000 OS
00016
00 024
000 32
00040
00048
00056
00064
00 072
00030

00083
00096
00104
00112
00120
00123
00136
no 144
0 0152
0 016 0
00163
00176
00134
00192
00200
00203
00216
0iv:24

nno
| TENS
-3.30
-4.58
-4.67
-4.99
-4.61
-4. 99
-4. 99
-£.10
-2.09
-2.09
-2. 09
-2. 09
-2. 09
-2.09
-2.09
-1.93
-2. OS
-2. 08
-4 59
-4.60
-2. 16
-4. 98
-4.66
-2. 12
-£.11
-2. 12
-2. 13
-2. 13
-2. 14

TIME

PRIMARY

BNDA
-4.32
-4.99
-3.55
-3.51
-4.83
-4.33
-4.28
0.35

-0.24
-0. 77
-0.91
-0.55
0. 13
0.74
0.94
0.60

-0. 15
-3. 33
— ~! A A
-3.74
-2. 96
-4. 36
-4. 18
-4.12
0. 09

-0. 73
-1.18
-1. 02
-0.32

BNDB
0. 0 0

-2.52
-2.39
-3.30
-3. 67
-3. 04
-4.90
0.53
0.6?
0.32

-0.30
-0.87
-1. 06
-0.70
-0. 02
0. 62

-4. 12
-4.43
-2. 71
-3.43
-4. 11
-3.56
-2. 78
-4.40
1. 02
0.79
0. 05

-0.75
-1.21

TORQII
-3.11
-3.47
__ - .;>

-3. 04
-3. 11
-2.87
— ü! . 'C' l"'

-2.84
-0.29
- 0. 3 0
-0.39
-0.52
-0.63
- 0.68
-0.70
-0. 70
-0.66
-3.13
-3.58

-3.50
-3.59
-3.59
-0.93
- 0. 77
-0.65
-0.63
-0. 7 0
— n •? o

TENS
_ •~z • z • o

-4.48
-4.59
-4.92
-4.92
-4.58
-4.58
-2. 07
-2. 05
-2.05
-2. 05
-c. 06
-2. 06
-1.91
-2. 05
- 2 . 05
-2. 04
-4.58
-4. 59
-4.60
-4.53
-4.58
-2.03
-2. 08
-2. 07
-2. 03
-2. 09
-2. 09
-8.1 0

SEcor
BNDA
-4.32
-4. 99
— Z' » w1 -'

— " t O
j. IC

-4.75
-4. 99
-4.31
0. 30

-0.29
-0. 79
-0.39
-0.50
0. 19
0.76
0.91
0.54

-0.21
—3 74
-".. AS
-3.66
-2. 96
-4.21

-4. 18
0. 01

-0. 73
-1. 18
-p. 9?
-0.25

BNDB
-1.61
-2.59
-2.95
-3.29
-3.29
—2 So
-4.80
0.65
0.70
0.32

-0.31
-0.87
-1. 00
-0.61
0. 09
0.70

-4. 03
-4.4£
-.". 03
-3.43
-3.74
_ •Z't 7 * -

-0.10
0. 7 0
1. 03
0.79
0. 03

-0. 76
-1. 17

TORQI
-3.50 -<-CAL
-3.55-*-ZERO
_ -i I-I Σ. "~

-3.50
-3.51
-2.91
-3.01

-0.61
-0.65
-0.67
-0.69
-0.68
-0.67

-0.71
-0.81
-0.94
-1.08
-1.06
-3.58
-3.58
-3.59
-3.57
-1.07
-1.08

-1. 13
-1. 09
-1.03
-0.95
-0.87 —

DATA
(VOLTS)

1 2 3 4 5 6 7 8

CHANNEL NO.

FIGURE I I
SAMPLE OF SHIPBOARD INTERROGATION OF IDSS DATA PACKAGE
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1
H
l

If
V CONTAINS 496 CaCplclcHAB.AC TERS- l£ n n n

3.4 S>C 4 - 2 9 D ^ 3 _ Λ 9 ' E 1 .26?} 0 . 4 « f ) 3-0 2X 5.0<JA«3.. 42tf ö .QlC 0 . 7 0 D - 1 . 5 5 E - 4 . 9 5 F - 2 , 93G-0.45H J
^ { ) 7 ? π c ^ r 2 . 4 9 1 - 4 . ~ 3 0 2 0 . 9 1 1 1. 1 5 4 - 3 . 3 1 5 - 0 - 7 16''θZTθ7 5 . O θ | ) 2 . 4 9 $ 0.6"4? 0 . 8 9 3 I . 1 1 4 - 3 . 3 1 5 - 0 . 6 9 6 - 4 ~ . 807

13 1 . 1 1 4 - 3 . 6 0 5 - 0 . 6 4 6 C.237 5.0Q(£) 2 . 4 9 ^ - 4 . 372 0 . 5 0 3 1 . 0 9 4 - 3 . 6 0 5 - 0 . 6 3 6 0 . 2 4 7 5 . 0C(8) 2.49(£>-4.41 2 C.?83 1 . 0 5 4 - 3 . 2 9 5
? D 0 . 5 6 2 0 . 8 3 3 I- C24"C. 7 6 5 - 0 . 6C6 0 , 5 4 7 5 . 0 0 ® 5 . 00(1) 0 . 5 7 2 0 . 8 9 3 1 . 0 0 4 - 0 . 7 6 5 - 0 . 4 16 0 . 5 6 7 5 . OC(£j 5 . GO? $?, -
F1L£ ti RECCHC 2
552QlöCCQ00ufc 0
25-0.3G6 0.567 5
73 0.654-0-715-0
0I>4. 442-4. 123 0

F T L £ 1, RECORD 3
552 01000000233-4
65-U.44e-4.i?7 O
U 0.674-0-G45-3
01 C.432 1.123 0

CONTAINS 496 £•3CCIC CHARACTERS IN GOO PARITY l Z 40-BIT WORDS)
562 C-£53 I- 1 2 4 - 0 . 7 5 5 - 0 . 3 S 6 0 .577 5 .Oof, 5.00^/ 0 . 5 6 2 0 .S83 0 .9 3 4 - 0 . 7 2 5 - 0
CC8, 5 . CCJ 0 . 552 0 . 6 3 3 0 .8 9 4 - 0 . 7 0 5 - 0 . 5 0 6 0 . 5 7 7 5 . 0 0 $ 5 . 0 0 $ 0 .562 0 . 8 3 3 0
486 C.577 5 . 0O Ĉ 5 . CC(f) C. 552 O.e?3 0 . 8 3 4 - 0 . 7 0 5 - 0 . 4 6 6 0 .597 5 . 0Q8; 5 . 00(£ 0
794-C . 6 7 5 - 0 . 4 5 6 - 4 . 4 2 7 O.OC&-O. C4$-4 .4 6 2 - 4 . 123-4 . 2 4 4 - 0 . 6 6 5 - 0 . 4 5 6 - 4 . 377 0 .

CONTAINS 496 E3C0IC CHARACTERS IN QDD P<IKITY (83 ; 48-9'IT WQftDS >
4 6 2 - 4 - U J - 4 - 2 7 4 - 0 £5 5-0-4 5 6 - 4 . 3 67 0 .0 0 8 - 0 . 0 4 1-4.4 9 2 - 4 . 1 2 3 - 4 . 2 9 4 - 0 . 6 9 5 - 0
0 θ e - C . C 4 l - 4 . 5 1 2 - 4 . C 0 3 - 4 . 3 2 4 - 0 . 6 3 5 - 0 . 4 4 6 - 4 . 3 6 7 5 . 0 0 3 - 0 . 0 4 1 0-492 0 . 9 * 3 0
446 C.867 5.0Cc 5.CC1 0 .462 1 . H 3 0 . « 3 4 - 0 . 6 4 5 - 0 , 4 4 6 0-877 5 .008 5 .001 0
β 4 4 - C . c 5 5 - 0 . 4 4 c 0 . 2 9 7 5 . 0 0 θ 5.C01 0 . 4 2 2 1.133 0 . 6 9 4 - 0 . 6 5 5 - 0 . 4 46 0 .747 5 .

