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(57) Abstract

A system for remote measurement of structural forces includes a plurality of microbend transducers (14) mounted
along the length of the structure (12) for microbending an optical fiber (16) in response to structural forces, such as stress
acting upon an oil or gas pipeline or the like. An optical time domain reflectometer (OTDR) (18) has a light source (46) for
launching a pulsed optical signal passage through the fiber and a photodetector (56) for sensing as a function of time the
intensity of backscattered light reflected back through the fiber, wherein this sensed time function is correlated directly
with discrete longitudinal positions along the length of the fiber and the structure. When one or more of the microbend
transducers is activated to induce a microbend in the fiber response to localized forces acting upon the structure, a portion
of the backscattered light is lost at the microbend. This attenuation in backscattered light intensity is sensed quantitatively
and positionally identified by the photodetector. Specific preferred constructions for microbend transducers and system
arrangements particularly adapted for detecting structurally strain in an oil or gas pipeline are disclosed.
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MICROBENDING OF OPTICAL FIBERS FOR REMOTE FORCE MEASUREMENT

BACKGROUND OF THE INVENTION

This invention relates generally to optical
fiber systems for detecting forces such as stress acting
upon a structure. More specifically, this invention
relates to an optical fiber microbend system and compon-
ents thereof for inducing microbendiné of the fiber in
response to stress in an oil or gas pipeline or the like
and for detecting the microbending of the fiber to
provide an indication of the location and magnitude of
the stress forces.

Optical fibers in general are known in the art,
and typically comprise a transparent core of a suitable
glass or plastic material which is carried within a
relatively thin cylindrical cladding having an index of
refraction less than the refractive index of the core.
When a light signal such as a collimated beam generated
by a laser is focused upon one end of the fiber, the
fiber core functions as a waveguide to transmit or
proﬁagate the .1ight signal through the core with rela-
tively small internal intensity losses or transmission of
the signal to the cladding. An important feature of
optical fibers of this type is that gradual turns or
bends in the fiber have little or no effect upon trans-
mission of the light signal, thereby permitting trans-
mission of the 1light signal through thé fibedr for
emission at the opposite end of the fiber regardless of
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the number of bends and turns. Practical applica-
tions of such fibers have included, for example, devices
to illuminate or to permit viewing of inaccessible areas,
such as areas inside the human body, or as a telecomnuni-
cations link wherein the 1light signal is modulated to
represent information which can be detected and demodu-
lated at the opposite end of the fiber.

It has been recognized, however, that relative-
ly short bends in an optical fiber can have a significant
effect upon the transmissivity of the fiber core. More
specifically, the presence of a short bend having a
period on the order of a few millimeters, comiaonly
referred to as a microbend, results in an attenuation of
the propagated light signal which arises by scattering
of a portion of the signal from the fiber core to the
cladding from where most of the scattered light portion
is lost ultimately to the surrounding environment. In
some applications, this attenuation phenomenon is a
useful characteristic such as when it is desired to tap
or extract a portion of the signal from the fiber without
cutting the fiber. 1In this regard, microbend couplers,
such as that described in U. S. Patent 4,253,727 have
been proposed for inducing one or more microbends into
the fiber to extract a portion of the light signal
therefrom, or conversely to input an additional 1light
signal into the fiber. Alternately, in a telecommuni-
cations system, the presence of an unwanted microbend
coupler to tap information from the fiber can be detected
by monitoring signal attenuation.

The concept of optical fiber microbending has
also been proposed as a transducer mechanism for sensing
and quantifying pressure acting upon a physical struc-
‘ture, such as a diaphragm or pressure plate. In this
type of application, a so-called microbend transducer is
mounted on the structure for movement therewith in

response to pressure to induce microbending of an optical
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fiber. The microbending causes a detectable attenuation
of a light signal passing through the fiber, wherein the
degree of attenuation is indicative of the magnitude of
pressure. For a discussion of a microbend pressure
transducer, see Fie;ds et al.: "Fiber Optic Pressure

Sensor", J. Acoust Soc. Am., March, 1980, pages 816-81%.

In some environments, it is necessary Or
desirable to monitor the location and magnitude of
selected loads acting upon a physical structure, typi-
cally by monitoring a plurality of force transducers
mounted along the length of the structure. For example,
it is highly desirable to locate and quantify localized
stress to which an oil or gas pipeline is subjected,
primarily as a result of variations in weather and ground
elevation, so that remedial measures can be taken prior
to breakage of the pipeline. This problem of pipeline
stress is particularly troublesome when the pipeline
travels through expansive regions of wilderness oOr
wasteland, such as the so-called Alaskan pipeline wnich
extends for hundreds of miles over relatively unstable
tundré. However, for this type of application, conven-
tional transducers such as piezoelectric transducers have.
not been used because of the hostile conditions to which
the transducers would be exposed together with the
difficulty in remote monitoring of a large number of the
transducers from a single monitoring station. Moreover,
while transducers of the microbend type have been propos-—
ed for detecting pressure acting upon a structure, no
practical and effective system has been proposed or
demonstrated for adapting a microbend transducer to a
pipeline stress application or for monitoring a large
number of microbend transducers from a single monitoring
station. )

The present invention overcomes the problems
encountered in the prior art by providing a practical and
effective optical fiber and microbend transducer system
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for detecting the location and magnitude of forces, such
as stress forces, acting along the length of a struc-
ture, such as an oil or gas pipeline, wherein a large
number of force-responsive microbend transducers are
capable of being monitored simultaneously from a single

remote monitoring station.

SUMMARY OF THE INVENTION

In accordance with the invention, an optical
fiber system is provided for remote measurement of
localized forces acting along the length of an elongatedl
structure, such as an oil or gas pipeline. The system
includes an optical fiber extending from a conveniently
positioned monitoring station into association in series
with a plurality of microbend transducers mounted along
the length of thé structure at selected, longitudinally
spaced positions. Each microbend transducer is mounted
on the structure in a manner for movably responding to
the presence and magnitude of the selected force acting
on the structure to induce microbending of the optical
fiber.

An optical time domain reflectometer (OTDR) at
the monitoring station includes a light source for
launching a pulsed light signal through the fiber, and a
photodetector for detecting the intensity of backscatter-
ed light reflected back through the fiper as a function
of time to provide an indication of backscattered light
intensity for each point along the length of the fibper.

)

One or more microbends in the fiber induced by the
microbend transducers causes a portion of the transmitted
and backscattered light to be lost from the fiber at each &
‘microbend. This abrupt attenuation in backscattered

light intensity at each microbend is sensed by the
photodetector which indicates the location and magnitude

of the attenuation, thereby identifying the location and
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magnitude of the force acting upon the structure.

The system is particularly suited for sensing
the presence of stress acting upon an 0il or gas pipe-
line, wherein a large number of the microbend transducers
are monitored from a single monitoring station. The
length of the pipeline which can be monitored is a
function of the quality of the optical fiber, the number
of tranducers installed along the fiber, and the inten-
sity of the pulsed light signal. 1In one embodiment, the
system can be adapted for monitoring an increased lengtn
of the pipeline without improving fiber guality or
increasing light signal intensity by providing a plural-
ity of parallel optical fibers each associated with a
plurality of microbend transducers mounted along the
pipeline. The plurality of fibers can be monitored
simultaneously or in sequence with a single optical time
Jomain reflectometer by switching the pulsed light signal
from one fiber to another and by reflecting the back-
scattered light from all of the fibers to the photode-
tector.

