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SECTION 1
INTRODUCTION
1.  BACKGROUND

The U.S. Air Force Engineering and Services Center (AFESC) is cur-
rently performing research and development on methods and procedures for
the rapid repair of bomb-damaged runways. Part of this effort includes
research and development on concrete- cutting technologies in order to
improve upon current methods, which exhibit deficiencies for certain repair
approaches.

The nature and extent of the damage to airfield pavements inflicted by
nonnuclear munitions varies greatly, depending on the munition size, the
type and condition of the pavement, and the existing pavement subbase.
Three basic forms of pavement munitions damage have been defined: scabs,
small craters, and large craters. This categorization is based on the
different repair procedures necessary, recognizing that the demarcation
between small and large craters is somewhat arbitrary. These damage class-
ifications are defined as follows.

Scab damage is the gouging of the pavement surface that does not pene-
trate to the pavement base course. Pavement damage of this category is
limited to an area less than 5 square feet.

Small craters have an apparent diameter of less than 15 feet (Refer-
ence 1), with damage extending through the concrete surface and into the
base course. Pulverized and ejected soil and concrete debris accumulate on
the crater's perimeter. Pavement upheaval around the crater edge is likely
to occur due to the heaving action of the explosive force.

Large craters are similar to the small craters except the apparent
diameter is larger than 15 feet (Reference 1). Again, the crater lip will
consist of soil and broken pavement rising 2 to 3 feet above the original
pavement surface with concrete fracture and upheaval damage extending 10 to
15 feet beyond the perimeter of the crater.

In conducting bomb damage repair (BDR) numerous activities must be
carried out. To expedite the speed of repair, it is desirable to investi-
gate those activities that are slow, presenting a potential bottleneck to
the repair, or permit alternative, more effective repair methodologies.
Initial research and field testing of established repair procedures have
identified deficiencies in current damaged concrete removal capabilities.
These deficiencies are discussed in more detail below, but are primarily
related to the time required for removal and the potential for additional
pavement damage using current techniques.
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Bomb damage repair procedures, whether scab or crater, must meet
requisite surface roughness and strength criteria to preclude aircraft
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damage and provide continuous operational capability. Current and future
{ concepts for airfield repair envision removal of damaged concrete that
A exceeds maximum upheaval criteria and, possibly, pavement dressing to
: accommodate precast slab repair concepts.

The present procedures for both small and large crater repairs require
that the 1lip of the crater be leveled and a certain amount of ejecta
returned into the crater before backfilling with compacted select fill. In
this process, the damaged (fractured and upheaved) pavement surrounding the
crater must be removed to conform with the surface roughness criteria.
Current concrete-handling techniques utilize a dozer blade, a front loader
bucket, or excavator bucket to mechanically break, 1ift, and remove the
damaged concrete from the crater perimeter. Jackhammers are also used in
some instances. Although functional, this current procedure has inherent
- problems.

Equipment must operate from inside the crater to effectively break and
remove upheaved and fractured concrete. The shape of some large craters,
camouflets, and small craters, may preclude entry or limit equipment maneu-
verability for concrete cutting.

In these current methods, pavement breaking is uncontrolled because
the breaking force focuses inadequate energy to fracture the concrete along
predetermined paths. This uncontrolled fracturing propagates unpredict-
ably, damaging otherwise sound pavement beyond the initial bomb damage.
This uncontrolled breakage increases crater repair time and requirements
and creates unmanageable crater shapes and sizes that further complicate
airfield repair activities.

Steel-reinforced concrete cannot be removed with the present tech-
niques. Although recognizing that most USAF airfields do not incorporate
reinforced steel concrete design, they do have steel dowels at joints and
the presence of reinforcing steel in future runways could render the cur-
rent technique ineffective.

5 Current concrete-cutting procedures cannot control the line of frac-
' ture. The capability to make clean, controlled cuts with uniform width and
depth specifications will permit the dressing of craters to predesignated
shape and/or size. For current procedures, this capability would preclude
the problem of runouts, extreme slab sizes, and collateral damage repair
requirements. For the future, prefabricated bridging structures, precast
cap structures, or precast runway sections may become feasible with the
capability to execute clean, well-defined cuts.

The purpose of a concrete-cutting system capable of producing very
accurate cut alignment lies primarily with the requirements of a precast
slab repair method. In the precast slab method an accurate and clean con-
crete-cutting method to dress the crater to specific dimensions and geome-
try is needed to execute a rapid repair. If other repair methods that do
not require the crater to be dressed to a specific geometry are used, such
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as compacted gravel or a polymer concrete, then the use of impact hammers
o to break the upheaved concrete will aid in the more rapid removal of
& undesirable and damaged pavement sections.