376 C.567 5 . 0 0 4 S.O
fifi4-C.7C5-0.436 0 .537
5 9 2 - 4 . 11.3- 0 . 8 1 4 - 0 . 6 8 5
Oθe-C. C4?3?-

4 4 6-4 .357 C . 0 0 8 - 0 . 0 4 1
6 7 4 - C . 6 4 5 - 0 . 4 4 6 D.6ß7
6C2 1.123 0 . 5 3 4 - 0 . 6 5 5
003 U.CC?i? - -

FILE i» RECORD 4 CONTAINS 4>>6 EBCDIC CHARACTERS Ih CDO PARITY 183 48-DIT WORDS)
55201CQC0OOJ3/1 0-422 C-993 0 . 7 0 4 - C . £ 6 5 - 0 . 4 4 6 0 .767 5 . 0 0 3 5.C01 0 .412 1.003 0.7 1 4 - 0 . 6 7 5 - 0 . 4 * 6 C.777 5 .006 5 . 0 0 1
3 5 - 0 . 4 5 6 0.7fc7 5.CC8 4 .6 fc l -4 .602 O.7C3 0 . 7 3 4 - 1 . C 0 5 - 0 . 4 5 6 - 4 . 1 9 7 0 . 0 0 8 - 0 . 3 1 1 - 4 . 9 4 2 - 4 . 2 9 3 - 4 . 2 5 4 - 3 . 5 1 5 - 0 . Λ 5 6 - 4 . 1 9 7
Ü 3 - 4 . 2 3 4 - 3 . 5 C 5 - 0 . 4 5 6 - 4 . 1 7 7 - 0 . 3 1 £ - 2 . 8 1 1 - 4 . 9 S 2 - 4 . 2 9 3 - 4 . 2 7 4 - 3 . 5 1 5 - 0 . 4 6 6 - 4 . 2 1 7 - 0 . 3 1 8 - 2 . 8 5 1 - 4 . 9 7 2 - 4 . 2 7 3 - 4 . 2 6 4 -3 -565
1 1 - 4 . 9 3 2 - 4 . ^ 7 3 - 4 . 2 2 4 - 3 . 5 7 5 - 0 . 5 l ó - 4 . 1 9 7 - 0 . 3 1 8 - 2 . £ 1 1 - 4 . 9 9 2 - 4 . 2 7 3 - 4 . 2 1 4 - 3 . 5 4 5 - 0 . 5 2 6 - 4 . 1 5 7 0. GQ<I~ C. 315C?

FILE If RECOftO 5 CQlittlHS 496 EBCGIC CHARACTERS IN COD PARITY {^3 48-BIT WORDS)
V32CiCOG0004 3i 0 . 3 0 ^ 1.043 0 .7 9 4 - 0 . 7 1 5 - 0 . 4 96 0 .857 5 .003 5 .001 0 .292 1.053 0 . β C 4 - 0 . 7 1 5 - 0 . 3 1 6 C.397 5 .008 5 .001
05-C.326 0 .397 5.CG3 f.OOl O.?9? 1-Oβ3 0.8 4 4 - 0 . 7 4 5 - 0 . 3 2 6 0 . 3 9 7 5 . 0 0 3 5 .001 C.252 1.233 0 . 2 3 4 - C . 7 5 5 - 0 - 3 6 6 0 .697
S3 0 . 8 9 ^ - 0 . 7 4 5 - 0 . 5 2 6 G.907 5.GC3 5.0C1 0 .232 1.C73 0.9 1 4 - 0 . 7 6 5 - 0 . 5 3 6 0 .917 5 .008 5 .001 0 . 2 3 ? l .Cö3 0 .9 5 4 - 0 . 7 4 5
01 C.2.?2 1.063 0 . 9 ^ 4 - C . 7 5 5 - 0 - 5 4 6 2 . 9 2 7 5.OC 8 4 . S 9 1 0 . 2 0 2 - 3 . 9 43 0 . 9 4 4 - 0 . 7 5 5 - 0 . 5 6 6 - 4 . 0 3 7 4 . 9 9 3 - 0 . 01V??

0*953- ! , >
5 . 00$-2~ ft 11-4.3)6? 0 . 9
0 .626 0 .547 5 . C 0 S Λ 2 . 4

0 . 5 5 2 0 . 3 7 5 C . 9 Q 4 - 0 . 7
5 . 0 0 ( 0 . 5 . 0 0 1 0 . 5 6 ? 0 . 0
0 . 4 6 G - 4 . 4 3 7 5 . 0 0 4 ' 0 . 0

4 . 5 0 2 - 4 . 1 1 3-4 - * C 4 - 0 - 5
5 . 0 0 3 5 . D O ! 0 . 4 S 2 1.1
0 . 4 4 6 0 . E 3 7 5.COS 5 . 0

0 .3V2 l~C>ll D . 7 2 * - 0 .
0 0 0 f l - 2 . δ 1 1 - A . 9 S 2 - 4 .
0 . 4 £ 6 - 4 . Z 17-0.313"Z-

0 . 2 9 2 1 .093 0 . 6 5 4 - 0 . 7
5 .U03 5 . 0 0 1 C.242 1.0
0 . 5 2 6 0 . 9 i 7 5 .0C3 5 . 0

FILE 1» R-TCOiiD 6 CONTAINS 496 £3CDIC CHARACTERS IN ODD PARITY ( 3 3 4 8 - B I T WORDS)

5520LCO C 0 0 0 5 3 1 - 4 . a C 2 - 3 . 94 3 0 . 9 4 4 - 3 - 2 5 5 - 3 . 0 6 6 - 4 . C 8 7 - 2 . 5 1 8 - 0 . 0 1 1 - 4 . 8 2 2 - 4 . 2 7 3 - 4 . 0 4 4 - 0 . 7 5 5 - 3 . 0 6 6 - 4 . 1 2 7 - 2 . 5 1 3 - 2 . 5 11 - 4 . 3 42-4 .27Z ~^Z i«i - c . 7
55 - 3 . 0 6 6 - 4 . 1 2 7 - 2 . 5 X 8 - 2 . 5 5 1 - 4 . 6 2 2 - 4 . 2 v 3 - 4 . 3 1 4 - 3 . 2 5 5 - 3 . 0 4 6 - 4 . 3 7 7 - 2 . 5 1 8 - 2 . 5 1 1 - 4 . 84 2 - 4 . 27 3 - 4 . 0 0 4 - 3 . 2 5 5 - 3 . 0 6 6 - 4 . 1 2 7 - 2 - 5 1 3 - 2 . L ; 1 1 - : . o 2 J - i . 2
7 3 - 3 . 9 8 4 - 0 . 7 5 5 - 3 . 0 4 6 - 4 . G 6 7 4 . 9 9 8 - 0 . 0 1 1 0 . 1 7 2 1 . 0 4 3 1 . 0 2 4 - 0 . 7 5 5 - 0 . 5 5 6 0 . 9 2 7 5 . 0 C 8 5 . 0 0 t 0 . 2 1 2 1 . 2 3 3 1 . 0 8 4 - 0 . 7 0 5 - 0 . 5 16 1-117 5.UC3 5 . 0
01 C.202 1 . 2 0 3 1 . 2 1 4 - C . 7 2 5 - 0 . 5 1 6 U 1 0 7 5 . 0 0 8 5 . C 0 1 0 . 3 0 2 1 . 1 5 3 1 . 1 7 4 - 0 . 7 6 5 - 0 . 4 C6 0 . 8 9 7 5 . 0 0 6 5 . C C ? # ?

