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TECHNOLOGICAL INTERVENTION TO ELIMINATE DEATHS DURING
PI1PE-INSTALLATION

By BinLi and L E Bernold

ABSTRACT

Even though diverse support systems such as shoring, shielding, and doping are to be applied to
protect workers from cave-ins in trench excavating and pipe laying operations, accidents ill
happen. Tele-operation, which enables the control of a mechanicad device from a safe distance
provides a technicd dternative making OSHA regulations nongpplicable. This paper will
present two remotely controlled manipulators able to ingdl large and smdl pipes. Because of the
need to be competitive on every project-bid, contractors have to be assured that new technologies
not only work in the rugged environment of a condruction Ste but that they aso reduce cost.
Not having to observe OSHA regulation results in many cogt savings such as a reduction in
excaveion volume, less materia to be backfilled and compacted, and a reduction in man-hours.
The paper will discuss not only the technologies that were integrated into the system but aso
show the use of the system in the congtruction environment.
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INTRODUCTION AND BACKGROUND

The traditiona ways to prevent trench cave-insare: 1) providing physical supports for each sde
of the trench, or 2) doping the Sdesto asafe angle. Even though diverse support systems such
as shoring, shielding, and doping are to be applied during trench excavating and pipe laying
operations, accidents still occur resulting in deaths or serious injuriesto workers. Table 1
compares the trenching cave-in faditiesin different construction indusiry sectors showing that
overal the condruction industry has a staggering number of 54 deeths per year.

Table 1. Excavation and Trenching Fatalities, by Industry — US, 1992-2001 (CDC, 2004)

INDUSTRY No. %

Excavation Work 141 26.0
Water, sewer, pipeline, communication

and power-line construction 131 24.2
Plumbing, heating, and air conditioning 59 10.9
Heavy construction 27 5.0
General contractors, single family homes 19 3.5
Heavy Highway 16 2.9




General Construction — nonresidential,

other than industrial buildings 14 2.6
All other industries 135 24.9
TOTAL 542 100.0

Not accounted for, of course, are the injuries or near-fatalities that account to approximately
1,000 work-related injuries each year and an average of 140 permanent disabilities.

OSHA (Occupational Safety and Hazard Adminigtration) observes regularly that some common
causes of trench accidents include non-compliance with existing regul ations because employers
are ether (1) unaware of the existence of the OSHA standards or (2) misinterpreting the
requirements of the standards as regards exemptions based on characteristics of the soil. The
following three pictures demondirate that the dangers are many and come from many different
“directions’.

a) No Protection Installed b) Slope Collapse After Pipe Bursts ¢) Trenchbox Stays Unused

Figure 1. Omnipresent Dangers Having Deadly Consequences when Overlooked

Figure 1 &) shows that committed laborers are willing to work in Stuations that makes the trained
engineer shudder. Figure 1 b) depicts the moment when the dope above the trenchbox,
previoudy weskened by a pipe burgt, fell into the trench killing one worker who stayed a second
too long. Figure 1 c) represents a case in which a backhoe operator did not use the trenchbox,
dthough it was available, to ingal a short pipe connection. One young worker waskilled by a
cave-in.

It is apparent that as long as humans have to enter the confined space of atrench they will be
exposed to many different hazards. Asthetdly of accidents shows, even the various protective
measures, including training, are able to reduce, but not diminate the number of accidents. One
gpproach, dbeit dragtic, isto find away to eiminate the need for humans to be insde the trench



a any time of the process. The technologica intervention that could accomplish this changeisa
system that is able to ingtdl a pipe e ement according to accepted standards.

Figure 2 displays an approach in which a backhoe excavator not only digs a trench but, without
needing an assstant, aso transports and joints a pipe € ement to the previoudy ingtdled pipe.