Recognizing the shortfalls of the existing procedures for concrete
cutting in bomb damage repair, AFESC has initiated a series of efforts to
enhance these capabilities. The first effort initiated as part of Rapid
Runway Repair Program (Contract No. F08635-80-C-0206) was Subtask 1.06 -
Concrete Cutting. This subtask included a comprehensive technical review
of potential concrete cutting technologies to develop a Recommended
Research, Development, Test, and Evaluation Plan for Improved Concrete Cut-
ting (Reference 1). Several of the recommendations from this plan have
been implemented 1in Subtask 1.07 - Rapid Concrete Cutting and Sub-

_ task 1.08 - Concrete- Cutting Equipment Evaluation. Subtask 1.08 examined
2 the results of a research and development effort on diamond saws which
~ focused on optimization of diamond saw blade design (Reference 2). Sub-
.. task 1.07 examined two high-pressure waterjet-related technologies and is
N the subject of this technical report.

A et

In addition to the investigations described above which have been con-
ducted by BDM for AFESC, AFESC has been conducting research on a multi-
purpose excavator which has a concrete— breaking capability based on a
shovel and impact hammer attachments. This should ameliorate many of the J
shortcomings previously cited but cannot provide an accurate controlled-cut
needed for a precast slab repair technique.

2.  CONCRETE-CUTTING SYSTEM GOALS

In light of the problems associated with existing damaged concrete
removal techniques and the desire to retain the precast slab repair method
as a viable option, the following concrete-cutting goals have been estab-

3 lished (References 1 and 3).
f a. A full-depth cutting speed of 30 linear feet per minute in
-é 12-inch thick, 5000 psi compressive strength, portland cement concrete.

b. A cut alignment accuracy of +1/4 inch in 10 feet.
¢. A capability of cutting steel reinforcement.

At the current time, all concrete-cutting technologies fall short of meet-
ing these goals. Because of this, the capabilities of the concrete-cutting
system should not only be examined with respect to the goals but should
also be compared with the cost, capabilities, and level of development of
other cutting systems. At the present, a diamond saw system is the most
cost effective, and best~developed, as well as being the fastest
and most accurate concrete-cutting method in industry.




0,00, 8
. v

AN

. Yy "-':‘l"'v

IRTRNMCAC R - -
‘l"'l’ll‘l“l

B .
e
R R )

-

AR AR

el
ot et

- 3 QLA
0 5AS \
N > ad ROACACNTAORL
o [ A i M A
PR R

afi el

A
_._t' iy a"x‘ ‘e

-
!

]
.

3. PROGRAM OBJECTIVES

Most present technologies used for rapidly cutting concrete essen-
tially rely on a single mechanism to cut concrete. For example, the dia-
mond and carbide blade saws rely on an abrasive mechanism, while lasers and
burning bars rely solely on thermal energy. These approaches have inherent
limitations because they rely on a single physical mechanism to deliver
energy into a limited volume of concrete. These limitations may result
from limits on material properties, limits on coupling the cutting agent to
the concrete structure, or a variety of pragmatic reasons such as size of
power supplies or system weights.

The speed of concrete cutting can be related to the energy input from
the cutting method. If the cutting technique can be coupled more effec-
tively into the matrix, speed should increase. Subtask 1.07 has investi-
gated two technologies which use high-pressure waterjets to enhance cutting
action. These two technologies are (1) a high-pressure waterjet with
entrained abrasives and, (2) a waterjet-assisted mechanical cutting system.

The objective of this program is to assess the feasibility of these
two technologies to rapidly cut concrete. To conduct this assessment an
understanding of key system design and operating parameters is necessary.
Because the two technologies to be investigated are at different levels of
development, they have different data requirements and, therefore, slightly
different research and development objectives. Investigation of each of
the two technologies was conducted by a separate principal investigator.

a. Abrasive Waterjet
The investigation of the high-pressure waterjet with entrained

abrasive was conducted by the Fluidyne Corporation at Auburn, Washington.
This technology is 1in early stages of development and, thus, requires a
relatively comprehensive study of design and operating parameters to deter-
mine its feasibility for concrete cutting. The objective of this investi-
gation is to develop the necessary data and understanding to establish:

(1) The current concrete-cutting capability,

(2) Key design and operating parameters, and

(3) A scaling estimate of the equipment to meet AF goals.

The scaling estimate includes equipment size, weight, cost, water require-
ments and power requirements.

b. Waterjet-Assisted Mechanical Cutting

This technology utilizes a high-pressure waterjet to augment the
mechanical cutting action of a carbide-cutting pick or plow. Engineering
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{ and Sciences Technology, Inc., at Golden, Colorado was the principal

investigator of this technology. Applications of this technology in mining

have provided a body of literature (References 3 and 4) and data on cutting

rocks and coal. Because of the availability of this information the

- investigation was focused on establishing a comparison of cutting

A performance in concrete with that in rock. The objective of the effort was
to develop the necessary data needed to establish:

(1) A baseline concrete-cutting capability,
(2) Key design and operating parameters, and

i (3) An estimate of the equipment size and requirements to meet AF
- concrete.cutting goals.