FILE 1# ftECQf<D 7 CO.^T4INS 496 E3C0IC CHARACTERS IN CDO PARITY C33 4 8 - B I T WOROS)
5 5 2 0 1 0 0 0 0 0 0 & 3 1 0 . 3 0 2 1 . 1 5 3 1 - 1 £ 4 - 0 - 7 6 5 - 0 . 3É 6 0 . S 9 7 5 . 0 0 3 5 . 0 0 1 0 . 1 7 2 1 . 0 1 3 1 - 0 6 4 - 0 - 7 4 5 - 0 . 5 1 6 C.9C7 5 . 0 C 8 5 . 0 0 1 0 . 2 3 ? 1-043 1 . 1 0 ^ - 0 . δ
9 5 - C . 4 / 6 0 . 9 4 7 5 . C 0 3 5-001 0 . 2 3 2 1.CC3 1 . 0 6 4 - 0 . 7 3 5 - 0 - 4 8 & 0 . 9 0 7 5 - 0 0 3 5 . 0 0 1 0 . 1 9 2 0 . 9 6 3 1 . 0 4 4 - 0 - 7 5 5 - 0 . 5 1 6 0 . 3 7 7 5-OOU 5 . 0 0 1 O . I ? ? 0 . 9
53 1 . G 3 4 - 0 . 7 5 5 - 0 . 5 2 6 0 . 6 5 7 5 . 0 0 8 5 . C 0 1 0 . 1 7 2 0 . S 7 3 1 - O ' i 4 - 0 . 7 6 5 - 0 . 4 6 6 0 . 8 9 7 5 . 0 0 8 5 . 0 0 1 0 . 1 7 2 0 . 2 4 3 0 . 9 5 4 - 0 . 7 6 5 - 0 . 5 2 6 ù.727 5 .pO3 4 . 3
31 C 1 6 2 0 . 2 ' J 3 0 . 9 6 4 - C - 7 4 ' i - 0 . 5 2 6 0.J1C7 5 . 0 0 8 4 . C 2 1 0 . 1 7 2 0 . 8 0 3 0 . 9 7 4 - 1 . 0 8 5 - 0 . 4 66 0 . 1 6 7 5 . 0 0 8 4 . 9 6 ? ? ?

F I L E lß ßECOBO 0 C Ü N T Π N S 4 9 6 E J C O I C CHAi^ACTtRS IN ODD P A R I T Y C 8 3 4 8 - B I T WORDS)
• 3 5 2 0 i C C C C 0 0 7 3 1 C 2 6 2 C . 6 5 3 1 . 0 5 4 - 0 . £ 6 5 - 0 . 4 4 6 0 . 6 6 7 5 . 0 0 3 4 . 9 6 1 0 . 2 5 2 0 . 2 5 3 0 . 9 5 4 - 0 . 7 4 5 - 0 . 4 6 6 C . 3 0 7 5 . 0 0 8 5 . O U T O . * £ 2 L . 3 ; ' i 0 . ? 5 i - 0 . 7
2 5 - U . 4 6 6 0 - 7 9 7 5 . 0 C 8 5 . 0 C 1 0 . 2 1 2 0 . 8 7 3 0 . 9 4 4 - 0 . 7 1 5 - 0 . 4 6 6 0 . 7 8 7 5 . 0 0 3 5 . 0 0 1 0 . 2 3 2 0 . 8 S 3 1 . 1 1 4 - C . 6 S 5 - C . 4 1 6 0 . 3 1 7 5 - 0 0 6 5 . 0 0 1 ' J . v S Z 0 - 3
Zl 0 . 8 5 4 - 0 . 7 7 , 5 - 0 . 3 1 6 C . 9 1 7 5 . 0 θ ε 5 . C C I 3 . 9 6 2 0 . J 3 3 0 . 8 6 4 - 0 . 7 2 5 - 0 . 4 5 6 0 . 9 2 7 5 - 0 0 8 5 . 0 0 1 0 . 2 3 2 0 . S 5 3 0 . 8 9 4 - 0 . 7 0 5 - 0 . 4 16 0 . 7 7 7 ' J . f l C S 5 . 0
O 0 . 2 2 2 0 . 6 3 3 C . 8 7 4 - C . 7 1 5 - 0 . 4 2 6 0 . 7 6 7 5 . 0 0 3 5 . C 0 1 0 . 2 3 2 0 . 3 2 3 0 . 8 5 4 - 0 . 7 0 5 - 0 - 4 1 6 0 . 7 6 7 5 . 0 0 3 5 . 0 C ? ? ?

F I L E I* RECORD 9 C O N T A I N S 4 9 6 E B C D I C CHARACTERS I N COD P A R I T Y ( 8 3 4 a - B J T WOWDS)
5 ' > 2 0 1 C C C ü O O ö 3 1 0 . 2 3 2 0 . 0 1 3 0 . 3 2 4 - 0 - 7 0 5 - 0 . 4 2 0 0 . 7 5 7 S . O O O 5 . 0 0 1 0 . 2 4 2 0 . 3 4 3 0 . 8 3 4 - 0 . 6 6 5 - 0 . 4 0 6 C . 7 7 7 5 . 0 0 8 5 - C O l 0 - Z v 2 Q . 3 Z 3 )~77:<-3.t
6 5 - 0 . 4 0 δ 0 . 7 6 7 5 . C O S 5 - O C t 0 . 2 3 2 0 . 7 6 1 0 . 7 2 4 - 0 . f 7 5 - 3 . 4 2 6 0 . 7 0 7 5 . 0 0 3 5 . 0 0 1 0 . 2 3 2 0 . 7 3 3 0 . 7 1 4 - C . € 6 5 - 0 . 4 I S 0 . 6 4 7 5 . 0 0 3 4 . 6 £ • : C . 2 3 ? 0 . 7
8 3 0 . 7 1 4 - 0 . 6 7 5 - 0 . 4 C ó C- 6 37 5 , 0 0 ü 5 . 0 0 1 0 . 2 3 2 0 . 7 8 3 0 . 5 3 4 - 0 . 7 6 5 - 0 . 4 I S 0 . 7 3 7 5 . C C 8 5 . 0 0 1 0 . 2 2 2 C . 7 9 3 0 . 6 7 4 - 0 - 6 7 5 - C . n 1G 0.7à7 • > . O ù i 'J»C
0 1 0 . 2 3 2 0 - 3 5 3 O . € 7 4 - f . E 5 S - α . 4 0 6 C . f O ? 5 . C C 3 5 . C C 1 0 - 2 3 2 3 . 3 6 3 ( J . 6 6 4 - 0 . 6 4 5 - 0 . 3 9 6 3 . 3 2 7 S . C C θ 5 . 0 0 " ? ? -

FIGURE 12
8DSS DATA DUIVIP FROIVI TAPE



First Record

Site ID (6 digits) SSSHRX

SSS = Site
H = hole ( 0 = , 1 = A, 2 = B, etc)
R =s run number (1,2,—)
X reserve digit

Time (7 digits) HHMMSST

HH hours
MM minutes
SS = seconds
T = tenths of seconds

from start of recording

Calibration (8 CAL + 8 ZERO, 6 characters per channel) C db E.EE

C = channel identifier (A,B,—H corresponding to 1,2—8)
±E.EE = calibration or zero value (voltage)

Data (6 characters per channel) C±D.DD

C = channel identifier (1,2,—8)
±D.DD = data value (voltage) - repeated

continuous scans thru all channels at 10 hz rate per
channel

Second and Subsequent Records
Site ID (6 digits as above)
Time (7 digits as above)
Data (6 characters as above) FIGURE 13

IDSS TAPE FORMAT
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METROX / l \SrMETROX INC.
7165 CONSTRUCTION COURT
SAN DIEGO, CA 92121
(714)271-1731

CALIBRATION DATA
Instrument: Or/// Su. 6

Certified by:

S/N.

Date:

Equipment:
1 fr r &

sòv '/AT",
Cv tut <×'

A<> ^ t , <rr

r / c - / cC

ö
ActJL

Φ
SOH

/ook
tsoK
xook
/S*θK

SQfc,

Φ

Φ £

/OOK

/S^K
Zoà/(
/S&M
JàùK <-

JE <

/
i C fT

•/*/**?

'2.°r7b

£ /9

‰

—,o3t
—,D ?