The presented scenario would require that the backhoe, one of the most commonly found pieces
of equipment on a congtruction site, hasto be turned into a device that dlows the operator to
perform the difficult tasks remotely. A technologica concept that encompasses the necessary
toolsis caled tele-roboatics.

a) Trenching b) Remote Pipe-I ngtallation

Figure 2. A Tele-Robotic Approach to Pipe-Installation

Tele-Robotic Manipulation

Tde-robotic systems, an advanced form of tele-operators, are mechanica devices that combine
human and meachine intelligence to perform tasks remotely with the assistance of various sensors,
computers, martmachine interface devices, and eectronic controls. A tele-robotic task may be
passive (e.g., remote controlled by a human) or active (e.g., controlled by its own intelligence).
The applications of tele-robots in industry can be dassified according to environment, size, and
task. Applications of thistechnology can be found: @ doing dangerous jobs (e.g., mine detection
and clearing, handling toxic waste, and surveillance), b) work underwater (e.g., sesfloor
mapping and searching), ¢) airborne flight (e.g., reconnaissance), d) in space (e.g., Space station
or satdlite services). The sze of such devices may vary from amicro scde (eg., for intravenous
operations) to a human scale (eg., for firefighting) or even alarge “structure’ (e.g., mining
draglines).

PROTOTYPING SAFE PIPE-LAYING TECHNOLOGIES



Backhoe excavators use dectro-hydraulic controls to activate hydraulic vaves which in turn
actuate linear cylinders and motors. The operator uses joysticks with small hand motions
resulting in large forces that push the bucket through the soil or lift heavy objects, such as
concrete pipes. Common extensions are quick-couplers to exchange buckets and an extra
hydraulic line leading to the end of the arm that can be used to power an extratool, such asa
hydraulic hammer. The dosed system design makesit difficult to integrate additiona eectronic
systems required to operate tele-robotic devices. Asaresult, it was decided to find an
attachment-based solution.

Tele-Robotic Installation of Large Concrete Pipes

One device that was able to handle large pipes was designed and fabricated in 1994. Figure 3
presents an overview of the mgor advancements of the PipeMan (short for Pipe Manipulator)
that were made after intermittent field tests. Changes included modifications of hardware and
the addition of wireless controls (Bernold and Li, 2004).

a) First Prototype PipeMan b) Second Generation in Fidd Test ¢) Third Generation

Figure 3: Three Generations of PipeMan Prototypes

As indicated in Figure 3 b), an extensve fidd-tex was conducted in 1999 in which fidd
personnel was laying 9 concrete pipes the traditiond way during one day, and 9 concrete pipes
usng the PipeMan on the following day. The quesion “Will it work?" was quickly replaced
with “How wdl does it work?’ Fortunately, the operators, pipe-layers, and helpers accepted the
new technology whole-heartedly even participating in brangorming for subditutions for a
broken winch, and took expert control d the hardware. They fdt that the most important role of
the manipulator was in protecting their lives by diminating their hazardous stay in the trench.

The average cycle time spent for laying one piece of pipe with the PipeMan was 9 minute 6

second (576 seconds), whereas it took only 2.2 minutes with the conventiona method. (Lee et



al., 2003) The use of achain to replace the broken winch added gpproximately 5 minutes of time
that was regarded as wasted time. For the third generation PipeMan, exhibited in Figure 3 ¢), the
winch and cable approach to fastening the pipe to the carriage was subgtituted with afork and
clamp system. Moving to this mechanism reduced the cycle timeto 3.6 min. Moreover, acrew
of threeis able to perform the indtalation instead of the conventiona five, which dragticaly
increases productivity. The productivity, measured in meters of installed pipe per man-hour,

with atraditiond five member crew is 1.9 m/mant-hr and 4.2 m/man-hr for the Pipeman with
three member crew. It is estimated that the daily production of the Pipeman would be
approximately 70 pieces of 8 ft (2.4 m) pipesif lad consecutively into an open trench.