4. REPORT ORGANIZATION

X This Technical Report contains three appendices, in addition to the

g main body of the report. The main body of the report will summarize
and discuss the key topics and results of the investigation and present
conclusions and recommendations. Appendix A contains the test plan, which
was prepared in June 1982. Appendices B and C contain the detailed tech-
nical reports of the respective principal investigators of the abrasive
waterjet technology and the waterjet-assisted mechanical cutting tech-
nology.

5.  REPORT AUTHORITY
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This report is published under Air Force Contract Number F08635-80-C-
" 0206, entitled "Task Order Contract for Rapid Runway Repair Program," as
part of Subtask 1.07, entitled "Rapid Concrete Cutting." )
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SECTION II
TECHNICAL REVIEW

1.  INTRODUCTION

This section briefly reviews the two hybrid waterjet technologies.
This review will include: a brief description of the system components, a
discussion of the mechanism of cutting, and identification of key design
operating parameters and their impact on cutting performance. The emphasis
in this section is to present a general picture of the technologies,while
more detailed and quantitative information is contained in subsequent sec-
tions and the appendices. .

2. ABRASIVE WATERJET
a. System Description

An abrasive waterjet system consists of three major subsystems:
(1) a high-pressure water system, (2) an abrasive feed system, and (3) the
nozzle system. The equipment used in the work conducted for this Subtask
by the Fluidyne Corporation is represented schematically in Figure 1.

(1) High-Pressure Water System. This subsystem of the abrasive
waterjet system consists of a pumping system, filters, and high-pressure
tubing from the pump to the nozzle. To produce pressures in excess of
30,000 psi, intensifier pumps are required (Reference 1). The tests con-
ducted at Fluidyne's facilities used a 60-horsepower triplex pump capable
of producing up to 20,000 psi pressure.

(2) Abrasive Feed System. Abrasive feed systems are of two
general types: dry and slurry. The dry abrasive can be fed into the nozzle
either by gravity or vacuum generated by the nozzle. A slurry, where the
abrasive is suspended in a fluid, can also be pumped under pressure into
the nozzle, as well as introduced by gravity or vacuum feed. Most of
Fluidyne's work used a dry abrasive feed system utilizing the vacuum pro-
duced by the nozzle.
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(3) Abrasive Nozzle System. The nozzle is where the abrasive
particles are entrained in the waterjet. In developing a nozzle design the
goal is to provide a means to efficiently entrain the abrasive in the high-
pressure waterjet without adversely affecting the coherence of the jet or
presenting intolerable wear to the nozzle. Several alternative nozzle
design concepts are discussed in Appendix B and References 1 and 5;how-
ever, most of the nozzle configurations currently being investigated have
certain general features in common. These nozzles consist of three sec-
tions as depicted in Figure 2. The upper section contains an orifice (or
orifices) which produces a waterjet. A mixing chamber is the next section.
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;. Figure 2. Schematic of an Abrasive Waterjet Nozzle.
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{ action can result from a fluid mixing or from the aspirator action of the

e waterjet. The final section of the abrasive waterjet nozzle is a second
nozzle used to reshape the waterjet,which now contains the abrasives. The
performance of the abrasive waterjet depends a great deal on the specifics
of the nozzle design such as dimensions, geometry, materials, etc. A more
detailed discussion of nozzle design concepts is contained in Appendix B.

b.  Mechanism of Cutting

The large concentrated forces of a high-pressure waterjet are
sufficient to overcome the structural forces holding together many mate-
rials. Obviously,the ability of a waterjet to cut a material depends on
the structure and properties of the material itself. A waterjet can more
n easily cut a soft material or one composed of loosely bonded granules than
N harder or more tightly bonded materials. This is the reason why pure
waterjets have difficulty cutting concrete at pressures less than
30,000 psi, cannot efficiently cut hard aggregates even at much higher
<, pressures, and cannot cut concrete-reinforcing steel.