M3?>

-,033

3

-;{? i

- J32

~~t 6/ 3~

-.!:'

-, *{ '

Jt&&

Φ

KU °

+, ü7C
4l,V

-f, o3 •

4,120

•/>/fJ

f.r/

r&

-‰*>i3

*£&&

t< }.<>#$

- 2 . rεXH••

S/i

ó
-,£>}?>

-~. ÙJ9

H HHO

- *^V ^

—,^57
^,030

-t0ü§

-.cf ^

y

—, i> *?

-J33

-./If

-7 A?

_j- jft ^

4,ooy

f./b$

λ /j y

•Mff
~hècC

4.1^

/? / ^•<*—A

4*3/ s~-

*-β?j/.J7

— . / Λ i 1

- / *S /Is

1/ r . / yl
/ •

/

'/? £/<£///y5

-i£>7 /^ ‰

+.°7/. 3 3

Full scale

Shunt cαlib. data:

^ ^ λ ; ^c:../^/ FIGURE 14
IDSS CALIBRATION DATA (TENSI
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METROX

METROXINC.
7165 CONSTRUCTION COURT
SAN DIEGO, CA 92121
(714)271-1731

CALIBRATION DATA
Instrument; Dr/// Su 6

Certified by:

S/N.
Date: 9'/é-8‰

£
s> r~ <2- Jf~

tec

\ Φ

/&* 75*

/‰5~

d£

/*.7S~

/£* 75*

Φ

/

u

—',
-u

-U

-H.
-**
r-Å

-1

_ /.

^4

-V,
µ.

-/ \

r i L

/

%£

• ;"->*

fV

<^

rvv

5'VV

/,t?

A°3f
r Itti

-2,2H /

Mil

3

f.3
—. "2

rfj

ft ?

t ?

Λ:

/-,,?