Each microbend transducer, according to one
preferred form, comprises a relatively flexible beam
secured to the structure and a relatively rigid beam
mounted in spaced relation with the flexible beam and the
structure. A pair of transducer blocks are respectively
mounted on the flexible and rigid beams in closely spaced
relation with each other to provide a longitudinally open
passage through which the optical fiber extends. The
facing surfaces of the transducer blocks are shaped to
define a staggered plurality of relatively simooth-
surfaced teeth for engaging the fiber when the blocks are
moved toward each other to microbend the fiber through a
relatively short period on the order of a few millimeters

In operation, the flexible beam moves with the
structure in response to the presence of the force acting
upon the structure. When this force moves the flexible
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beam toward the rigid beam, the transducer blocks are
moved toward each other to engage and bend the optical
fiber. Such bending, or microbending, causes localized
attenuation of transmitted and backscattered light,
wherein a portion of the light is scattered from the
fiber core to the fiber cladding. The attenuation of
backscattered light is located and gquantified by the
photodetector of the optical time domain reflectometer.

A mode stripper is advantageously associated
with the optical fiber at the location of the microbend
between the two transducer blocks to strip the portion of
the light scattered to the fiber cladding and thereby
prevent reflection of any portion of this light back to

the fiber core. This mode stripper comprises in one form .

a selected substance having a generally irregular exter-
nal configuration and an index of refraction generally
matched with or greater than the index of refraction of
the fiber cladding such that the light propagated in the
cladding is transmitted to -the stripper substance where
it is ultimately lost. Alternately, if desired, the mode
stripper can be provided in .-the form of an optically
black surface coating preferably disposed directly on
the fiber at the microbend and in the region of the
associated transducer blocks to absorb the portion of the
light scattered to the fiber cladding.

Each microbend transducer may additionally
include means for adjusting the initial spacing between
the transducer blocks to calibrate sensitivity of the
transducer in response to movement of the structure. 1In
one arrangement, this adjustment capability is provided
by a pair of upstanding supports at opposite ends of the
flexible beam wherein these supports include vertically
extending slots for reception of fastening means for
mounting the rigid beam to the supports. The position of
the fastening means along these slots adjustably selects
the initial spacing of the two beams and thus also the

o)



WO 83/00744 PCT/US82/01162
-7-

spacing of the two transducer blocks with respect to each
other.

In some systems, it is further desirable to
prevent bending of the optical fiber beyond a selected
amplitude to prevent excess stress on the fiber and to
prevent excess attenuation which might obscure detection
of microbending induced by other transducers along the
length of the fiber. In one embodiment, this control is
provided by one or more stops in the form of lugs pro-
jecting from the rigid beam toward the flexible beam.
When the fiber is unbent, the lugs are spaced from
the rigid beam to permit limited movement of the beams
toward each other. ,

In further system arrangements, the plurality
of microbend tranducers installed along the length of a
fiber can be adapted for response to movement of the
associated structure in any desired direction or a
plurality of directions. For example, multiple trans-
ducers can be installed in a closely spaced cascaded
relation on a pipeline wherein the cascaded transducers
are adapted for response to pipeline movement in differ-
ent directions. If desired, position indicators, such as
fibper couplings which create reflection spikes for
detection by the photodetector, can be interposed be-
tween selected transducers to permit precise identifi-
cation of the particular transducer responding to pipe-
line movement.

Other features and advantages of the present
invention will become apparent from the following detail-
ed description, taken in conjunction with. the accompany-
ing drawings which illustrate, by way of example, the

principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings illustrate the
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invention. In such drawings:

FIGURE 1 is a schematic- diagram illustrating
an optical fiber system, including a plurality of micro-
bend transducers, for use in detecting and monitoring of
structural forces such as stress acting upon an oil or
gas pipeline;

FIGURE 2 is an enlarged fragmented side
elevation view of one preferred form of a microbend
transducer for use with the system of FIGURE 1;

FIGURE 3 is an enlarged fragmented end eleva-
tion view of the microbend transducer, taken generally on
the line 3-3 of FIG. 2;

FIGURE 4 ié an enlarged fragmented vertical
section of the microbend transducer, taken generally on
the line 4-4 of FIG. 2:

FIGURE 5 is a graphical representation of
detected optical information when the microbend transduc-
ers are in inactive positions as illustrated with respect
to the microbend transducer shown in FIG. 2;

FIGURE 6 is an enlarged fragmented longitudi-
nal section of a portion of one of the microbend trans-
ducers illustrating the transducer in an active position
for bending the optical fiber in response to structural
strain acting upon the pipeline;

FIGURE 7 is a graphical representation of
detected optical information when one or more of the
microbend transducers are in an active position, as
illustrated with respect to the microbend transducer
shown in FIG. 6;

FIGURE 8 is a graphical representation of a
multiple fiber optical system illustrating the use of a
plurality of optical fibers each in association with a
plurality of microbend transducers for detecting stress
at a plurality discrete positions over relatively long
lengths of a pipeline or the like;

FIGURE 9 is a graphical representation of an

w0
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alternative multiple fiber optical system for detecting
stress over relatively long lengths of a pipeline or the
like; '

FIGURE 10 is a fragmented side elevation view
illustrating an alternative embodiment of a microbend
transducer for use with the system of FIG. 1;

FIGURE 11 is an enlarged fragmented vertical
section taken generally on the line 11-11 of FIG. 10;

FIGURE 12 is a fragmented side elevation view
of the microbend transducer of FIG. 10, and illustrating
the transducer in an active position sensing stress
acting upon the pipeline;

FIGURE 13 is a fragmented side elevation view
\0of a further alternative embodiment of a microbend
transducer for use with the system of FIG. 1;

FIGURE 14 is a fragmented side elevation view
of the microbend transducer of FIG. 13, and illustrating
the transducer in an active position sensing stress
acting upon the pipeline;

FIGURE 15 is a fragmented side elevation view
of another alternative embodiment of a microbend trans-=
ducer for use with the system of FIG. 1;

FIGURE 16 is a fragmented side elevation view
of an additional alternative embodiment of a microbend.
transducer for the system of FIG. 1;

FIGURE 17 is a fragmented side elevation view
of a modified system arrangement illustrating a plurality
of microbend transducers installed in cascaded relation
along the length of a structure wherein the transducers'
are adapted for response to movement of the structure in
different directions;

FIGURE 18 is a fragmented perspective view
illustrating a further modified system arrangement having
sets of microbend transducers for response to forces
acting in different directions upon a structure, includ-
ing position indicators disposed along the- fiber between
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the individual transducers; and

FIGURE 19 is a graphical representation of
detected optical information when one of the transducers
in the system arrangement of FIG. 18 is in an active
position.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

An optical fiber system 10 is illustrated
generally in FIGURE 1 for use in detecting, locating, and
quantifying forces acting along the length of an elongat-
ed structure. _The system is illustrated pafticularly for
use in monitoring forces such as structural stresses
‘acting along the length of an oil or gas pipeline 12,
although the system can be adapted for monitoring other
types of forces and other types of structures, such as,

- for example, a bridge. As shown, the optical fiber
system 10 includes a plurality of microbend transducers
14 mounted at discrete, longitudinally spaced positions
along the length of the pipeline 12 in a manner to induce
microbending of an optical fiber 16 in response to the
presence of localized stress acting upon the pipeline
12. This microbending of the fiber 16 results in an
abrupt attenuation of light guided through the fiber
wherein the attenuation at one or more of the transducers
is located and quantified simultaneously by an optical
time domain reflectometer 18 (OTDR) positioned at a
convenient monitoring station.

