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Full-Scale, Coupled Ship and Pipe Motions Measured in North Pacific Ocean:
The Hughes Glomar Explorer with a 5,000-m-Long Heavy-Lift Pipe Deployed†

Jin S Chung*
ISOPE, Cupertino, California, USA

A 5,000-m-long, 15-in (38-cm) outer-diameter, full-scale pipe was deployed from the large Moon Pool of the Hughes
Glomar Explorer (Fig. 1) while a deep-ocean mining system operated from the ship in the North Pacific Ocean in 1976 and
1979. From the standpoint of design as well as operation, one of the most critical parameters in deep-ocean mining and
deep-ocean drilling is the behavior of the pipe along its length, with its bottom free. The at-sea test includes the first-ever
measurements of the full-scale pipe responses coupled with the Explorer’s motion in the deep ocean. The measurements
showed that the pipe bottom undergoes dynamic stretching at axial resonance in addition to its static stretch. In addition,
this occurrence of axial resonance was predicted by the calculations and it agreed with them. The axial resonance period
is in the range of the commonly encountered ocean-wave periods. Further, this study in 1976-80 changed the industry’s
common perception of bending stress as design stress: The axial stress can be an order of magnitude larger than the bending
stress for such a long pipe, and the bending is less of an issue. This paper presents the axial stress amplitudes, including
amplification at the pipe’s resonance, which are coupled with the Explorer’s motions. This design and operation issue applies
to deep-ocean drilling as well.

INTRODUCTION

At the outset of development of the commercial deep-ocean
mining project in the 1970s, one of the critical technical issues for
the safe at-sea operation of a very long (from 4,000 to 6,000 m)
pipe was the 3-D static as well as dynamic pipe motions along the
pipe’s length and the positioning control of its bottom. And this
issue remains one of critical concern, not only for pipe design,
but also for its deployment and the positioning control operation
of the pipe bottom and the equipment at its bottom.

The offshore petroleum industry in the 1970s was taking an
incremental depth approach to going deeper. At the time, a water
depth of 100 to 200 m was a deeper-water challenge. Our devel-
opment of pipe dynamics software for operation at the 6,000-m
ocean depth in a short given time required a quantum jump in
technology, and consequently a fresh new approach to the devel-
opment of such technology.

In order to hit the target of developing a commercial deep-
ocean mining system and its technology within 5 years, starting
in 1975, the incremental approach was out of the question for
us. Instead, right at the start of the project, we began to develop
pipe dynamics software and an integrated ship-pipe–buffer-link-
miner positioning (or track-keeping) system control for the 6,000-
m ocean depth.

Further, our natural perception of critical technical issues had
been the anticipated enormous bending stress as design stress for
such a long pipe, until our research led us to believe otherwise
(Chung, Whitney and Loden, 1980; Chung and Cheng, 1999).
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Fig. 1 Hughes Glomar Explorer

This paper presents the full-scale measurements as well as the
theoretical prediction of the pipe end’s dynamic behavior pre-
dicted as part of the commercial deep-ocean mining system and
technology development; the comparison of the prediction with
the full-scale measured axial response at its resonance is dis-
cussed. The full-scale at-sea tests of the test mining system with
the Hughes Glomar Explorer were conducted in the North Pacific
Ocean (Fig. 2). The results had also directly and indirectly helped
the development and operation of a deep-ocean drilling system
and pipe/riser.

DEEP-OCEAN MINING SYSTEM TESTED WITH
HUGHES GLOMAR EXPLORER IN PACIFIC OCEAN

Commercial Deep-Ocean Mining System Developments

The Lockheed-Dutch Shell-Amoco-Bos Khalis Consortium,
called the Ocean Minerals Company (OMCO), was formed in
1975: This consortium was the deep-ocean mining systems and
technology developer led by the Lockheed team. As a step toward
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Fig. 2 OMCO’s remotely controlled miner (RCM) inside Hughes Glomar Explorer in preparation for deployment during at-sea test in
North Pacific Ocean, 1976: Flexible hose and buffer above Archimedean-screw-propelled miner inside Moon Pool; a buffer encased by
support rings, held from its top by pipe’s bottom end (Chung, 2004).