Tde-Robotic Ingtalation of Small Pipes With O-Ring Sedls

Credting tight joint seelsisapriority for the instalation of sewer pipes made of clay, cast iron, or
PVC. One non-mechanica method of ingdlation uses asingle- or double O-ring type gasket

and is referred to as the pushron-joint type sedl. It has to provide an adequate compressive force
againg the sedling surfaces of the bell and spigot so asto effect a positive sed under al
combinations of the joint tolerances. The gaskets are commonly ingtaled insgde the bell, as

shown in Figure 4 @), into which the spigot end of the connecting pipe has to be pushed. To
reduce the significant friction forces between the gasket and the spigot, both ends are covered
with an appropriate compound just before joining or jointing the two pieces. Also depicted in
Figure 4 a) is one method to produce the necessary normd force, asted lever forced into the
ground at one end and pressed againgt the end of the pipe
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Figure 4: Subdtitution of Human Jointing Operation with aMechanica Approach



Because of the requirement to gpply significant norma forces during jointing, the* push”
gpproach of PipeMan wasimpracticd. Furthermore, the pipes are much smaler and thus lighter
while, a the same time, longer than concrete drainage pipes. For these reasons, a new device
was developed and built, named PipeMan J. From the overview presented in Figure 4 b) one
sees that the device conssts of four main components: 8 Two active clamps holding the pipe
segment to be ingtaled, b) wirdess contral interface, including live video, to operate the
hydraulic vaves, ¢) jointing mechanism with sdlf-lock clamp, and d) strutsthat alow the
operator to adjust the position of the pipe-end in the x and z directions. Aswill be discussed
later the latter capability is critica in digning the pipe to the laser beam used to achieve the
necessary accuracy in line and grade.

Similar to PipeMan S. the tele-robotic system was brought into the field for testing, each time
leading to new modifications. Figure 5 highlights two phases with increasingly more difficult
test environments.
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a) Weakness of the Wireless Video was Detected b) Line & Grade Laser was Poorly Integrated
Figure5: Field Tests of PipeMan Jr. Highlight Weaknesses

While the mechanicd system can be tested in the laboratory, most other components have to face
the red environment before the system can be considered ready for use. For example, Figure 5 @)
confirmed that the wirdless control interface, operated by Dr. Li, worked properly and that the
concept of the removable laser target was sound. As the picture shows, PipeMan Jr., suspended
from spreader bars on the backhoe bucket, was easily guided into place by the operator. Onthe
other hand, the laser beam on the target was impossible to see, the wireless video was extremely
unreliable (e.g., easly disturbed pictures), and the selected black and white monitor provided
hard to recognize pictures (when the camera was working). While these weaknesses were
immediately remedied with a new camera, wirdess interface, flat- screen monitor, and atarget
prism, new problems showed up when the sysemwas tested insde ared trench. Although it
showed enough flexibility to maneuver around exigting pipes, the grave of the bedding and the
inddlation of the laser created sgnificant problems. The following will present how simple

issues solved by hand are able to create “ show-stoppers’ for aremotey controlled system.

SUBSTITUTING HUMAN FACILITIESWITH TECHNOLOGY



A laborer (human) in the trench represents not only an extremdly flexible tool but aso a hands-

on guide and a set of monitoring eyes close to where the “action” is. All these vita capabilities
have to be either subgtituted or its need diminated. Every tee-robotic application is unique and
requires a systematic study of process needs to identify the many issues that have to be
addressed. Two interesting problems will be discussed that had to be overcome in order to make
FipeMan J. ready for its challenging environment.

Keeping It Clean

As mentioned earlier, the sand and gravel materid congtituting the bedding of the pipe created
the risk that some of it would enter the bell end of the pipe. It was important to be able to
remove debris before jointing or to disdlow it from entering the bell end of the pipe. The
solution was found in the use of water soluble plastic wrapped over the bell before being lowered
into the trench. Figure 6 demongirates how the plastic was gpplied and how it behaved after
water was introduced from indgde the pipe.

a) Thin Plastic Held in Place by Rubber Band b) Blue Water Liquefies Plastic Quickly

Figure 6: Plastic Protects and Dissolves in Water

Figure 6 @) and b) are sdf-explanatory in that they illugtrate that, while surdy when dry, water
does not burdt it but turnsit into aliquid aswell. The opening in the middle is necessary to dlow
the laser beam to pass uninhibited during ingtdlation. Only after one section is completed would
water be dlowed to remove the pladtic.