The optical fiber system 10 is particularly
§uited for remote measurement of forces such as stress at
a large number of discrete positions along the length of
the oil or gas pipeline 12. That is, it is desirable to

¥y

monitor localized forces to which an oil or gas pipeline
is subjected, such as structural stress acting upon the
pipeline resulting primarily from a combination of
changing weather conditions and/or gradual shifts in
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ground elevation, so that appropriate remedial action can
be taken to relieve the stress significantly prior to
risking breakage of the pipeline. This type of monitor-
ing system is particularly desirable for use with pipe-
lines traveling through desolate or wilderness areas such
as the so-called Alaskan pipeline which traverses vast
stretches of relatively unstable tundra wherein the
tundra commonly experiences significant changes in
elevation in response to varying weather conditions. The
optical system 10 of the present invention provides a
practical and effective system for monitoring of the
pipeline at a large number of individually selected
positions spaced along a relatively long length of the
pipeline wherein the positions are monitored simultane-
ously by use of a single monitoring device for identify-
ing the location and magnitude of the stress. According-
ly, this permits vast stretches of the pipeline to be
monitored from a conveniently positioned monitoring
station and when excessive stress is detected at a given
location, workmen can proceed directly to the indicated
location to take appropriate action to relieve the
stress.

The optical system 10 advantageously avoids use
of sensitive or expensive transducer mechanisms installed
along the length of the pipeline, as well as any require-
ment for electrical power to be coupled to individual
transducer mechanisms. Instead, the system relies upon
the use of fiber optics in combination with relatively
simple and reliable microbend transducers 14 which are
not adversely affected by the hostile environment to
which the pipeline may be subjected.

As illustrated in FIG. 1, the optical fiber 16
extends along the length of the pipeline 12 for passage
in series through a plurality of the microbend transduc-
ers 1l4. These microbend transducers 14 are physically

mounted on the pipeline at selected longitudinally spaced
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positions for providing response to pipeline stress
at a large number of discrete locations along the pipe-
line. 1In practice, the spacing between adjacent trans-
ducers may vary from less than a meter to significant
distances of several meters or more depending upon the
determined need for stress monitoring along particular
lengths of the pipeline.. Moreover, the number of the
transducers 14 installed along the fiber 16 may vary from
a relatively small number to as many as one hundred or
more.

The microbend transducers 14 are designed for
movement with their associated localized portions of the
pipeline 12 in response to the presence of pipeline
strain. This transducer movement is mechanically coupled
to the optical fiber 16 to induce bending of the fiber
through a relatively small period of say about 1-5
millimeters, commonly referred to as microbending, with
the amplitude of fiber bending normally being less than
about 100 micrometers and typically on the order of about
5-10 micrometers and correlating directly with the
magnitude of pipeline strain. When this occurs, light
guided through the fiber 16 is abruptly attenuated
at the microbend such that a portion of the guided light
is lost. The extent of this attenuation increases with
increasing bending amplitude whereby a quantification of
the attenuation provides an indication of the magnitude
of pipeline strain.

One of the microbena transducers 14 is illus-
trated, according to one preferred form thereof, in more
detail in FIGS. 2-4., As illustrated, the transducer
comprises an elongated and relativelyrthin beam 20
oriented to extend longitudinally with the pipeline 12
and secured to the pipe at a plurality of points along

~its length such as by means of spot welds, although other

means of attachment can be used. This relatively

- thin beam 20 has sufficient flexibility for movement




WO 83/00744 PCT/US82/01162
-13-

thereof along with the pipeline 12 when the pipeline
assumes a slight radius of curvature along its length in

response to stress forces.
The opposite ends of the flexible beam 20 are

upturned to provide a pair of sdpports 22 for mounting of
a relatively rigid beam 24 in generally parallel spaced
relation with the flexible beam 20. More specifically,
the supports 22 are each formed to include an elongated
slot 26 extending in a direction away from the flexible
beam 20 for reception of a fastening screw 28 which is
threaded into the adjacent end of the rigid beam 24. The
fastening screw 28 may thus be tightened for bindingly
engaging the support 22 to secure the rigid beam 24 in
spaced parallel relation with the flexible beam 20, with
the magnitude of spacing being controllable according to
the position of the screws within the slots.

The flexible and rigid beams 20 and 24 respec-
tively carry a pair of transducer blocks 30 and 32 which
are secured to the beams generally near their midpoints
in an appropriate manner, such as by welding or the like.
These transducer blocks are positioned along the lengths
of the beams in a facing and closely spaced relation with
each- other to define therebetween a relatively narrow
vertical passage 34. The facing surfaces of the trans-
ducer blocks 30 and 32 have a corrugated or discontinuous
profile generally to include transverse ridges 36 separ-
ated by transverse channels 38, as shown best in FIG. 6,
with the ridges 36 on the lower block 30 desirably being
vertically aligned with the channels 38 of the upper
block 32, As illustrated in the embodiment of FIG. 2,

'the ridges and channels of the lower transducer block 30
support a plurality of transversely extending cylin-
drical pins 40 secured as by welding within two adjacent
channels 38, whereas the upper block 32 supports a
plurality of transversely extending pins 42 which are
located at positions staggered longitudinally between
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the lower pins 40.

The optical fiber 16 extends through the
microbend transducer 14 for bending of the fiber when the
transducer responds to a condition of stress on the
pipeline 12. More specifically, the fiber 16 extends
through a guide hole 44 (FIG. 3) in the support 22 at one
end of the transducer, through the narrow vertical
passage 34 between the transducer blocks 30 and 32, and
further out of the transducer through another guide hole
(not shown) in the support 22 at the other end of the
transducer. Importantly, when the pipeline is not
subjected to stress in the region of the transducer, the
vertical clearance provided by the passage 34 is selected
by appropriate calibration of the spacing between the two
beams 20 and 24 to permit passage of the fiber between
the transducer blocks 30 and 32 without significant
engagement with or bending of the fiber. Conveniently,
when the fiber is relatively taut, the location and size
of the guide holes in the supports 22 is selected to
retain the fiber within the transverse limits of the
transducer blocks 30 and 32.