-f- 1,

~~~, I

r-,3
<rt i

l /

?

/}
/.?

/ 5

/ ^

;•?

/J

/2
17
;?

'??
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METROX INC.
7165 CONSTRUCTION COURT
SAN DIEGO, CA 92121
(714)271-1731

CALIBRATION DATA

Instrument: ßn'// S^•• o

Certified by:
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FIGURE 16

IDSS CALIBRATION DATA (BENDING B)
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METROX

METROX INC.
7165 CONSTRUCTION COURT
SAN DIEGO, CA 92121
(714)271-1731

CALIBRATION DATA ,
Instrument: />r/7/ Su é> (TORQ

Certified by: 7
Date:
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IDSS CALIBRATION DATA (TORQUE)
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LOCATION: OFF PANAMA-WEST
COUNTY: HOLE 504-B
DATE ON: 12-10-81

LEG 83 504 BRO 3
WEIGHT IN 1000 POUNDS

12:00

5:00

6:00

7:00

FIGURE 18
TYPICAL WEIGHT RECORD
FROM TOTCO RECORDER

8:00
Iti
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APPENDIX J

DETAILS OF DBMI SYSTEM
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—

5 0 RECORDS L I S T E D FPO« F I L E 1

i ß × ^ ^ S ^ • I C C N 1 * I N S / α f e ^ B C D l C CHARACTERS I N ODD P A R I T Y ( 7 0 4 8 - B I T WOjL&S} _ . . . , . . , — , , r - - r ,----- ,

O C ; 0 c f A 10 OJffjT•. ^ t f e J ^ 7j C 5 7 5 ~2JC 5 . f~f f i gTS iWgTβOjè 5 . 6 l|0 5 . 6 7J0 5 . 5 βjθ 5 . 6 8tC 5 - 75jC "57738"$ . 7 9|0 5 . 8 4]0 g T S W S T g ~ZK 5 . 9 3|C 5 . 9 310 5 . ? 3 c 6 . OZfc 6_, Q 6?C 5., 0. 4JC S . 0 3fC 5 ^ X

3 W o . 1 5 0 6 - ) 7 θ Ó . 1 306 . ! c C 5 . 2 3 Có 2 • j O ò . 2 6JG 2 7 0 6 . 270 6 . 230 6 . 2 90 6 . 2 9 0 6 ~.?. 0 6 . 2 8 0 6 . 2 8 0 S - 3 1 0 6 - 3 1 0 6 * 2 6 0 6 . 2 7 0 6 . 2 6 0 6 . 2 5 0 6 . 2 4 0 6 . 2 2 0 6 . 2 0 0 6 . 1 9 0 5 . 1 7 0

5SQ5.5J05-5205-S21?7

FIw£ 2«- RECORD 2 CONTAINS Al 6 EBCDIC CHARACTERS IN 000 PARITY (70 4 8 - B I T WORDS)
5iv2 C 1 CCC Z'i 11"»0 0 5 . <. 6 03^ A A C5. Al' 0 5 . 400 5 . 3505 . 3 405 .3 105 .2 905 .2 905 . 2 7 0 5 . 2 SOS .2205 . 19 0 5 . 17 0 5 . 1 6 0 5 . 1 3 C5. C9 C5. 0905 .0605 . 0 6 0 5 - 0 <,05 .04 05. 0 5 0 5 . 0
2 C 5 . ö l C ; . ? 3 a . «. t;8 0 A . 9 ? C 4 . ? ? C A . 9 r C A . 9 5C4 .9S0 4 .?90 5 , 0 2 0 5 . 0 40 5.0205.0•5 0 5 . 0 6 0 5 . 0 7 0 5 . 0 7 0 5 . 0 9 0 5 . 0905 -11 C5. 12 05 1 5 0 5 - I 9 0 5 . 2 3 0 5 . 2005 2305 . 3 ID
5 . 3 5 C 5 . 3 0 0 5 . 4 1 C 3 . 4 2 0 5 . 4 3 C 5 . 4 9 0 5 . 5 2 0 5 . 5 6 0 5 . 6 3 0 5 . C 3 0 5 . 6 8 0 5 . 7 3 0 5 . 7 7 0 5 . 3 0 0 5 . 8 3 0 5 . S 7 0 5 . 9 0 0 5 . 9 3 0 5 . 9 5 0 6 . 0 0 0 6 . 0 4 0 6 . 0 7 0 6 - 1 2 0 6 . 1 5 0 6 . 1 3 0 6 . Z 1 0 6 .
2 3 0 6 . 2 5 0 5 . 2 6 0 6 . 2 8 * ? ? ' i f

F I L E 2- RECQftD 3 CONTAINS 4 1 6 EBCDIC CHARACTERS IK CDO PARITY ( 7 0 4 8 - B I T WORDS)
512O1COO2<* 2 0 QC ò - 3 1 C 6 . 3 2 0 6 - 3 3 0 6 . 3 5 0 6 . 3 6 0 6 . 3 7 0 6 . 3 7 0 6 . 3 7 0 6 . 3 7 0 6 . 3 6 0 6 . 3 4 0 6 - 3 2 0 6 . 30 0 6 - 3 0 0 6 . 2 8 0 6 - 2 5 C 6 . 2 4 0 6 . 2 2 0 6 2 1 0 6 - 1 9 0 6 . 1 6 0 6 - 1 1 0 6 - 03 0 6 - 0
5 C o . 0 1 ü"». 9705 . 9 4 0 5 . 9 0 C 5 . 8 β 0 5 . 8 3 0 5 . 82C 5 . 7 9 0 5 . 7 5 0 5 - 7 2 0 5 . 6 73 5 . 6 3 0 5 . 6 0 0 5 . 5 5 0 5 . 5 1 0 5 . 4 8 0 5 . 4 3 0 5 . 4 3 0 5 - 39 C 5 . 3 5 0 5 . 3 2 0 5 . 2 8 0 5 . 2 7 0 5 . 2 3 0 5 - 1 7 0 5 . 1 4 0
5 . 1 C 0 5 - C9 0 5 . C 6 0 5 . CA 0 4 . 9 9 C 4 . 9 9 0 4 . •>€ 0 4 . 9 50 4 . 9 3 0 4 . 9 I 0 4 . 8 9 0 4 . 8 8 0 4 . 8 7 0 4 - 3 5 0 4 . 8 5 0 4 . 8 6 0 4 . 3 5 0 4 . 8 7 0 4 . fi7C«. 9 0 0 4 . 9 3 0 4 - 9 2 0 4 - 9 3 0 4 - 9 4 0 4 . 9 B 0 5 . 0 1 0 5 .

FILE ?P RiCöilC 4 CONTAINS 416 EBCDIC CHARACTERS IN 000 PARITY (70 48-8IT WORDS)

552 01CC02A2 30 05.1705.21C5 26 05.2 60 5.3205.3505. 39 05.4305.4505.4905.5205.5505.6 305.67 05.7105.74C5.7805.8 305.8505.8705.9005.9 305.97 06.0
_. 10 6.0 A 06.0006. 12 06. 17 C 6. 19C6-220 6. 2 30 9.9900.000 S.990 0-00D 9. 9900.0009. 9900.0009. 99 00. 0009. 9900. 0009. 9900.0009. 9900. 0009. 9900.0009. 990

C. 000 >. 9900. 0009. 9 90 C.COC 9. 9 90 0. üOü 9.9 S30. COO 9. S 900. 000 9. 9 900.0009. 990 0-000 9.9 900-00 09. 9900. COO 9. 9 SOC. 000 9. 990 0-0009-99!) 0.000 9.9 900-
, C0C9.9 90C.3OC9.99???
K5 . .. _ ..... .._. . ..
O F I L E Z» RECORD 5 CONTAINS 4 1 6 E3CDIC CHARACTERS I N ODD P A R I T Y ( 7 0 4 8 - B I T WOROS)
1 5 5 Z C I C 0 0 2 4 3 0 C 0 C . C C C 9 . 9 5 C C . C O C 9 . 9 9 0 C O C O 9 . 9 S 0 0 . 0 0 0 9 . 9 9 0 0 . 5 0 0 9 . 9 9 0 0 . 0 0 0 9 . 9 9 0 0 . 0 0 0 9 . 9 9 0 0 . 0 0 0 9 . 9 9 C O . 0 0 0 9 . 9 9 0 0 - 0 0 0 9 . 9 9 0 0 . 0 0 0 9 . 9 9 0 0 . 0 0 0 9 . 9

9 0 0 , OCC 9 . 9 9Q G .C0 0 5 . 9 9 C C C 0 0 9 . 9 9 0 0 . OOC 9 . 9 9 0 C . 0 0 0 9 . 9 90 0 . 0 0 3 9 . 9 9 0 0 . 0 0 0 9 . 9 9 0 0 . 0 0 0 9 . 9 9 0 0 . 0 0 0 9 . 9 9 0 C . 0 0 C 9 . 9 9 0 C . 0 0 0 9 . 9 9 0 0 . 0 0 0 9 . 9 9 0 0 . 0 3 0 9 . 9 9 0
0 . U J 0 9 . 95»UQ- CO C 9 . 9 9 0 C C C C 9 . 9 9 0 C CC C 9 . S ! > O 0 . 0 0 C 9 . S 9 0 0 . 0 0 0 9 . 9 9 0 0 . 0 0 0 5 . 7 3 0 0 - 0 0 0 9 . 9 9 0 0 . 0 0 0 9 . 9 9 0 0 . C C C 9 - 9 9 0 C 0 0 0 9 . 9 9 0 0 . 0 0 0 9 . 9 9 0 0 . 0 0 0 9 . 9 9 0 0 .

O C G 9 . > ; ^ C 0 . C 0 Q 9 . C 9 ? r i ?

r i ; . < : Z» KεCOSQ 6 CONTAINS 4 1 6 E : 3C0IC CHARACTERS I N COD PARITY ( 7 0 4 8 - B I T WORDS)

5 5 2 C l C C 0 2 4 3 5 C C C G C 0 9 » 9 9 G C C q θ 9 . 9 9 C C C C 0 9 . 9 S O ü « O C 0 9 . 9 9 0 0 . 3 0 0 9 . 990 0 . 0 0 0 9 . 9 9 0 0 . 00 0 9 . 9 9 0 0 - 00 0 9 . 9 9 C 0 . 0 0 0 9 . 9 9 0 0 . 0 0 0 9 . 9 9 0 0 - 0 0 0 9 . 990 0 . 00 0 9 . 9

G 0 :~, 5 , S > C 0 , 0 0 0 9 . 9 9 ? ? ?

l••ZLi. 2, RECORD 7 CO N T A I N S kH £L»COIC C H A R A C T E R S IN ODD PARITY (70 48-BIT W O R D S )
5*52 0 1 CC02 '•-40 OOC. 0 CC9. 99CC. 00 09. 9 9 0 C O C O 9. 9900. C 009. 9 90 0.0 009. 9900.0009. 9 90 0.0009. 990 0. 0009. 99CC.COC9-9900.0009.9900.0009. 990 0.0009. 9

900. JO f<9. 9°-.̂ C. 00 09. 99 C C C C C . 9 9 0 C C005. CδCC .000 9 .990 C 003 9. 9 900. 00 09. 9 9 00. 0009. 99 OC. 0009. 9900- COO 9-9 9 00. 000 9. 9900. COO 9. 9 900 .0009 . 990

0 .0 00 9 - 9 900. GOO<J 9 900- CO C 9.990C. JO 09. 9900. 0009. S9C0. 00 09. 9 900. 0009.990 0.000 9. 9900.0009. 9900. CCO 9.9 90 C. 0009.9900. 0009. 990 0.0009.? 9 00.

C009.99CC.0 0 3S.9 9P V ?