developing a third-generation commercial system and technology
(Fig. 3), OMCO developed a second-generation large-scale deep-
ocean test mining system and tested it with the Hughes Glomar
Explorer (Fig. 1) by conducting 2 at-sea tests in the North Pacific
Ocean in 1976 and 1979 (Figs. 1 and 2). The deep-ocean test min-

Fig. 3 An OMCO Commercial (Ship-Pipe-Buffer-Link-Miner)
Mining System (Chung and Whitney, 1981)

ing system as tested consisted of an integrated ship–pipe–buffer–
flexible link–(self-propelling seafloor) miner and control (Fig. 2).

The tests provided not only valuable data but gave the company
and engineers the confidence to go forward with developing a
more advanced system and technology for commercial mining in
the deep ocean.

Also in 1975, OMCO had formed an advanced system and
technology team (Brink and Chung, 1981; Chung, Whitney and
Loden, 1980). This team started work in 1975, and by 1980
had developed a third-generation commercial, totally integrated,
seafloor track-keeping system, supporting technology, and soft-
ware, and assessed feasibility, simulating the design and track-
keeping control operation of a system with the 300,000-ton ship
in a 18,000-ft (5,846)-m-deep ocean.

The ship is equipped with fully azimuthing (or rotatable)
thrusters, replacing the traditional main screw(s). In order to meet
the requirement to perform precise, automatic, integrated, track-
keeping control of a ship–buffer (pipe bottom)–seafloor–miner
system, which moves at varying speed along the set points of
the seafloor track including sharp turns, the ship was designed
to move in any desired direction (e.g., forward, sideway or back-
ward) and did not necessarily need for the traditional ship’s bow
and stern shapes.

FULL-SCALE AT-SEA TESTS OF 5,000-M-LONG PIPE

Hughes Glomar Explorer (Fig. 1) and Moon Pool (Fig. 2)

One of the greatest technological innovations in ship and deep-
ocean technology. In the history of ship and deep-ocean technol-
ogy, one of the greatest technological innovations is the design
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of the Hughes Glomar Explorer and that ship’s deep-ocean min-
ing system (Figs. 1 and 2) (Chung, 2004): The sliding door of
the huge area called the Moon Pool (270-ft ≈ 80-m in length,
70-ft ≈ 20-m in width) in the bottom of the ship hull can be
opened and closed in the middle of the ocean. Thus deployed and
retrieved through the Moon Pool is the large, remotely controlled,
self-propelled seafloor miner (RCM) with the long-pipe system
for operation on the deep seafloor.

Its pipe handling and deployment of the 5,000-m-long pipe
were automated. Even now no new systems can match the capa-
bility of its heavy-lift system, the heave compensation and the
large, remotely controlled, self-propelled miner (or seafloor vehi-
cle) that operated on the 5,000-m-deep seafloor.

SHIP-PIPE-BUFFER-LINK-MINER ARRANGEMENT
DURING AT-SEA TEST

The top end of the steel pipe (E= 4�32×109 lb/ft2 = 206�82×
109 N/m2) was gimbaled at the platform of the Hughes Glomar
Explorer, and the pipe was deployed through the ship’s large
Moon Pool. The gimbal was to minimize the pipe’s bending stress.
The riser/pipe characteristics are 15-in (38-cm) outer diameter
(Do� and 7.5-in (19-cm) inner diameter (Di�, which corresponds
to 3.75-in (9.5-cm) thickness. Its length was approximately 5,000
m when fully deployed in the ocean. The bottom end of the pipe
was connected with deep-ocean mining equipment, including a
buffer that maintained positioning control with adequate vertical
clearance from the seafloor. When fully lowered onto the seafloor,
the seafloor miner (RCM) (Fig. 2) was:

• remotely controlled;
• self-propelled, maneuvering along its track;
• connected by flexible links to the pipe bottom end; and
• designed to operate or set-point track-keeping maneuver on

the seafloor free of restriction from the pipe bottom motion.
For the deployment control of a pipe or riser in deep ocean,

the control operation of the behavior of the riser along its length
is an important issue in addition to design. Here the 3-D dynamic
behavior of the pipe is subject to physical-environment proper-
ties, current varying along the water column and to ship-induced
motion, which play a critical role; one example is riser re-entry
operations.