The introduction of abrasives into the waterjet changes the
physics of the cutting process. Now superimposed on the cutting action
<. caused by the localized hydraulic pressure of the waterjet is cutting pro-
o duced by the abrasive action of the hard abrasive particles. When
2 entrained in the waterjet the abrasive particles have a high velocity and
the large momentum of the jet associated with them. These particles are
also sufficiently hard and will abrade very hard aggregates and steel rein-
forcing bars. The cutting action of the abrasive waterjet is to some
- degree similar to that of a diamond saw blade, with a major difference
-, being the way energy is transmitted to the abrasive particles. For the
Z diamond saw blade the energy is transmitted through the rotation of the
steel blade core to the diamonds, while the high-pressure waterjet provides
the momentum to entrain abrasives and provide the energy to cut. The
quality of cut is better for a diamond saw, primarily due to the physical
constraints on the trajectory of the diamonds imposed by the blade matrix
and the extreme hardness of the diamonds. Although it is possible to use
diamonds in an abrasive waterjet, the cost is prohibitive. Therefore, less
expensive abrasives such as garnet are used, although they are not as hard.
The quality of cut can be maximized with the abrasive waterjet by maintain-

ing the best jet coherence possible.

The abrasive waterjet can produce a clean cut, several inches in
depth, of a quality approaching that of a diamond saw. It can produce deep
cuts; however, the quality of the cut depends on the hardness of the con-
crete aggregate, the abrasive, and the operating parameters. Under condi-

- tions where the concrete contains aggregate of a hardness close to that of

g the abrasive, the quality of cut will decrease more rapidly as the depth of

- cut increases than if softer aggregate is present. This is because at

- larger standoff distances the jet is less coherent and will begin to cut
around harder aggregate. Figure 3 illustrates this cutting behavior in an
8-inch thick concrete sample containing very hard aggregate.




Figure 3. Cuts Made in a Concrete Sample for Varyiﬁg Mumber of Passes
(8, 6, 4, 3, 3, 2, and 1 Pass From Left to Right).
10




The abrasive waterjet has capabilities which are not possible for
many other concrete—cutting technologies. It is possible to cut curves or
any arbitrary pattern with the abrasive waterjet. This technology is also
capable of cutting steel reinforcement in concrete although it would be at
a slower cutting rate than nonreinforced concrete.

c. Key Operating and Design Parameters

The cutting performance is affected by the energy imparted to
each abrasive particle and the number of abrasive particles entrained in
the jet. The energy of an abrasive particle can be increased by increasing
the velocity of the waterjet which carries it. To increase the velocity of
the jet the pressure must be increased. The other factor having a major
influence on cutting performance is the number of abrasive particles in the
jet. Increasing the number of particles provides more abrasive cutting as
long as the density of abrasives entrained in the jet does not appreciably
affect the jet velocity.

Changing the abrasive flow rate is not as simple as increasing
the water pressure. For a fixed water flow there is a limit to the amount
of abrasive which can be introduced. Beyond this saturation density,
attempting to introduce more abrasive can adversely affect the coherence of
the jet. More abrasive can therefore be introduced into a jet with a
larger volume of water flow before this saturation density is reached. The
abrasive flow rate is controlled by both the nozzle and the abrasive feed
system. The nozzle design can limit the volume of abrasive which can be
introduced into the jet through any of the following: the size of abrasive
intake port, the dimensions of the mixing chamber, and the vacuum produced
by the nozzle to entrain the abrasive. The abrasive feed system also
determines the abrasive feed rate. For the dry feed system used by
Fluidyne, the feed rate couid be controlled through the use of different
size orifices in the abrasive feed line.

As the above discussion indicates and as the early experimental
results support, the most critical impact on cutting performance is made by
the nozzle design. It must efficiently entrain as large a volume of abra-
sive as possible and still retain jet coherence to maximize cutting per-
formance. Modifications in the nozzle design can have substantial effects
on performance.

The effect on cutting performance by the operating parameters
such as pump horsepower, system pressure, water flow rate, and abrasive
flow rate are all interrelated to each other and to the nozzle design, as
discussed above. This made it difficult to rank the relative importance of
these parameters on total cutting performance. However, these operating
parameters have a greater impact on performance than others including:
traverse speed, abrasive size, standoff distance, and angle of impingement.

Fluidyne used a 60-horsepower pump in all of its laboratory tests
and, therefore, information on the effect of pump horsepower on a singie

11
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nozzle is not available. Information available from the literature on work
done by other investigators using different size pumps 1is of
{ little value because of differences in nozzle designs. As an estimate, a
linear scaling is assumed regarding power and cutting performance. This
will be discussed in more detail in subsequent sections.
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The power of an abrasive waterjet is approximately proportional
to the product of the pressure and mass flow rate (Power « Pressure x Mass
Flow Rate). (In cases where the mass flow rate of the abrasive is small
with respect to that of water, then the mass flow rate can be replaced by
water flow rate in this expression.) Laboratory tests were conducted by
Fluidyne on the effects of varying pressure and flow rate for a fixed pump
horsepower and a fixed abrasive feed rate. The results indicated that
cutting performance increased with increased pressure under these con-
I straints.