flit 2*. StCOSO 0 CONTAINS 411 EBCDIC CHARACTERS IN CüO PARITY (70 48-BIT WOROS)

0 . 00 0 S . ü i'0 ü . C CC'.?. 990 C . t C C 3 . 9 9 0 C CO C 9 . 9 3 0 0 . C C 0 9 . 5 9 0 0 . 0 0 0 9 . 9 90 0 . 0 0 0 9 . 9 9 0 0 . 0 0 0 9 . 9 9 0 0 . 0 0 0 9 . 9 9 0 0 . C C C 9 . 9 S 0 C . C 0 0 9 . 9 9 0 0 . 0 0 0 9 . 9 90 0 . 0 0 0 9 . 9 } T C -
0 0 3 9 . f ? 8 e . 0 0 3 9 2 i r . ?

F ! L € 2' RECOSC 9 C0HTAIM5 4 1 6 EBCDIC CHARACTERS Ifü COO PARITY ( 7 0 4 8 - B I T WORDS)
5 5 2 C l C C C 2 ^ C C C 0 - 0 0 0 9 . 9 9 C 0 . C 0 0 9 . 99C C .COO9. 9 5 0 0 . 0 0 0 9 . 9 9 0 0 - 3 0 0 9 . 9 9 0 0 . 0 0 0 9 . 9 9 0 0 . 0 0 0 9 . 9 9 0 0 . 0 0 0 9 . 9S C C . C O 0 9 . 9 9 0 0 . 0 0 0 9 . 9 9 0 0 . 0 0 0 9 . 9 9 0 0 . 0 0 0 9 . 9

0- C 0 0 9. i? 0 G. 000 ?. 9 ? CC. CC C 9. ? 9QC. 00 C 9. 9500. CC09. 5900. 00 0 9. 9yOJ. 0 00 9. 9900. 000 9. 990 0.00 3 9. 990 0. CC0SI.990C. 000 9. 99C0.0009-9500-0009.^900.
C 0 C 9 . f i C 0 - C 0 G 9 .9 ? 7 Q V

FIGURE J1
DBMI DATA DUMP FROM TAPE



Site ID (6 digits)

SSS = site
H = hole
N = Run number (1,2...)
R = Range (O=.lg, l=.5g, 2=lg)

24 hour GMT

Time (7 digits) HHMMSST

HH = hours
MM minutes
SS = seconds
T = tenths of seconds

Data (5 characters) DD.DD

DD.DD = data value (voltage)
Repeated continous scans at 16 hz rate

, . .. (DD.DD - 5.5θVD \
Acceleration — —l Kangβ = g &

4.5 V V y

1.00 VDC corresponds to minus full scale
5.50 VDC corresponds to zero g's
10.0 VDC corresponds to plus full scale

FIGURE J2

DBMI TAPE FORMAT
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APPENDIX K

DETAILS OF SMDS SYSTEM
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rf^ & ^ >£$> ~ " ~~ o M'^v !
^yjffljfflgffis/^Sβ E3CD/IC JLJ1WC ^J•l/XLJQ 0^ P * R I T Y < 7 ? t 48-EHT!ß|OR0S ) jf \ _ /—*-\ / ^
30~θ)5 C c f p f o o 0 6 6 Z J o I * 0 08 4 2002*12 6 6 2 ^

Wjy 0 1 * C a 1 r ^ a 0 c > - i 2 9 0 2 0 7 * 0 2 9 7 2 2 l 3 O S 0 6 5 3 9 S 5 2 C C 0 0 C C 0 0 O » C C g 6 2 O l * O 0 3 4 2 O 2 * 1 2 e 7 2 O 3 » 0 2 9 a a 2 1 3 0 6 θ 6 5 4 4 5 5 2 0 C 0 C 0 C Q 0 O * 0 0 e 9 2 C 0 1 ' » O O 8 3 2 ( O ? * 1 2 9 6 ? 0 3 * r Z 9 9 a 2 13O
T 6 C 6 5 / ?552OC•JO0COOC*OC 9 C2 Cl + 0 0 8 3 2 0 2 + 1 2 9 0 2 0 3 * 0 3 0 4 2 2 1 3 0 60 5 5 5 4 5 5 2 0 0 0 3 0 0 0 3 0 * 0 0 9 0 2 0 1 * 0 0 8 2 2 0 2 * 1 2 9 3 2 C3 + O3O5 2 2 1 3 C 6 0 6 5 5 9 5 5 2 0 C O O θ " θ O O O * 0 0 9 (
j 0 8 3 2 0 2 * ; 29 3 2 S 3 + C 3 C ? J 2 2 l 3 Cfc 06 3 64 5 5 20 CCCC CCP 0 * 0 0 9 0 2 0 l< 0 0 3 3 2 3 2 * 1 2 9 4 2 0 3 * 0 3 0 5 2

F I L F I> R C C O H P . ? CUN,T41N$ i l 2 E 3 C 0 I C CHAHACTEK3 IN ODD P A R I T Y ( 5 2 4 8 - B I T WQRCS)
2 1 3 C "ó C (– 5 6 ?;5 5 2 0 C C C C C OjC C *_C C() C 2 C1 * C C 3 3 2 C 2 * I 2 9 J 2_0 3 * C 3 0 5 2 2 1 3 0 6 0 6 5 7 4 5 5 2 0 0 0 0 0 0 0 0 0 » 0 0 9 0 2 0 1 » 0 0 8 3 ? C 2 * 1 2 ?_6_2C3_*_pj[pj 2 2 JJ_ 0_6 0 6 5 7 9 5 5 2 0 0 0 0 0 0 0 0 0 *_?_OJLQJL

| Cl «- j ü f: 2 ü 2 -»l ü 9 6 2ü UO 3 C 4 £ 1 l" 3 0 € C fc 5 04 5 5 2 0 0 00 0 CO 0 θ" - 0 f4 3 2 0 1 * 12 9 3 2 0 2 * 12 9 8 2 0 3 * 0 7 0 5 2 2 1 3 0 6 0 6 5 8 9 5 5 2 0 C C C C C 0 C 0 - 0 2 0 3 2 O~l * 1 2 8 3 2 0 2' * 0 2 3 7 2 0 3 * 0 2 2 6 2 2 1 3 0
t>7

T I I T T . "KE.CD n' U i v ü ! f l I T N T 4bti 13CU1C CH"A; TA C T E R5" TTTT! D D P ( H T T T ~ T 7 5 ^ 4 T - '
iiiOSllIΛ/µ52000CCCOOC+CCJ72C1-CC472C2-C00C20 3 * C 1 3 5 2 2 1 3 0 6 1 1 1 5 4 5 5 2 0 0 0 0 0 0 0 0 0 * 0 0 3 3 2 0 1 - 0 0 2 9 2 0 2 - 0 C 0 9 2 C 3 * 0 1 3 β 2 2 1 3 0 6 1 1 1 5 9 5 5 2 0 0 0 0 0 0 0 0 0 * 0 3 3 5 2
C 1-CO 2 f; 2 0 2 - 0 0 I 1 2 0 3 + 0 1 3Ė122 I SO £ 1 1 1 6 4 5 5 2 CCOO CCOOC*C 0 1 4 ? C 1 - 0 0 2 9 3 0 2 - 0 0 U 2 O 3 * 0 1 38 2 2 1 3 0 6 1 1 1 6 9 5 5 2 0 0 0 C C C C C O * 0 0 3 5 2 0 1 - 0 0 4 6 2 0 2 - 0 0 2 5 2 0 3 * 0 1 3 9 ^ 2 1 3 0

T " "•ol•^17•^'5fi0i^a•0"üC"C"0T^T/S^4iTl-"3'C'βS£•"CT-CC•^•S20 2:t ClT*^? 2 1 30 fclT 17 9 5"5200 3 0 0 0 C O O » 0 0 2 & 2 ~ C f l - 0 0 7 2 2 0 2 - 0 C 3 6 2C"3*C 1 3 9 2 2 1 3 0 6 1 I l 6 4 5 5 " 2 0 0 0 θ 0 b 0 " ó 0 " * b b 2 2 2 " 5 1 - 0
I 0 7 ? 202-0! ' ? 3f 2 0 3 * 3 1 3 8 2 ^ 1 30 ó 111 89 5 5 2 C C C 0 0 COOC * 0 0 1 32 C l - 0 0 6 4 2 0 2 - 0 0 1120 3 * 0 1 3 7 2

L _ _ _ , . _ . . . „ _ , T -jr-j~jj-^ r π N j n ! T 3 _ c i π : 0 T C _ ^ ^ - ^ C 7 L g s - r y ~ c l 5 | 5 - p T R T f T ~ r 7 8 ~ T I = B T T "

2 U 0 6 U 1 9 / l i r i 3 2 C 0 2 0 C C C C C ÷ C C 2 2 2 0 1 - O U 3 9 2 0 2 - 0 0 2 5 2 0 3 * C 1 3 4 2 2 1 3 0 0 1 1 1 9 9 5 5 2 0 0 0 0 0 0 0 3 0 * 0 0 2 7 2 0 1 - 0 0 8 9 2 0 2 - 0 0 1 3 2 0 3 * 0 1 3 4 2 2 1 3 0 6 1 1 2 0 4 5 5 2 0 0 3 0 0 0 0 0 0 * 0 0 3 4 2
0 2 - ::Ù 7 7 Z 0 2 - 0 0 0_4_2 C_3 * C I 3 4 £ £ 1 30 6 1 1 2 C19 I 5 2 £ 0 0 310 C Co 0*_C CJ 9 2_0 1 ^ 0 0 &_92_0 2± 0 q 0 4 2 0 J _ * 0 1 34 2 2 L1P_61 1 2 1 4 5 5 2 0 C C C CCCCO* 0 C 3 8 2 0 1 - Q 0 5 2 20 2 * 0 0 \QZ O J * 0 13022JL3Q

I ' " £ T ( 2 l 9 5 5 2 0 0'ö•C0flOC^ I
I 0 2 2 2 0 2 - 0 0 0 5 2 0 3 * 3 1 3 8 2 2 1 3 C 6 1 1 1 3 4 5 5 2CCCOCOOOC*Cu 3 6 2 0 1 - 0 0 2 2 2 3 2 - 3 0 1 5 2 0 3 * 0 1 3 3 2

" t o T i l t "I" ."~R•E'CWJ 5 " " T Ü N " . • Π T N S " • • 4 6"S E B C D I C CHATiACTERS IN OQD P A R I T Y ( 7'à 48-Q~IT WORDS)
t o 2 1 i C 6 1 i 2 3 5 i > 5 2 0 0 0 C C C C O C * C C 3 ó 2 C l - C ü 2 2 2 C 2 - C 0 2 5 2 0 3 * C 1 3 3 2 2 1 3 3 6 1 12 4 4 5 5 2 0 0 0 0 0 0 0 0 0 * 3 0 3 6 2 0 1 - 0 0 4 4 2 0 2 - O C 3 0 2 C 3 * 0 1 3 8 2 2 1 3 0 6 1 1 2 4 9 5 5 2 0 0 0 0 0 0 0 0 0 * 0 0 3 5 2
' C l - C O 6 _ 7 2 0 2 - O J ) 3 ó ^ _ 3 * C J 3 8 ? ^ J _ 0 6 i J J 5 _ 4 j _ 5 _ 2 ^ C J . O ^ 0 p 0 * _ C

j T i r 2 6 4 5 5 2 ~ O θ b 0 0 " C 0 0 G T c ' i , J 6 2 C l - 0 0 e 9 2 C 2 - C C 2 5 2 G 3 * 0 1 3 8 2 " 2 I 3 b 6 1 126 9 5 5 2 3 0 0 0 0 0 3 0 0 * 0 0 4 3 2 0 1 - 0 0 9 3 2 0 2 - 0 0 1 7 2C 3 * 0 1 3 β 2 2 I 3 0 6 1 1 2 7 4 5 5 2 0 0 0 0 0 0 0 0 0 * 0 0 4 2 2 0 1-0
! C92 2 ' J 2 - C 0 3 3 2 0 3 * 0 1 3 8 2 2 1 3 0 6 1 1 2 7 9 5 52C C COCCCOC* 0 0 3 5 2 C 1 - 0 0 3 9 20 2 - 0 0 0 0 2 0 3 * 0 1 3 8 ?

F I L E If RECORD 6 CONTAINS 4 6 0 E3CD1C CHARACTERS I N ' C D O P A R I T Y ( 7 6 4 3 - B I T WORDS)
i: 1 3 0 6 1 1 2 8 4 5 5 2 0 C 0 0CCOGC + C O 3 3 2 0 1 - 0 0 7 6 2 C 2 + 0 0 0 4 2 0 3 * C 1 3 8 ? 2 1 3 O 6 I 12 8 9 5 5 2 0 0 O&OCOOO * 0 0 2 6 2 0 1 - 0 0 7 2 2 0 2 *CCO 3 2C 3 * 0 1 3 8 2 2 1 3 0 6 1 1 2 9 A 5 5 2 0 0 0 0 0 0 0 0 0 * 0 3 2 2 2