When the pipeline 12 is subjected to structural
stress in the vicinity of one of the microbend transduc-
ers 14, the flexible beam 20 moves with the pipeline to
accommodate the strain. Typically, this movement of the
pipeline and the flexible beam 20 is from the linear
configuration, as viewed in FIG. 2, to a nonlinear
configuration generally approximating a gradual radius
of curvature, wherein the flexible beam 20 moves the
lower transducer block 30 relative to the upper trans-
ducer block 32. By appropriate positioning of the
microbend transducer 14 about the circumference of the
pipeline, the relative movement can be selected to cause
relative movement of the transducer blocks toward each
other for the purpose of bringing the pins 40 and 42
thereon into engagement with the optical fiber 16, as

o
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viewed in detail in FIG. 6. For example, portions of the
Alaskan pipeline frequently assume upwardly convex
geometries as a result of stress arising from a phenomen-
on known as "frost heave” of the tundra, whereby the
microbend transducer 14 is placed on top of the pipeline
for movement of the transducer blocks 30 and 32 toward
each other with a relative displacement indicative of the
magnitude of pipeline strain. Of course, if desired, the
transducer can be mounted at any other position about
the pipeline for detecting strain acting in other direc-
tions. Alternately, the transducers can be adapted for
convenient mounting on top of the pipeline and for
responding to pipeline movement in other directions, such
as horizéntally'or downwardly. still further, the
transducers can be adapted for response to pipeline
movement in more than one direction, if desired.

When the transducer pins 40 and 42 move into
engagement with the optical fiber 16, the pins function
as teeth to induce a bend having a relatively short
period, or microbend, into the fiber. This microbend is

‘shown in somewhat exaggerated form in FIG. 6 as a plural-

ity of quasi-sinusoidal curves Or corrugations corres-
ponding generally with the longitudinally staggered
positions of the pins, wherein a portion of the light
passing through the fiber is attenuated at each curve.
The amplitude of the microbends is directly proportional
to the magnitude of the stress acting upon the pipeline,
and the number of curves induced by the pins is inversely
proportional to the required -sensitivity of the system
for detecting the microbends, as will be described in
more detail.

Monitoring of the microbend transducers 14
along the length of the optical fiber 16 is obtained by
use of the optical time domain reflectometer 18 at the
monitoring station. More specifically, as viewed in FIG.
1, this includes a light source 46 preferébly in the form
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of a laser for generating a pulsed light signal of
relatively short duration, typically on the order of
about 50~100 nanoseconds, wherein shorter pulses are used
for higher system resolution and longer pulses are used
for longer lengths of fiber. The pulsed light signal is
incident upon the adjacent free end 48 of the optical
fiber 16 for passage into and through the optical fiber.
Appropriate lens elements (not shown) may be used if
desired for focusing the pulsed light signal upon the
fiber free end 48. Importantly, the light signal passes
from the source preferably without substantial attenua-
tion through an angularly oriented optical element such
as a one-way mirror 50, or any other suitable bistable
optical multiplexing device, into “the optical fiber 16.

According to conventional transmission of light
along an optical fiber, the pulsed light signal is guided
through a central core 52 (FIG. 6) of the fiber 16
wherein this core is encased within an outer cladding 54
having an index of refraction less than the refractive
index of the core. A relatively small portion of this
guided or transmitted light is reflected back to the free
end 48 of the fiber as a result of internal imperfections
inherent within the optical fiber. This reflected
portion of the light 1is referred to as "backscattered
light" which has an intensity decreasing along the length
of the optical fiber. This decreasing backscattered
light intensity is reflected angularly off the downstream .
face of the one-way mirror 50 for incidence upon a
photodetector 56 which forms part of the optical time
domain reflectometer 18. Since the light. source 46, the 3
one-way mirror 50, and the photodetector 56 are known to
those skilled in the art, no further detailed description s
of these components is provided herein.

In operation, for each pulsed light signal, the
photodetector 56& provides an output indicating the
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backscattered light intensity as a function of time which
can be correlated directly with distance along the length
of the fiber 16. For example, the reference to FIG. 5,
backscattered light reflected from portions of the fiber
near the photodetector will be sensed prior to back-
scattered light reflected from the far end of the fiber.
Accordingly, time of reflection and longitudinal position
along the fiber can be associated directly with each
other, whereby the photodetector output is representative
of the backscattered light intensity for each longitud-
inal position along the fiber. As illustrated, the
intensity of the backscattered light normally falls of £
progressively with increasing distance along the length
of the fiber as a result of internal attenuation.

When one of the microbend transducers 14
responds to stress acting upon the pipeline 12, the
transducer moves from an inactive position as viewed in
FIG. 2 to an active position as viewed in FIG. 6 to-
induce a microbend into the fiber resulting in a loss of
a detectable portion of the transmitted and backscattered
light at the microbend. More specifically, a portion of
the transmitted and backscattered light is scattered
from the fiber core 52 into the fibef cladding 54 for
escape from the fiber to the surrounding environment.
This abrupt loss of backscattered light is sensed by the
photodetector 56 as a pronounced drop in backscattered
light intensity at the longitudinal position correspond-
ing with the location of the microbend. This intensity
attenuation is illustrated in FIG. 7 at distance "Dl",
along the length of the fiber wherein the magnitude
of the attenuation, referred to by the letter "A" in FIG.
7, corresponds directly with the magnitude of the pipe-
line strain whereby the output of the photodetector can
be scaled to provide a direct reading of strain magni-

tude. 7
The optical fiber system 10 described herein-
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above is uniquely suited for monitoring pipeline strain
from a single mdnitoring station, since the optical
time domain reflectometer 18 simultaneously monitors the
plurality’ of microbend transducers 1l4. That is, with
reference to FIG. 7, the detection of stress at position
“Dl“, by one tranducer does not block backscattered
light reflected from downstream positions of the fiber.
Accordingly, the photodetector 56 provides an output
which can simultaneously indicate the location and
magnitude of a second or additional stress acting upon
the pipeline, such as stress causing activation of a
transducer 14 at a downstream position “D2" as illus-
trated in FIG. 7.

According to a major aspect of the system 16,
the sensitivity and accuracy of the photodetector output
is advantageously and significantly improved by the
provision of means for stripping from the fiber cladding
54 all light that is scattered to the cladding 54 as a
result of microbending of the fiber. This stripping
means, or mode stfipper, is positioned directly at the
microbend of each microbend transducer 14 for immediate
stripping of this light in order to prevent propagation
of the light along the cladding where it is subject to
partial reflection or transmission back into the fiber
core 52.

One preferred form of the mode stripper is
illustrated in FIG. 6 as a refracting substance 58
trapped between the facing surfaces of the transducer
blocks 20 and 22 to circumferentially surround the
optical fiber 16. This substance 58 may be provided
either in ligquid or solid form to have an index of
refraction generally matching or greater than the index
of refraction of the fiber cladding 54 to permit easy
transfer thereinto of light from the cladding. One
preferred refracting substance 58 comprises 1liquid
glycerin which does not restrain bending movement of the
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fiber but which has a sufficient viscosity such that it
does not easily flow from the narrow passage 34 between
the transducer blocks. Importantly, the refracting
substance 58 has an optically irregular exterior surface
configuration whereby the light transmitted into the
substance tends to be absorbed and lost without reflec-
tion back into the fiber cladding 54.