Keeping Line and Grade



A mgjor problem was to replace the laborers capabilitiesto ingal alaser target, monitor the
position of the laser beam on the target, and move the bell of the pipe so that it would be aigned
to the laser beam insde the pipe. Two key questions were: where should the target be located
and how could it be retrieved from the trench? Figure 7 portrays the answers to these questions.

The solution hinged on the decision to attach to each pipe aremovable laser target that isvisible
to the operator during ingtalation as shown in Figure 7. In order to increase the vishbility of the
laser beam when on target, a glass bead was mounted into the center of a see-through plastic held
ingde aframe that atachesto the bell of the pipe (this can be easlly modified to fit other Szes).
A handle on top offers an opportunity to insert ahook at the end of aretrieva rod thus dlowing
one person to remove the target from the surface. The laser itsdf is mounted on a platform that
fitsinto the pipe in such away that itslaser beam is perfectly centered. Following a procedure
dready used by pipe crews, the ingdlation is split into two phases. The first phase includes
trangporting, jointing, and aigning the new pipe segment with FipMan J. Alignment occurs by
operating the two actuated legs, as shown in Figure 7 b), allowing the operator to move the end
of the pipe up, down, and to each sde. The goa of this maneuver isto either center the pipe or
dign the laser target vertically underneeth the target which tells the operator that the end of pipe
isin line but dightly above the desired grade. After the pipeis released and the PipeMan Jr.
parked on the surface, the operator is now free to make the fina smdl adjustment with the
bucket as shown in Figure 7 ¢) amethod commonly used. It is gpparent that this only works
when the grade differences are smal and the bedding alows some compaction since pipes have
to stay in the origind round shape and not suddenly turn in ovas due to the gpplied force.

| Laser Hits
| |Glass Bead

Laser Below
Target

a) Laser and Removable Target b) Pipe In Line with Laser Beam c) Final Adjustment with Bucket

Figure 7: Retrievable Laser Target and Find Alignment with Backhoe Bucket



Keeping Control

As mentioned earlier, the operation had to be done wireless, only requiring hydraulic power
available at the end of the backhoe arm (behind the bucket). To guide the jointing operation, the
operator needs a close-up view of the bell and the spigot as a subdtitute for the eyes and hands
that normaly guide the end of the pipe. On the other hand, the hydraulic cylinders that actuate
the different mechanism needed wirdess control. Furthermore, the new ingtallations needed to
be non-obtrusive. Figure 8 presents the find human-machine interface.

The presented wireless communication system can be used for both pipe-manipulators and is,
because of its modular design, easily expandable. In other words, more video cameras can be
added or more control channds are available to add more motions. As shown, the small flat
screen providing color images is protected by a sun-shade and clamped to the cabin frame. This
ample solution alows easy removad in the evening to avoid theft. The same holds true with the
small wireless camera mounted on the manipulator. The power for the screen comes from the
battery of the excavator which provides 24 Volt which can be easily transformed. Both, the
smdl control box and the camera have their own batteries. Pictures taken during the latest field
test in November 2004, shown in Figure 8, indicate that the backhoe operator, felt immediately
very comfortable with the system even though he had never used it before.

b) Color Screen with Sun Shade c¢) Handy Wireless Control Box

Figure 8: Human-Machine Interface
SUMMARY AND CONCLUSION

Traditiond trenching and pipe laying requires workers to enter the trench, resulting in many
fadities and injuries due to the nature of the changing soil conditions and other work related
circumgances. The tele-robotic concept promises to dragticaly reduce the risk to human life by



keeping workers outsde of the confined space of trenches. This paper presented the mgor
components and functions of two tele-operated pipe manipulators that have been designed,
fabricated, and tested in the fiedd. Both prototype technologies were used to prove technica
feaghility, and in one case, showed their economic viability by laying 8 pieces of concrete pipes
without any workers in the trench. Each sysem went through several phases of tests and
improvements, each time to be re-tested in the field.

Pipe-inddlation is a pefect candidate for a technologicd intervention to improve the safety of
workers. This paper discussed two such technologies ready to be transferred into the industry. It
IS now up to condruction to show its interest and willingness to protect its workers and at the
same time reduce the cost of ingaling pipes.
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