5 ! 1 2 Q 9 5 5 2 0 Q O C Q C O O C * C U 3 7 2 C 1 - O G 4 7 2 0 2 - C C 2 1 2 0 3 * 0 1 3 8 2 2 1 3 3 6 1 1 3 1 4 5 5 2 0 0 O O O C C O O * 0 0 3 5 2 0 l - 0 0 2 7 ? 0 2 - 0 0 2 7 2 C 3 * C l 3 8 2 2 1 3 0 6 1 1 3 1 9 5 5 2 0 0 0 0 0 0 0 0 0 * 0 0 4 2 2 0 1 - 0
0 2.Z 2 0 2 - 0 0 2 9 2 0 5 * 0 1 J 0 2 2 1 I C U I 3 2 4 5 5 2 C C 0 C C GO 0 0 * 0 0 4 2 2 0 1 - 0 0 2 4 2 0 2 - 0 0 2 9 2 0 3 * 0 1 3 8 2

F I L E l > RECORD 7 CU>JTMNS 4 6 8 EUCDIC CHARACTERS IN ODD P A R I T Y ( 76 4 8 - B I T W 3 R D S )
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FIGURE K1
SMDS DATA DUMP FROM TAPE



Time (10 digits) DDDHHMMSST

DDD = Julian date
HH = hours
MM = minutes
SS = seconds
T = tenths of seconds

24 hour GMT

Site ID (10 digits) SSSHXXXRRR

SSS = site
H hole (0 = , 1 = A, 2 = B, etc)
XXX = reserve digits
RRR = run number (1,2,—)

Data (8 characters per channel) CC±MMMMP

CC = channel identifier (00,01,02,03)
MMMM = mantissa as an integer (volts)
P = power of ten to be divided into mantissa

Repeated continuous scans thru all channels at 2 hz rate per
channel

annel

00
01
02
03

Parameter

Roll
Pitch
Heave

Hook load

Range

± 20 DEG
± 20 DEG

± 1 G
600 KLBS

Scaling Factor

0.75 v/DEG
0.75 v/DEG

20.0 v/G
1.0 v/100 KLBS

FIGURE K2
SMDS TAPE FORMAT
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APPENDIX L

DRILL STRING INSTRUMENTATION SYSTEM
DEPLOYMENT PLAN
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A. General

The following instrumentation systems have been placed aboard the CHALLENGER to
record drill string data :

1. Instrumented drill string subs (IDSS) for recording tension, torque and bending
loads.

2. A drill bit motion instrument (DBMI) which is made up to an operational core bar-
rel. It records heave and drilling induced motion at the bit.

3. A ship motion data system (SMDS) for recording vessel roll, pitch and heave.

The available recording time is different for each system as follows:

IDSS 15 minutes

DBMI 30 minutes

SMDS 60 minutes

When possible, all three systems should be in the string and recording simultaneously.

To do this all three systems have internal clocks and delay times which allows simul-
taneous event recordings. A precise simultaneous record start for each system is not
required. Timers should be set, however for the maximum simultaneous recording of
data. The following sections of this plan describe the systems time synchronization,
deployment procedures, and modes of operation. This plan describes the general pro-
cedures. For details on system handling, operation and maintenance, refer to the follow-
ing documents:

1. Instrumented Drill String Sub (IDSS)

a) DSDP Instrumented Drill Subs (IDSS), Operational Description and Handling.

b) Instrumented Drill String Data Acquistion Systems Operation and Mainte-
nance Manual (Metrox Inc.).

c) Instrumented Drill String Sub and Recorder Operating Instructions (DSDP-
Electronics).
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d) Instrumented Drill String Sub Assembly Instructions (DSDP-Mechanical).

2. Drill Bit Motion Indicator (DBMI)

a) Drill Bit Motion Indicator Operating Instructions (DSDP-Electronics).

b) Drill Bit Motion Indicator Pressure Case Assembly and Maintenance (DSDP-
Mechanical).

3. Ship Motion Data System (SMDS)

Ship Motion Data System Operating Instructions (DSDP-Electronics).

B. Synchronization

1. Preliminary

The DBMI and IDSS recorder and interface units should be in the ET
workshop. Proceed as folows:

a) DBMI - Start, stop, range and power switches set as specified in
DBMI operating instructions. The pressure case is made up to core
barrel, shock absorber is in place and assembly is in the rig floor area
ready to receive the recorder.

b) IDSS - The recorder unit is calibrated and reference time of 00:00 is
entered as per operating instructions. Enter start time. Ensure that
start time is correlated with DBMI start time so that record data will
start simultaneously or overlap IDSS recording time. The IDSS joint
or sub should be in the mousehole, prepared to receive the recorder.
If this interferes with drilling operations, ensure that instrument
delay times are increased on DMBI and IDSS for longer handling
times if transfer from storage to the mousehole is made after the
delay time start has been set.

c) SMDS - System to be checked out and in standby condition as per
detail procedures of the SMDS operating instructions.

Synchronization Time Mark - ET starts SMDS at 00:00 time; simul-
taneously he gives telephone time mark to ET in the E-workshop
who starts clocks on IDSS and DBMI.
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C. Deployment

1. DBMI

a) Bring recorder to the derrick floor area, seat into pressure housing
and make-up to the latch/swivel/top cap assembly. Follow detailed
assembly instructions for DBMI.

b) Drop core barrel, with DBMI attached, down drill string.

2. IDSS

a) Close pressure case with cap as described in detail assembly pro-
cedures.

b) Bring unit up to derrick floor. Make-up to strain gage cable connec-
tor, seat unit, seat compression "O" ring over cap and make up to
drill string. Ensure that stop ring is in box of connection below IDSS
assembly.

c) Pump down core barrel which had previously been dropped.

3. SMDS

a) Start unit 10 minutes prior to start time of DBMI.

D. Modes of Operation

During operation of the system, data will be collected in primarily three modes
as follows:

1. Drill string suspended, bit at or near mudline (ML), no rotation.

This mode will measure heave induced vertical motion while the drill
string is free of hole drag. The instrumentation system will deploy on the
second or subsequent core after mudline has been established and the first
core taken with a normal core barrel. Note that the DBMI core barrel
can only recover a 7.65 meter core. The following procedure should be
followed in deployment:

a) Drop DBMI core barrel.

b) Pick up IDSS, pump DBMI core barrel down.
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c) Start SMDS recorder.