Alternatively, if desired, the mode stripper
can be provided in the form of an optically black surface
coating formed directly on the fiber 16 at the microbend
and in the Qicinity of the transducer blocks 30 and 32.
With this arrangement, the optically black coating
surface absorbs the light immediately from the fiber
cladding 54 to prevent retransmission of light from the
cladding back into the fiber core 52. Reflection of any
portion of the light from the cladding back into the core
is thus prevented.

The system 10 thus provides apparatus and
method for simultaneous monitoring from a single monitor-
ing station of a large number of microbend transducers
installed at remote positions on a pipeline or other
structure along the 1length of a single optical fiber.
The particular length of the pipeline which can be
monitored is related to the intensity of the light source
46 and the transmission characteristics of the fiber 16.
The monitored length is additionally related to the
number of microbend transducers 14 installed along the
fibers, since each transducer in series is capable of
partially attenuating the light.signal.

In a typical operating environment, the system
is adaptable for use in measuring stress acting upon an
0il or gas pipeline wherein the stress causes the pipe-
line to move slichtly from a linear geometry to a
nonlinear geometry having a curvature on the order of
about two hundred microradians per foot. Each microbend
transducer 14 can be sized to have a total lengtn on the
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order of about one foot whereby a pipeline curvature of
about two hundred microradians per foot or more will
result in relative movement of the two transducer blocks
toward each other by about 5-10 micrometers. While this
movement is not visibly discernable, it results in a
detectable microbend of the fiber wherein the amplitude
of this detectable microbend will be directly proportion-
al to the magnitude of stress acting on the pipeline.

In some applications of the system of this
invention, it is desirable to monitor a length of a
pipeline 12 or the like in excess of the length which can
be monitored by use of a single optical fiber 16. To
this end, alternative system arrangements are illustrated
graphically in FIGS. 8 and 9 wherein plural optical
fibers each associated with a plurality of microbend
transducers are combined into an integrated system
capable of monitoring by use of a single optical time
domain reflectometer.

The system arrangement of FIG. 8 depicts the
combination of four optical fibers 1-4 for installation
along the length of a pipeline wherein distahces along
the pipeline are designated by the letters "A" through
"p", Each one of the fibers 1-4 is associated in series
with a plurality of microbend transducers 14° which can
be mounted on the pipeline for response to pipeline
strain in the same manner as described above with respect
to FIGS. 1-7. The particular number of microbend trans-
ducers 1l4° associated with each fiber 1-4 corresponds
with the maximum number of transducers which can be
monitored along that fiber. .

The four fibers 1-4 are collectively associated
with a single optical time domain reflectometer 18°
(OTDR) which includes a light source (not shown) for
generating a pulsed light signal and a photodetector
(also not shown) for detecting as a time function the
reflected backscattered light intensity. However, in the
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system arrangement shown, the reflectometer 18" is
coupled in sequence by a switching device 60 to the four
fibers such that the reflectometer monitors the fibers
one at a ‘time in relatively rapid succession. " Alterna-
tively,.if desired, the light signal can be launched
simultaneously into each of the four fibers. Since the
normal light signal attenuation along the length of each
fiber is relatively low, except for attenuation introduc-
ed by the microbend transducers when sensing stress, some
of the fibers 1-4 can travel a substantial distance
along the pipeline prior to association with the respec-
tive transducers. Thus, as illustrated, the fiber 1 can
be associated with a set of transducers near the reflect-
ometer whereas the fibers 2-4 can be associated with sets
of transducers positioned progressively further from the
reflectometer, resulting in a substantial increase
in the length of pipeline which can be monitored from the
single monitoring station. Of course, the depiction of
four fibers in FIG. 8 is illustrative only; any number of
fibers can be provided as needed.

The alternative system arrangement of FIG. 9
also illustrates use of a plurality of fibers 1-4 for
installation along the length of a pipeline or the like
wherein distances from the optical time domain reflecto-
meter 18° (OTDR) at a monitoring station are again
designated by the letters "A" through "D". The fibers
1-4 are each associated with a plurality of the microbend
transducers 147, and the reflectometer 183° monitors the
active or inactive states of these transducers simultane-
ously, or in sequence, by sequential coupling to the
fibers with the switching device 60. However, in this
system arrangement, the microbend transducers 14° along
the various fibers are longitudinally staggered, or
interleaved, whereby the overall length of each fiber 1-4
is roughly the same. Alternatively, the transducers 14~
of the plurality of fibers can be installed at different
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circumferential positions about the pipeline for monitor-
ing the presence of forces acting in different direc-
tions. In either event, the photodetector of the reflec-
tometer 18° can be calibrated generally at the same gain

level for monitoring all of the fibers, whereas in the

embodiment of FIG. 8 an adjustment in gain level may be
required as the reflectometer is switched from one fiber
to another.

According to further embodiments of the system,
an alternative design for a microbend transducer is
illustrated in FIGS. 10-12, wherein a modified microbend
transducer 114 includes means for preventing excessive
bending of an optical fiber 116 in response to high
levels of stress or the like acting upon a pipeline 112.
In this manner, excessive stresses on the fiber are
prevented to correspondingly prevent breakage of the
fiber which would render the monitoring system inopera-
tive.

‘ As viewed in FIGS. 10-12, the modified micro-
bend transducer 114 comprises an elongated flexible beam
120 secured along its length to the pipeline 112 and
including at its opposite ends a pair of supports 112
which receive fastening screws 128 for mounting of a
rigid beam 124. The two beams 120 and 124 support a pair
of transducer blocks 130 and 132 in closely spaced
relation wherein the blocks include transversely extend-
ing pins 140 and 142 for movement into engagement with
the optical fiber 116. To this extent, the construction
and operation of the transducer 114 is the same as the
transducer 14 described hereinabove. Accordingly, when
stress acts upon the pipeline 112 in the lbcalized region
of the transducer 114, the flexible beam 120 moves from
the linear configuration, as viewed in FIG. 10, to a
curved configuration, as viewed in FIG. 12, resulting in
engagement of the fiber 116 by the . transducer pins 140
and 142 to induce microbending of the fiber.
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The amplitude of fiber microbending is limited
by a plurality of stops which maintain the flexible and
rigid beams 120 and 124 in at least a minimum spacing
from each other. These stops are provided in the form of
pairs of lugs 62 depending downwardly from the rigid beam
124 at the upstream and downstream ends of the transducer
blocks. Conveniently, as viewed in FIG. 11, each pair of
lugs 62 is transversely spaced from each other for
passage therebetween of the fiber 116, whereby the lugs
assist in retaining the fiber within the transverse
1imits of the transducer blocks 130 and 132.

When the transducer 114 is in an inactive
state, the lugs 62 are vertically spaced from the flex-
ible beam 120 to permit at least some relative movement
of the two beams toward each other. However, when the
transducer 114 is in an active state during a.condition
of strain on the pipeline, the lugs 62 engage the flex-
ible beam 120 upon sufficient movement of the beams
toward each other to prevent further increaée in the
amplitude of fiber microbending to prevent risk of fiber
breakage. This maximum permitted bending amplitude can
be calibrated by appropriate adjustment of the initial
spacing between the beams, as described with respect to
FIGS. 2 and 3, whereby further bending of the fiber
is prevented when the stress acting upon the pipeline
reaches a defined threshold requiring remedial action to
relieve the stress.