Tests were also conducted on the effect on performance of
increasing the abrasive flow rate for a fixed pressure and water flow rate.
The cutting rate increases as the abrasive feed increases. The rate of
improvement diminishes as the jet becomes more laden with abrasive.
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- The results of the experimental tests led to an interesting ques-
) tion which should be addressed in system optimization. This is whether a
better cutting rate can be achieved for a fixed horsepower by increasing
the system pressure or increasing the water flow rate which would, in turn,
- allow a higher abrasive feed rate.

L~ The major abrasive waterjet system parameters have been discussed
N qualitatively in this Section. Section III presents a more quantitative
- description of the major test results.

3.  WATERJET-ASSISTED MECHANICAL CUTTING

. The work conducted on the waterjet-assisted mechanical cutting tech-

- nology made use of a laboratory test apparatus to provide data on a single
cutting pick and waterjet making linear cuts in a concrete test slab. A

T detailed description of the test apparatus and instrumentation is contained

- in Appendices A and C. In a cutting system utilizing this technology, it
is envisioned that a cutting wheel will be composed of an array of picks
and waterjets.

a. System Description

A schematic of the laboratory test setup is shown in Figure 4.
The concrete sample was driven under the carbide pick by a hydraulic ram.
As the pick penetrated the concrete the horizontal, vertical, and side
M forces were monitored and recorded. Figure 5 is a photograph of the
2% system. The system components needed in a cutting system are the carbide
pick and the waterjet system.

12
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(1) Carbide Pick. A carbide pick is shown in Figure 6. The ;
pick has a tungsten carbide tip. These picks are mounted in cutting [
systems so that they are free to rotate about their longitudal axis, provid-
ing a self-sharpening action. The price of a carbide pick is approximately
2 dollars. The depth of penetration in the concrete could be varied for i
the laboratory tests at either 0.5 or 0.75 inch.

(2) wWaterjet System. The high-pressure waterjet system used for
these laboratory tests used a small 30-horsepower pump to produce a
10,000 psi jet of approximately 17 horsepower.

b. Mechanism of Cutting ' ]

The waterjet-assisted mechanical cutting system uses a high-pres-
sure waterjet to augment the cutting action of a tungsten carbide pick. As
a cutting pick is driven into the concrete it fractures the concrete, pro-
ducing the cutting action. Cracks propagate ahead of the pick as it trav-
erses through the concrete. When a high-pressure waterjet is directed in
front of the pick it enters these cracks, acting as a hydrofracturing
mechanism to assist the mechanical fragmentation process, thus reducing the
mechanical forces required to cut the concrete. The waterjet itself is not
cutting in the same manner as it would alone, but it assists in exploiting
cracks to fragment the concrete and lubricates the mechanical bit. The
operating pressure of the waterjet can be substantially lower than that 4
needed for cutting with the waterjet alone.

P Y

Because both the waterjet-assisted mechanical cutting system and
carbide saws utilize the same type of cutting pick, a brief discussion of 4
their differences is in order. As described above, the cutting action of ]
the waterjet-assisted mechanical cutting utilizes a controlled localized ]
fracturing of the concrete. For such a system the velocity of the tip of
the pick is approximately 100 to 200 ft/min with each pick taking a “bite"
into the concrete of 0.25 to 1.0 inch. This is in contrast to the cutting
action of the carbide saw which cuts by an abrading action of the carbide
picks against the concrete. For the carbide saw the velocity of the tip of
the picks is as fast as 2,500 ft/min, and each pick just barely scores the
concrete. The difference in the cutting mechanisms can cause appreciably
more wear on the carbide picks in the carbide saw than the waterjet-
assisted mechanical cutting approach. The difference also allows for much
larger cutting rates for the waterjet-assisted cutting system.
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The quality of cut for the waterjet-assisted mechanical cutting
system is not as good as that produced by a carbide saw, abrasive waterjet,
or diamond saw. This is because the cutting mechanism relies on localized
fracturing and will not produce as clean and smooth a cutting face as the
other technologies. Although the cut face may be rough, the waterjet-
assisted mechanical cutting technology should still be capable of an accu-
rate cut alignment.
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Figure 6.

Tungsten Carbide Cutting Pick.
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c. Key Operating and Design Parameters

Because the major emphasis of the test was to establish suffi-
cient data to validate the use of concepts and information already used in
mining applications of the technology, only a few parameters were varied.
A more detailed discussion of how the linear cutting tests relate to a pro-
totype cutting system is given in Section IV and Appendix C.

The major operating parameters are the type of cut, presence and
absence of the waterjet, depth of penetration of the cutting pick, and the
linear traverse rate.