d) Take 7.6 meter punch core.

e) Pull off bottom, position IDSS in guide shoe as directed by the
Operations Manager. Continue to take measurements for 15 minutes
or until IDSS recording time is complete (10-15 minutes).

f) Break out the IDSS, set aside in mousehole or lay down.

g) ET removes recorder, ensure that stop ring is removed,

h) Make up string and retrieve DMBI core barrel.

i) Transfer IDSS to scabbard, secure.

j) Continue with normal coring operations.

k) Complete deployment report forms.

2. Drill string suspended, BHA below ML, bit in consolidated sediment or
hard rock, no rotation.

This mode will measure heave induced vertical motion of the bit in the
presence of hole drag. The procedure is the same as above except that
the DMBI core barrel is landed and the 15 minute recording is made while
suspended before drilling ahead. Suspended in-hole tests should be made
well into the hole and near total depth if possible. Procedure is as fol-
lows:

a) Drop DBMI

b) Pick up IDSS, pump core barrel down.

c) Start SMDS recorder.

d) While off bottom, position IDSS in guide shoe as directed by the
Operations Manager. Continue to take measurements for 15
minutes or until IDSS recording time is complete.

e) Break out IDSS, set aside in mousehole or lay down, recorder
removed.
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f) Remove stop ring.

g) Make up string.

h) Core ahead with DBMI core barrel,

i) Transfer IDSS to scabbard and secure,

j) Retrieve DBMI core barrel after core taken,

k) Continue with normal coring operations.

1) Complete deployment report forms.

3. Coring In Consolidated Sediments or Basalt

This mode will record the bending stress magnitude and frequency
while the IDSS is in the guide shoe. The DMBI will record vertical
bit bounce or movement of the bit while coring. Procedure as fol-
lows:

a) Drop DMBI

b) Pick-up IDSS, pump core barrel down.

c) Start SMDS recorder.

d) Core ahead using normal practice.

e) When core is taken break out IDSS, set aside or lay down,
remove recorder, remove stop ring, secure IDSS.

f) Make up drill string.

g) Retrieve DBMI core barrel.

h) Continue with normal coring operations.

i) Complete deployment report forms. On DBMI data sheet
indicate weight on bit during coring.
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E. Postioning of IDSS in Guide Shoe

1. Drill String Suspended

Take 5 minute stations at :

10 ft above rotary table

10 ft below rotary table

30 ft below rotary table

ET will use stop watch synchronized with SMDS time and
record time of each station to nearest 1-2 minutes. Enter
on data sheet for IDSS.

2. Drilling

Using stop watch as synchronized above, record pos-
tion of IDSS strain gage and time with respect to top
of the rotary table at the beginning and end of the
recording run. Enter on data sheet for IDSS.

F. Notes and Precautions

1. When coring hard material with the instrumentation in
place, set the IDSS aside and retrieve DBMI core barrel
after one hour of operation maximum.

2. Take care to avoid snagging polyurethane strain gage jacket
when running IDSS through upper end of guide shoe at
base of rotary table.

3. The IDSS or the DBMI may be run separately with the
SMDS if one of the other systems is down or would inter-
fere severely with drilling operations.

4. Use IDSS drill pipe when drill pipe is in upper end of string
and IDSS heavy wall sub when heavy wall drilling joints are
in string.
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A two-page log sheet is to be filled out when a coordinated run is
made.
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DATE

SITE

TIME

LEG

DRIU STftiNG eNG)N££«IN6 DATA LOG
FOR COORDINATED RUNS

GMT OBSERVERfS NAME

SMDS

[] RUN DATA SWITCH
[] RUN, NOT RECORDED SETTINGS _
[] NOT RUN

* Data Start Time
Sample Rate/Time [] 500 ms

ü Other _

MAG TAPE
NAME

GMT

PAGE "I of 1
(BE SURE PAGE 2 IS
ATTACHED)

Please print

MAG TAPE
FILE NO.

IDSS

.[] RUN DATA SWITCH
[] RUN, NOT RECORDED SETTINGS
I"] NOT RUN

Clock Start Time
Delay

* Data Start Time

WHICH IDSS?
[] Heavy wall, 5 ft. sub.
[] Drill pipe, 30 ft.

MAG TAPE
NAME

GMT

GMT

MAG TAPE
FILE NO.

Position of Actual Strain Gauges Relative
to Rotary Table:

feet (above/be!GV) at START of dà'

feet (above/below) at END of data
(circle one]

RCAL & RZERO: [] FROM BRIDGE (record settings)
[] FROM INSTRUMENT

DEMI

[_] RUN DATA SWITCH
[] RUN, NOT RECORDED SETTINGS
[] NOT RUN

Clock Start Time
Dal ay

MAG TAPE
NAME

MAG TAPE
FILE NO.

GMT

* Data Star t Time

Acce 1 eroπi ter R3πc2

Ampl i f ier Zero

GMT

_g's (Full Scale)

volts

Remarks, Notes, Etc.
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DRILL STRING ENGINEERING TAPE DATA LOG

PAGE 2 of 2
(BE SURE PAGE 1 IS
ATTACHED)

SEA DIRECTION
SEA HEIGHT
SWELL DIRECTION
SWELL HEIGHT
WIND SPEED
WIND DIRECTION
SHIP!S HEADING

WATER DEPTH

degrees TRUE
feet (crest to trough)
degrees TRUE
feet

[] knots [] MPH
degrees TRUE
degrees TRUE
[] meters [] feet

AVG PITCH
PEAK PITCH

AVG ROLL

PEAK ROLL
HEAVE (Avg. peak to peak)

deg
deg
deg
deg

ft

Did conditions change during the run? [] Yes [] No
If so, how?

TOTAL DRILL STRING LENGTH

PUP JOINT LENGTH
§ OF HEAVY WALL KNOBBY JOINTS IN STRING.
TOTAL LENGTH OF HEAVY WALL KNOBBY JOINTS
TOTAL LENGTH OF ALUMINUM PIPE IN STRING
AVG # RUBBERS PER 30 FT JOINT OF PIPE
HEIGHT CF BOTTOM HOLE ASSY

LENGTH OF BOTTOM HOLE ASSY

OUTSIDE DIAMETER OF BOTTOM HOLE ASSY

_[] meters [] feet
_[] meters [] feet [] none

_[] meters [] feet
[] meters [] feet

j>ounds

_[] meters [ ] feet
_[] meters [ ] feet [ ] inches

Kas Heave Compensator in operation: [] Yes [] No
Was drill string in hole at

Subsurface
START of Inst. Run? [] Yes [] No Penetration

Subsurface
END of lust. Run? [] Yes [] No Penetration

Was Dril] String
[] Hanging? - .
{] Dril]ing?
[] Both?

Please note any unusual conditions of SEA or SHIP:

[Imeters Weight
[jfeet on Bit_
[ Imeters Wei g lit
[Jfeet cr• Sit

pounds

j>ounds
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