Another embodiment of a microbend transducer
for use with the system is shown in FIGS. 13 and 14. 1In
this design, a modified transducer 214 comprises an inner
beam or lever 64 having one end secured to a pipeline 212
or the like as by welding. From the mounting point, the
jever 64 extends longitudinally along the pipeline in
spaced relation therewith and terminates at a free end
having an upwardly presented corrugated profile defining

a lower transducer block 230.
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The lower transducer block 230 is spaced
siightly from an upper or outer transducer block 232
supported by one or more uprights 68 which is in turn
joined to a lower plate 70 fastened to the pipeline 212 .
as by welding. This latter transducer block 232 has a
downwardly presented corrugated profile cooperating with .
the transducer block 230 to define a relatively narrow
passage 234 for reception of an optical fiber 216. As
illustrated, the lower transducer block 230 carries a
pair of transversely extending pins 240 positioned in a
longitudinally staggered relation with similar pins 242
carried by the upper transducer block 232, whereby the
pins 240 .and 242 define teeth for microbending the fiber
216 when the transducer blocks are moved toward each
other. .

In a normal or inactive position when the
pipeline 212 is not subject to stress, the transducer
blocks 230 and 232 are sufficiently spaced from each
other to avoid microbending of the fiber. However, when
the pipeline experiences stress, the pipeline moves to a
gradually curved geometry as illustrated in FIG. 14
whereby relative displacement occurs between the fixed
end of the lever 64 and the upper transducer block 232
for movement of the two transducer blocks 230 and 232
toward each other. This relative movement results in
microbending of the fiber which can be located and
quantified as described hereinabove. Mode stripper 258,
shown illustrated in the form of liguid glycerin,
is advantageously provided between the transducer blocks
to prevent any portion of the light leaving the core of
the fiber from being retransmitted back into the core.

Still another alternative embodiment for a
microbend transducer is illustrated in FIG. 15 for use
in the system of this invention. In this embodiment, the
system utlilizes an optical fiber cable 71 including a
fiber 316 encased within a2 sheathing 72 for protection of




-

WO 83/00744 - PCT/US82/01162

-25-

the fiber from a hostile environment. The illustrated
microbend transducer 314 is incorporated in part into the

sheathing for microbending of the fiber in response to

"gtress activity along the pipeline.

More specifically, the modified transducer 314
comprises a generally U~-shaped bridge 74 oriented in a
generally inverted position with its opposite legs 76
secured to the pipeline 312 or the like as by welding.
The legs 76 each include holes 78 for passage there-
through of the fiber cable 71. A pair of transducer
blocks 80 and 82 are encased within the sheathing 72
generally on opposite sides of the fiber 316 at a longi-
tudinal position generally coinciding with a midpo{nt of
the bridge 74. These transducer blbcks 80 and 82
include complementary facing surfaces 81 and 83 having a
relatively gentle sinusoidal or corrugated shaped curva-
ture for engaging the opposite sides of the fiber.
These surfaces 81 and 63 can be formed in any suitable
manner, such as by machining, etching, or the like.

A bearing block 84 depends generally from the
midpoint of the transducer bridge 74 to retain against
the pipeline 312 the portion of the cable 71 containing
the transducer blocks 80 and. 82. With this arrangement,
when the pipeline 312 is subjected to a stress condition,
the pipeline assumes a gradual radius of curvature to
move slightly toward the bearing block 84 of the bridge
74. This movement compresses the transducer blocks 80
and 82 against the fiber 316 to induce microbending of
the fiber according to the configuration of the curved
block surfaces 81 and 83. This microbending of the fiber
is monitored as described above to provide an indication
of the location and magnitude of stress.

An additional alternative embodiment for a
microbend transducer 414 is depicted in FIG. 16. As
illustrated, an optical fiber 416 is once again contained

within a protective sheathing 472 to form a fiber optic
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cable 471, but in this embodiment a relatively rigid wire
90 or the like is spirally wound about the fiber 416
between the sheathing 472 and the fiber. The longitudi-
nal spacing of each wrap of the wire is chosen to be on
the order of a few millimeters such that transverse
compression of the cable 471 induces microbending of the
fiber 416.

The fiber cable 471 extends longitudinally
through a generally U-shaped bridge 474 which is secured
to a pipeline 412 or the like in an inverted position as
by welding of its opposite legs 476 to the pipeline,
generally in the same manner as described with respect to
the bridge 74 in FIG. 15. This bridge 474 further
includes a downwardly depending bearing block 484 which
retains the cable 471 in bearing engagement with the
exterior of the pipeline. Accordingly, when the pipeline
moves to a curved configuration during a condition of
strain, the cable is compressed between the block 484 and
the pipeline to induce microbending of the fiber 416.

An additional system arrangement of the inven-
tion is illustrated in FIG. 17 wherein microbend trans-
ducers adapted for response to forces acting in different
directions along a structure are positioned in a closely
spaced cascade relation. More specifically as illustrat-
ed, a microbend transducer 214 identical to that shown
and described hereinabove in FIGS. 13 and 14 is installed
along the length of a pipeline 212 or the like for
inducing microbending of an optical fiber 216 in re-
sponse to upward movememnt or strain of the pipeline.
However in some environments, the pipeline may also
experience downward movement as a result of forces acting
thereupon, whereby a modified microbend transducer 214°
is provided on top of the pipeline for response to such
downward movement.

The modified transducer 214° includes a first
transducer block 232° secured to the pipeline 212 in
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facing relation with a second transducer block 230°
carried at the free end of a cantilevered beam 64°
secured to the pipeline. These transducer blocks 232°
and 230° are generally identical with the transducer
blocks 230 and 232 of the transducer 214, except that
they are reversed in the radial direction for movement
away from each other in response to upward movement of
the pipeline. Accordingly, the transducer blocks 232°
and 230° are moved toward each other in response to
downward movement of the pipeline. The two transducers
214 and 214° thus permit simultaneous monitoring of
localized forces acting in more than one direction upon
the structure. Of course, if desired, additional modi-
fied transducers can be provided for response to forces
acting in the horizontal direction.

A further modified system arrangement is
illustrated in FIGS. 18 and 19 to include position
indicators which permit precise identification of the
microbend transducer inducing microbending of the fiber.
As illustrated, a plurality of microbend transducers 14,
such as, for example, the type shown and described in
FIG. 2, are installed on a structure such as a pipeline
12. These transducers 14 can be mounted at longitudi-
nally spaced positions, or they can be provided in sets
as shown wherein each set includes a plurality of trans-
ducers mounted circumferentially about the pipeline for
detecting the presence of forces acting in different
directions. The optical fiber is thus threaded through
each transducer of each set such that the system is
capable of monitoring forces acting in several directions
at a plurality of locations along the length of the
pipeline.