(1) Type of Cut. In Figure 7, different types of cuts are
jllustrated in a cross-sectional schematic of a concrete slab. The forces
on the cutting pick vary substantially from one type of cut to another.
The forces for a zero relief cut are greater than those for a one-side cut
which are in turn greater than a two-side cut. In a concrete-cutting
system, the one-side cut would most closely approximate the forces on a
cutting wheel (Section IV and Appendix C) where the picks are set like
teeth on a saw blade.

(2) Presence of the Waterjet. Linear cutting tests were made
both "dry" and with the presence of the waterjet. The effect of the water-
jet in reducing the forces on the cutting pick also depends on the type of
cut. For the zero relief cut a modest or negligible reduction in forces
was observed. However, for the one-side cut the use of the waterjet pro-
duced an appreciable reduction in forces, as much as 60 percent. The tests
were conducted using a waterjet at approximately 10,000 psi pressure.

(3) Depth of Penetration. The depth of penetration of the pick
affects the cutting forces. The dimensions of the pick 1imit the maximum
depth of penetration. For dry cutting, the forces increase with increased
depth of cut. When the waterjet is used to assist the cutting, it is not
necessarily true that the cutting forces increase with depth of cut. The
reason for this is that at certain penetration depths, the cracks which are
propagated in front of the pick are more readily affected by the high-pres-
sure waterjet. This phenomenon has been observed for sandstone,as well as
concrete.

(4) Linear Traverse Rate. In the experimental tests, the con-
crete slab was driven under the cutting pick by a hydraulic ram. The ram
could produce two different traverse velocities - 100 ft/min and
160 ft/min. For these two velocities there was no consistent trend
indicating higher cutting force required for the one speed than the other.

The discussion of the operating and design parameters in
this section gives a qualitative indication of their effects on the cutting
forces observed in the lab tests and thus the potential effects on cutting
performance. More detailed quantitative discussions are given in the fol-
lowing section and Appendix C.
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SECTION I1I
SUMMARY OF TESTS AND RESULTS

1. INTRODUCTION

This section will provide a summary of the laboratory tests conducted
for this subtask and the major results. Detailed information regarding the
test approach, methods, and results is contained in the appendices. Dif-
ferences in the tests conducted according to the test plan (Appendix A) are
discussed in this section. The test results will be briefly discussed in
regard to other investigators and other concrete—utting technologies.

2. ABRASIVE WATERJET

Because this is an immature technology the test approach was oriented
toward obtaining basic data to assess the potential of the technology. To
this end certain areas were not investigated as originally intended in the
test plan. The tests which were conducted focused on those areas felt to
have the greatest ultimate impact on the cutting performance and to provide
most fundamental understanding of the technology. Results were obtained on
the effect of several parameters on cutting performance.

The following areas were investigated in the tests conducted by
Fluidyne:

a. Assorted nozzle designs,

b. Abrasive feed systems,
(1) Abrasive size and type
(2) Abrasive feed rate

c. Water pressure,

d. Water flow rate,

e. Traverse speed,

f. Angle of impingement

g. Number of passes, and

h. Standoff distance.

Early in the experimental testing it was realized that the most signi-

ficant impact on the cutting performance lies in the nozzle design. A
variety of nozzle designs were therefore tested. A discussion of nozzle

19
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design concepts is contained in Appendix B. In addition to identifying the
nozzle design as the most critical factor influencing cutting performance,
early tests also indicated the advantages of a dry abrasive feed system
over slurry systems. A dry abrasive feed system shows a greater flexi-
bility in handling different sized abrasives. Larger abrasive particle
sizes are more difficult to suspend in a liquid, causing difficulties in
slurry systems. The dry abrasive feed system also appears to more effi-
ciently entrain a larger volume of abrasives in the waterjet; however, this
efficiency is also greatly affected by the nozzle design.

Table 1 summarizes the qualitative results of tests involving the
above parameters. The discussion below will focus on the cutting capabil-
ity which has been established in the tests and the effects of abrasive
feed rate, water pressure, flow rate, and number of passes. The other
parameters are addressed in Appendix B.

a. Established Cutting Performance. A number of corporations have
been involved in abrasive waterjet research,encompassing a variety of dif-
ferent approaches, operating parameters, and applications (References 5 to
9). The cutting performancesreported in the references for Flow Industries
and BHRA,along with test results from Fluidyne's work in this program,are
listed in Table 2. There are several important aspects to these results.
First, all of the cutting rates are within an order of magnitude of each
other, although the operating parameters, nozzle designs, and concretes
differ. This brackets a range on cutting capabilities for the technology
as a whole. The next point is that even the best cutting rate, Fluidyne's
0.25 ft¢/minute, is far short of the Air Force goal of 30 ft2/minute.
Finally, even with limited data, there seems to be 1little correlation
between the operating parameters of these different systems and the cutting
performance, implying that the nozzle design (or less possibly the concrete
type) is a major parameter.