AXIAL STRESS OVER BENDING STRESS IN DESIGN

The axial stress of the pipe can indeed be an order of mag-
nitude larger than the bending stress and even larger when near
the axial resonance (Chung, Whitney and Loden, 1980) where the
3-D software was developed within OMCO. This was reconfirmed
in Chung, Cheng and Huttelmaier (1994) and Chung and Cheng
(1999) for a 18,000-ft (5,846)-m-long pipe where the software of
3-D coupled with torsion was developed under the National Sci-
ence Foundation research grant.

Until 1980, the common perception in the industry practice
was that the design stress in pipe was the bending stress. This
changed with the publications by Chung, Whitney and Loden
(1980) and Chung and Whitney (1981) regarding the importance
of axial stress over bending stress for a very long pipe or riser.
This altered not only the common perception of bending stress
over axial stress, but the industry practice as well.

Our natural perception of critical technical issues for this long
pipe was based on the enormous bending stress we anticipated.
However, during the development of the first 3-D coupled pipe
motion software, in 1976-80, we encountered a surprising result,
one that we ourselves questioned (Chung, Whitney, Loden, 1980;

Chung and Whitney, 1981). The surprise was that the axial stress
of the pipe can be an order of magnitude larger, and even larger
when near the axial resonance, than the bending stress. This was
completely new and contrary to what we as engineers had believed
to be true, and to what the industry had believed to be true, at the
beginning of the project.

FULL-SCALE TEST IN NORTH PACIFIC OCEAN

Naturally 2 immediate questions were raised for the deployment
of the pipe system:

• Would the vertical clearance of the hanging pipe bottom with
the costly buffer and miner equipment from the seafloor surface
be the same as the total length of the pipes to be lowered?

• What would be the total length of the pipes to be lowered?
This motivated the development of software to calculate verti-

cal motion displacements of the pipe bottom at the buffer level.
The 3-D software (Chung and Felippa, 1980) and simple hand-
calculation showed significant static axial stretch. In addition, it
was shown that the pipe bottom at the buffer level can undergo
axial resonance in the commonly encountered ocean-wave fre-
quency range (Chung and Whitney, 1981).

Full-Scale Measured Data

While investigating further whether the increase of this addi-
tional axial pipe oscillation amplitude at the resonance can be true,
we had access to the full-scale Explorer at-sea test data, whose
ship motion and coupled axial pipe oscillation part are presented
in Figs. 4 and 5. These data confirmed the validity of the large
axial pipe stress values and amplification near the resonance from
our computer prediction. The axial stress of the pipe can indeed
be an order of magnitude larger than the bending stress and even
larger when near the axial resonance. Until then the industry in
the 1970s coped with what was considered deep water, that is,
100∼200 m, and the axial stress was not of concern.

In Fig. 5, the solid line is the prediction with no structural
or fluid damping accounted for by Chung and Whitney (1980);
the circles are full-scale data points without the heave compen-
sator working; the dashed lines, those with the heave compensator
working. Fig. 5 is the original figure from 1980.

The full-scale data (Fig. 5) confirmed the validity of the axial
amplitude at resonance of the pipe end at the buffer level, follow-
ing our prediction (Chung and Whitney, 1981; Chung and Cheng,
1999).

The measured 3-D pipe motions were coupled with the
Explorer’s 6 degrees-of-freedom (DOF) motion in the ocean, so
that the pipe top was excited by the ship motions. Fig. 4 presents
a strip-chart record in time series of the ship motion in vertical
mode ¯ ship heave, pitch and roll ¯ as well as the buffer heave
(or axial) motion at the pipe’s bottom level measured during the
Explorer’s operation in the North Pacific. The buffer is the equip-
ment at the bottom of the 5,000-m pipe. Note that the Fig. 4
strip-chart recording doesn’t necessarily correspond to the axial
amplitude curves of Fig. 5.