In this arrangement, the position indicators
comprise optical elements interposed between the trans-
ducers 14 of each set to provide a unique variation in
the intensity of backscattered light reflected to ‘the
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photodetector. In this manner, the individual monitoring
the photodetector output can determine easily which
transducer in the set is responding to a force on the
pipeline and thereby identify the location, magnitude,
and direction of the force.

In a preferred form, each position indicator
comprises a coupler 15 interposed between a pair of the
transducers. This coupler 15 is relativeliz conventional
in form and is provided for rejoining the fiber 16
subsequent to a cut by means of an epoxy, fusion splic-
ing, or the like. Importantly, a substantial portion of
the light passing through the splice within the coupler
15 is reflected back to the point of origin whereby the
photodetector output as viewed in FIG. 19 includes a
plurality of reflection spikes 17 corresponding to
the locations of the coupler 15 of each set of trans-
ducers. An attenuation in backscattered light intensity,
as illustrated at "C" in FIG. 19, indicates detection of
force by a particular one of the transducers 14 to
indicate the direction of the force according to a
knowledge of the order in which the fiber is threaded
through the set of transducers.

The couplers 15 are further useful in periodic
calibration of the system to permit accurate monitoring
of force magnitude over relatively long periods of time.
That is, transmissivity of the fiber may deteriorate
slowly over time, whereby the detected attenuation for a
given microbend amplitude may decrease slightly over
time. However, by noting the magnitude of reflection
from one of the couplers 15 when the system is initially i
installed, such as by forming the coupler to have a
predetermined reflecting capability, a constant is .
introduced into the photodetector output for comparison
with attenuations induced by the microbend transducers.

The optical fiber microbending system of this
invention thus provides a practical and effective optical

’i:,":. oA U
G Bl
/4» WIrQ Y
ZERNATIONS




WO 83/00744 PCT/US82/01162

-29-

arrangement for remote detection of structural forces
such as strain in an elongated structure such as an oil
or gas pipeline. The forces occurring at a plurality of
points along the stfucture are simultaneously monitored
both positionally and quantitatively by use of a single
monitoring device located at a convenient monitoring
station. The various microbend transducers disclosed
comprise simple, inexpensive devices ideally suited for
use in remote, hostile environments. All of these
transducers can be combined with the disclosed mode
stripper either in the form of a substance having the
desired index of refraction or an absorptive black
surface for enhancing system sensitivity and accuracy.

Various modifications and improvements to the
invention described herein are believed to be apparent to
one skilled in the art. For example, the bending teeth
of the various microbend transducers shown and described
can be formed by any convenient method or process.
Moreover, if desired, the disclosed transducers can be
encased within protective housings for further protection
from adverse environmental conditions. Accordingly, no

limitation upon the invention is intended, except as set

forth in the appended claims.
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CLAIMS

1. A system for monitoring forces acting upon a structure,
comprising at least one optical fiber for extending along the structure and at
least one transducer operatively associated with the fiber and adapted to be
mounted on the structure for movement in response to a foree acting on the
structure to locally mierobend the fiber, whereby light passing through the
fiber is abruptly attenuated at each microbend therein; and said system being
characterized by means for launching a pulsed optical signal thru the fiber,
whereby said signal is abruptly attenuated at each microbend, and means for
utilizing the attenuated signal to deteet the amplitude and longitudinal
position of each microbend in the fiber. '

2. The system of claim 1 further characterized in that said means
for launching said pulsed optical signal comprises a laser light source.

3. The system of claim 1 further characterized in that a portion of
said signal is reflected back through the fiber as backscattered light, and
wherein said signal utilizing means comprises a photodetector for detecting
the intensity of said backseattered light as a funetion of time of reflection
whereby each microbend along the fiber is indicated by an abrupt attenuation
in said detected intensity and the time of deteection is indicative of the
location of the microbend along the fiber.

4. The system of eclaim 1 further characterized in that the system
comprises a plurality of transducers to be located at selected positions on the
strueture.

5. The system of claim 1 further characterized in that the system
comprises a plurality of transducers to be mounted on the structure for
response to forces acting in different directions relative to the structure.

6. The system of claim 3 further characterized in that said signal
launching means and said attenuated signal utilizing means are located at a
common monitoring station.
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7. The system of claim 1 further characterized in that each
transducer comprises means for microbending said fiber with an amplitude
proportional to the magnitude of the force acting upon the structure.

8. The system of claim 1 further characterized in that said structure
is a pipeline and said system comprises a plurality of transducers to be
mounted at selected positions spaced along the length of the pipeline.

9. The system of claim 1 further characterized in that said structure
is a pipeline and said system comprises a plurality of transducers to be
mounted on the pipeline for response to stresses acting in different directions

relative to the pipeline.

10. The system of eclaim 1, further characterized in that said
structure is a pipeline and said system comprises a plurality of transducers to

be cireumferentially spaced about the pipeline.

11. The system of claim 1 further characterized in that the system

comprises a plurality of optical fibers.

12. The system of elaim 1 or 11 further characterized in that each
fiber has a plurality of transducers relatively uniformly spaced along the full
length of the fiber. '

13. The system of claim 1 or 11 further characterized in that each
fiber has a group of transducers spaced along a portion only of the fiber
length,

14. The system of claim 11 further characterized in that each fiber
has a plurality of transducers, and the transducers of the several fibers are

staggered lengthwise of the fibers.

15, The system of elaim 11 further characterized in that said optical
signal launching means include means for launching said pulsed light signal into
said plurality of fibers in sequence.




WO 83/00744 , PCT/US82/01162

-32-

16. The system of claim 11 or 15 further characterized in that said
attenuated signal utilizing means includes means for coupling said utilizing

means to said plurality of fibers in sequence.

17. The system of claim 11 further characterized in that said
launching means comprises a light source, said attenuated signal utilizing
means comprises signal detecting means, and said system comprise means for
coupling said light source and said detecting means to said plurality of fibers

in sequence.

18. The system of claim 11 further characterized in that said signal
launching means includes means for launching said pulsed signal into said
plurality of fibers simultaneously.

19. The system of claim 11 or 18 further characterized by in that said
attenuated signal utilizing means includes means for coupling said utilizing

means to said fibers simultaneously.

20. The system of claim 1 or 11 further characterized by mode
stripping means for preventing reflection back into each fiber of any
substantial portion of the light transmitted from a microbend in the fiber.

21. The system of claim 20 further characterized in that said mode
stripping means eomprises a substance substantially surrounding the fiber and
having a generally irregular exterior shape and an index of refraction generally
equal to or greater than the index of refraction of the exterior of the fiber.

22. The system of claim 20 further characterized in that said mode
stripping means comprises an optically black surface on the fiber.
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23. The system of claim 20 further characterized in that each fiber
has an inner core through which light is transmitted through the fiber and an
exterior cladding about the core having an index of refraction less than the
refractive index of said core, and said mode stripping means comprises a
substance substantially surrounding the microbend in said fiber having a
generally irregular exterior shape and an index of refraction generally equal to
or greater than the index of refraction of said cladding.