The cutting rate achieved by Fluidyne's abrasive waterjet should
be used as a benchmark for comparisons with other concrete cutting tech-
nologies. The test parameters are well documented in Appendix B and in
addition the tests were conducted in a standard concrete which has also
been used in diamond saw testing and testing of the waterjet-assisted
mechanical cutting technology.

b. Abrasive Feed Rate. This parameter has a major impact on the
cutting rate. Figure 8 shows the effect on depth of cut, which is propor-
tional to the cutting rate for a fixed traverse speed.

c. Water Pressure/Water Flow Rate. For a given pumping power the
waterjet pressure and flow rate are related (Power « Pressure x Mass Flow
Rate), thus if one is increased the other is decreased. If the other oper-
ating parameters are held constant (in particular, the abrasive feed rate)
then the cutting rate will increase with increasing pressure and decreasing
flow rate at constant pump horsepower. This is shown in Figure 9. This
range of pressures (12, 15, and 17 ksi) differs from that which was stated

20
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TEST DATE 9-14-82
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Depth of Cut vs. Abrasive Flow Rate.
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in the test plan (10, 15, 20 ksi). These pressures were determined by both
pump characteristics and the size of orifices in the nozzles.

Originally, the test plan provided for experiments at various 3
pumping power levels. To achieve this with a single pump, part of the 1
high-pressure water from the pump must be bled off; unfortunately, this
process could not be accurately controlled to provide reproducible results.
Because of this problem, the tests were redirected to obtain more informa-
tion on other parameters such as the effect of abrasive type and grain size
(Appendix B) which were not originally included in the test plan.

d. Number of Passes and Exposure Time. Although the data were not
available on the effect of varying power for a single nozzle, data were
developed for cutting performance (depth of cut) for multiple passes of the
abrasive jet. This 1is approximately equivalent to passing a manifold of
multiple nozzles over the concrete with each nozzle requiring 60 horse-
power. This information, along with the diameter of the abrasive waterjet
- and the traverse rate, can be used to plot the depth of cut for a given
= exposure time of the abrasive waterjet (Figure 10). The exposure time is
defined below.

nxd
Vv

Exposure time =

. where n = number of passes

]

- d = diameter of the jet
v = traverse velocity

Figure 10 can be used to estimate the number of passes of the nozzle (or
: nozzles in a multiple-nozzle system) to achieve a particular depth of cut
. and traverse speed. For a multiple-nozzle system an estimate of the pump
horsepower can be obtained by multiplying the number of nozzles by
60 horsepower. This scaling is valid only for cutting concrete of the same
composition (mountain stone granite aggregate) and same nozzle operating -
o parameters, :

3.  WATERJET-ASSISTED MECHANICAL CUTTING

The test equipment, procedures, and results are discussed in detail in
Appendix C. Briefly the test approach was as follows. Waterjet kerfing
tests were conducted on concrete specimens over a range of pressures suit-
able for waterjet-assisted mechanical cutting, to determine the cutting
action that is attributable to the waterjet alone. Cutting tests were con-
ducted using a carbide cutting pick alone and with waterjet assistance.
The forces on the cutting pick were monitored to determine the effect of
the waterjet when making different kinds of cuts. Figure 7 illustrated the
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different kind of linear cuts as viewed through a cross section of a con-
crete slab. The major results of these cutting tests are discussed below.

a. MWaterjet Kerfing. A high-pressure waterjet with varying pres-
sures (5,000, 10,000, and 20,000 psi) and nozzle diameters (0.016 and
0.024 inch) produced a maximum depth of cut of approximately 0.13 inches at
a traverse rate of 75 ft/min. For the operating parameters (10,000 psi and
0.025-inch diameter nozzle) used in conjunction with the carbide cutting
pick, the waterjet alone produced a deepest cut of 0.003 inches at a
75 ft/minute traverse rate, essentially a negligible effect.

b. Mechanical Cutting With and Without the Waterjet. Data were
gathered on the vertical (thrust), horizontal (drag), and side forces
experienced by the cutting pick in a large number of both "dry" and water-
jet-assisted cuts. The data have been categorized and plotted according to
type of cut, penetration depth, traverse rate, and spacing between adjacent
cuts in Appendix C. The results are ambiguous to predict trends in cutting
force as a function of penetration, spacing, or traverse rate. However,
the use of the waterjet generally reduced the cutting forces for the one-
sidcd cuts and had a small or negligible effect on the zero relief cuts.
Figures 11 to 16 show the average forces (vertical, horizontal, and side)
plotted versus penetration depth for "wet" and "dry" cuts (one side and
zero relief cuts). The reduction of forces with the use of the waterjet
for one-side relief cuts 1is approximately 30 to 50 percent for vertical
forces, 20 to 40 percent for horizontal forces, and 60 percent for side
forces.