With the heave compensator working, the pipe showed little
stretching-contracting oscillation (Fig. 5).

Comparison of Prediction with Full-Scale Measured Data

With the heave compensator not working. The calculated axial
amplitudes show resonance near Tn = 4�8 s, and they agree with
the full-scale measured resonance of the axial amplitudes without
the heave compensator working. The calculations didn’t include
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Fig. 4 Strip-chart record of motions of Hughes Glomar Explorer and heavy-lift pipe with miner on bottom of North Pacific Ocean

any fluid or structural damping in order to focus on the iden-
tification of the resonance period. The full-scale measurements
included all the damping on the pipe and buffer; normal and tan-
gential drag, drag on pipe bottom surface, internal and external
axially oscillating pipe-water friction and buffer equipment; they
also included the physical environment, 3-D current velocity and
water properties along the pipe.

With the heave compensator working. The dashed line of mea-
sured axial amplitudes of the pipe end shows no resonance. The
heave compensator is to minimize the pipe’s axial stress.
What are the benefits from the Explorer test for the commercial

system and technology development?
The full-scale, at-sea test for ocean mining that we conducted

gave us confidence that we could develop advanced commercial
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Fig. 5 Full-scale measurements of axial stretching oscillation of approximately 16,000-ft- (4,877-m-) long vertical pipe at the buffer level,
with bottom end free, coupled with Hughes Glomar Explorer in North Pacific Ocean. ZB = axial amplitude of the buffer at the pipe’s
bottom end, ZS = vertical motion amplitude of the ship or the pipe’s top.

deep-ocean mining pipe and system. The current deeper-water
drilling and deep-ocean drilling plan gained confidence as well.

HOW TO SCALE UP SHORT-PIPE TEST DATA TO
FULL-SCALE DEEP-OCEAN PIPE?

In the past 20 years joint industry programs and individual
companies have run many test programs of riser or pipe dynam-
ics in various short incremental lengths; the pipe models were in
various short-100-m lengths. More tests appear to be planned.

Critical questions are:
• Would the tests of incremental length 100∼200-m pipes pro-

vide valid design data for 5,000-m-long riser design and opera-
tion?

• Can we accurately scale up the short-pipe data to a long pipe
for design and operation?

• What could be the longest length in the incremental length
to test?

This full-scale test and preparation provided concept, data and
confidence for the new, more advanced commercial system and
technology development.

Direct Approach versus Incremental Approach to 6,000-m
ocean depth?

It will be worth approaching the deep-ocean issues with a
longer riser/pipe from a fresh angle.

Recently, many designers seem to be paying less attention to
some of the key issues (Chung, 2009) raised when going deeper
ocean with a longer pipe. There is also a tendency to overdo
solutions with software developed for a shorter pipe/riser for deep
water when solving for a longer pipe in the deep ocean, sometimes
ignoring the potential risk in the actual situation.

Chung (2009) presented some of the associated critical issues
and design/operational parameters as the industry goes with a
shorter-pipe technology to associated longer pipes for the deeper
water. Also discussed are some key issues in the transition from
shorter to longer pipes that we learned from the present full-scale
deep-ocean tests with a long pipe.

CONCLUSIONS

A 5,000-m-long, 15-in (38-cm) outer diameter, full-scale pipe
was deployed from the large Moon Pool of the Hughes Glomar
Explorer in the North Pacific Ocean in 1976 and 1979.

The first-ever measurements of the full-scale pipe, such as long
pipe’s responses coupled with the Explorer’s motion in the deep
ocean, showed that the pipe bottom undergoes dynamic stretching
amplification at its axial resonance in addition to its static stretch.
In addition, this occurrence of axial resonance was predicted by
the calculations and it agreed with them.

The axial resonance period of the pipe is in the range of the
commonly encountered ocean-wave periods.
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Further, this study in the years 1976-80 changed the common
perception held by the industry that bending stress was design
stress: It was discovered that the axial stress can be an order of
magnitude larger than the bending stress for such a long pipe, and
that the bending is less of an issue.

This design and operation issue and the fact of this deep-ocean
operation provided confidence in the development of deep-ocean
drilling as well.
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