24. The system of ;:laim 1 or 11 further characterized in that each
transducer comprises a relatively flexible beam to be mounted on the
structure for movement therewith in response to a foree acting upon the
strueture, a relatively rigid beam to be mounted in spaced, generally parallel
relation with said flexible beam, transducer block members carried by said
flexible and rigid beams respectively, in straddling relation to the respective
fiber and having irregularly shaped surfaces engageable with the fiber upon
movement of said flexible beam toward said rigid beam to microbend the

fiber.
25. The system of claim 24 further characterized in that each

transducer also comprises a pair of supports connected between said flexible
and rigid beams generally at the opposite ends of said beams for supporting
said rigid beam in closely spaced, generally parallel relation with said flexible
beam, and means for selectively adjusting the spacing between said beams.

26. The system of claim 25 further characterized in that said supports
are secured to opposite ends of one beam and project in a common direction
generally at a right angle to said one beam, said adjusting means comprising a
pair of longitudinally elongated slots formed in said supports and fastening
means receivable through said slots and securable to the other beam.

27. The system of claim 24 further characterized in that the
structure comprises a pipeline, and said flexible beam is adapted to be
mounted on said pipeline for movement therewith in response to stress acting

on the pipeline.
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28. The system of claim 1 or 11 further characterized in that each
transducer comprises a first transducer member to be secured at a first
position along the structure for movement therewith in response to a force
acting upon the structure, a second transducer member to be secured at a
second position along the structure for movement therewith in response to the
forece acting upon the structure, said transducer members straddling the
respective fiber and having irregular shaped surfaces engageable with the fiber

in response to the foree acting on the struecture.

29. The system of claim 1 or 11 further characterized in that each
transducer includes means for limiting microbending of the respective fiber.

30. The system of claim 1 or 11 further characterized by position
indieator means for modifying said optical signal to provide in said attenuated
signal at least one reference signal portion representing a fixed reference
position along a fiber for aiding exact location of a microbend along the fiber.

31. The system of claim 30 further characterized in that a portion of
said optical signal is reflected back through each fiber as backseattered light
whose intensity is modified by each microbend and position indicator means in
the fiber, and said detecting means comprises means for detecting the
intensity of said backscattered light as a function of time of reflection
whereby each microbend and position indicator means along said fiber is
indicated by an abrupt change in said detected intensity and the time of
detection is indicative of the location of the microbend or indicator means
along said fiber.

32. The system of claim 31 further characterized in that said position
indicator means comprises means for reflecting back. through the fiber a

»y

predetermined portion of the optical signal.

33. The system of claim 32 further charaecterized in that said position
indicating means comprises optical coupling means.

34. The system of claim 30 further characterized in that the system
comprises a plurality of transducers and said position indicating means are
interposed between the transducers.
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35. A method for monitoring forees acting upon & structure by locally
microbending at least one optical fiber extending along the structure in
response to a force acting on the adjacent portion of the structure, whereby
light passing through the fiber is abruptly attenuated at each microbend
therein; and said method being characterized by launching a pulsed optical
signal through the fiber, whereby said signal is abruptly attenuated at each
mierobend, and utilizing the attenuated signal to determine the amplitude and

longitudinal position of each mierobend along the fiber.

36. The method of claim 35 further characterized in that said pulsed
optical signal comprises pulsed laser light.

37. The method of claim 35 further characterized in that a portion of
said signal including said attenuated signal from each microbend is reflected
back through the fiber as backseattered light, and wherein said attenuated
signal is utilized by detecting the intensity of said backscattered light as a
function of time of reflection whereby each microbend along the fiber is
indicated by an abrupt attenuation in said detected intensity and the time of
detection is indicative of the location of the microbend along the fiber.

38. The method of claim 35 further characterized in that forces are

monitored at a number of selected positions on the structure.

39. The method of claim 35 further characterized in that the
monitored forces act in different directions relative to the structure.

40, The method of eclaim 35 further characterized in that signal
launching and attenuated signal utilization oceur at a common monitoring

station.

41. The method of claim 35 further characterized in that each
mierobend in the fiber has an amplitude proportional to the magnitude of the

forece acting upon the adjacent portion of the structure.

42. The method of claim 35 further characterized in that said
structure is a pipeline and forces are monitored at several positions spaced

along the pipeline.
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43. The method of claim 35 further characterized in that the method
employs a plurality of optical fibers.

44, The method of claim 43 further characterized by launching said

optical signal into the fibers in sequence.

45. The method of claim 43 or 44 further characterized by utilizing
the attenuated signals from said fibers in sequence to monitor the microbends
in the fibers in sequence. >

46. The method of claim 43 further characterized by launching said
optieal signal into the fibers simultaneously.

47. The method of claim 43 or 46 further characterized by utilizing
the attenuated signals from the fibers simultaneously to monitor the
microbends in the fibers simultaneously.

48. The method of claim 35 or 43 further characterized in that the
method is utilized to monitor forces at several positions of the structure
spaced longitudinally along the length of each fiber.

49, The method of claim 48 further characterized in that said
positions are spaced along substantially the entire length of the fiber.

50. The method of claim 48 further characterized in that said
positions are grouped along a portion only of the length of the fiber.

51. The method of claim 35 or 43 further characterized by stripping
substantially all the light emerging from the fiber immediately adjacent each
mierobend therein.

52. The method of eclaim 51 further characterized in that said
emerging light is stripped by a substance substantially surrounding each
microbend and having a generally irregular exterior shape and an index of
refraction generally equal to or greater than the index of refraction of the
exterior of said fiber.

-
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53. The method of claim 51 further characterized in that said
emerging light is stripped by an optieally black surfee on the fiber in the

vicinity of each microbend.

54. The method of claim 35 or 43 further characterized by limiting
the amplitude of each mierobend in the fiber.

55. The method of claim 35 or 43 further characterized by modifying
said optical signal at least one fixed reference position along each fiber to
provide in said attenuated signal at least one reference representing said fixed
reference position for aiding exact location of & microbend along the fiber.

56. The methodrof claim 55 further characterized in that a portion of
said signal including said attenuated signal from each microbend is refleeted
back through the respective fiber as backscattered light, said attenuated
signal is utilized by deteeting the intensity of said backscattered light as a
function of time of reflection whereby each microbend along the fiber is
indicated by an abrupt attenuation in said detected intensity and the time of
detection is indicative of the location of the microbend along the fiber, and
said optical signal is modified to provide said reference by reflecting a portion
of the signal back through the fiber at said fixed fiber position.

57. A forece transducer ecomprising an optiéal fiber and forece
responsive means for microbending said fiber in response to a force to cause
attenuation of light propagated through said fiber by transmission of a portion
of the light from the fiber at the microbend; and said transducer being
characterized by mode stripping means for preventing reflection back into said
fiber of any substantial portion of the light transmitted from said fiber.

58. The transducer of claim 57 further characterized in that said
mode stripping means comprises a substance substantially surrounding the
fiber and having a generally irregular exterior shape and an index of refraction
generally equal to or greater than the index of refraction of the exterior of

said fiber.
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59. The transducer of claim 57 further characterized in that said
mode stripping means comprises an optically black surface on said fiber.
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