The data on cutting forces can be used to estimate power require-
ments for a system to achieve the Air Force cutting goals. This will be
addressed later.

c. Cutting Rates. The linear cutting tests indicated that a single
tungsten carbide cutting pick could make a 0.50- to 0.75-inch deep cut at a
rate of 100 to 160 ft/minute. Th1s is equivalent to cutting rates (depth x
traverse rate) of 4.2 to 10.0 ftZ/minute requiring approximately 3.4 horse-
power from the hydraulic ram. Limitations on the experimental apparatus
precluded attempting higher cutting rates. To serve as a reference, the
cutting rates which are currently obtained by state-of-the-art diamond saw
btades are approximately 4.0 ft¢/minute. In comparison the waterjet-
assisted mechanical cutting method 1looks quite good:; however the linear
cutting action of the pick has to be efficiently incorporated into a
cutting system. The next section will address such potential concepts.
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jmprovements in nozzle design and innovative methods of incorporating mul-
tiple nozzles into a concrete-cutting system. For the waterjet-assisted
mechanical cutting technology,enhancements require a design optimization of

;1 a cutting system utilizing cutting picks and waterjets mounted on a cutting
ii wheel. This section briefly discusses some possible enhancements and pro-

SECTION IV ]

i ENHANCEMENT OF CUTTING CAPABILITY AND PROTOTYPE CONCEPTS J
1.  INTRODUCTION

2 During the course of this program, a variety of potential approaches -]

~ to enhance the cutting performance of the two technologies were proposed. i

I In the case of the abrasive waterjet, enhancements in performance center on %

totype concepts and estimates the power requirement for a system to meet
the Air Force cutting goals.

2. ABRASIVE WATERJET
a. Nozzle Design

In the early part of this program,the nozzle design was identi-
fied as a crucial factor in improving the abrasive waterjet's cutting per-
formance. Several variationsof Fluidyre's nozzleswere tested, indicating that
factors such as the number and orientation of the jets in the nozzle and
the size and geometry of the mixing chamber play an important role in cut-
ting performance. Although further design optimization of the nozzle is
attainable it 1is doubtful if a significant (an order of magnitude or
greater) enhancement of cutting rate 1is achievable for a single nozzle.
(Pre11m1nary experiments, using a nozzle with six converging jets at 15,000
psi and an abrasive flow rate of 5 pounds per minute, have produced a
cutting rate of approximately 0.5 ftZ/minute or approx1mate1y twice the
cutting rate of the nozzle used extensively in this program.)

b. Multiple-Nozzle Systems

Even if a new nozzle design enhances the cutting capability of
the technology, it is reasonable to expect that a multiple-nozzle design {
would be required to achieve the Air Force goal for cutting concrete. The )
number of nozzles, of current design, needed in a multiple-nozzle system to
meet this goal can be estimated as discussed in Section III. From
Figure 10,the exposure time required for a 12-inch deep cut is 10. seconds.
Using the expression for exposure time and solving for the number of
nozzles gives

A S (30 ft/min)(10 sec) 3
d (0.25 in.) f

240 nozzles 1
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With 60 pump horsepower required for each nozzle, the total power require-
ment to achieve the Air Force cutting goal is 14,400 horsepower. This is
not an accurate scaling because it implicitly includes a number of ques-
tionable assumptions. However, the point is that a large number of nozzles
would be required and the power requirement is also very large.

The estimate which was made above assumes (1) that the multiple-
nozzle system has all of the nozzles directed perpendicular to the concrete
surface, (2) that there is no interaction between the jets in the cutting
process, and (3) that all of the concrete removed was cut by the abrasive
action, It may therefore be possible to reduce the number of nozzles and
power requirement estimated above, by the following methods. If the multi-
ple-nozzle system acts on the concrete from within the slot with the jets
directed along the traverse direction, this will increase the exposure time
of the concrete to the jet, potentially increasing the cutting rate.
Another approach is to attempt to exploit the softer cement matrix and
a “wash out" small aggregate. These approaches are illustrated in Figures 17
- and 18 and are discussed in Appendix B.

3.  WATERJET-ASSISTED MECHANICAL CUTTING

- The linear cutting tests provided data which can be used in designing
= a cutting system using this technology. In addition, the data and cutting
i mechanisms: for concrete are very similar to those for certain rocks. The
existing data base pertaining to rock—cutting applications of the tech-
nology can now be exploited. For example, data regarding the best orienta-
tion of the waterjet with respect to the cutting pick c. be used to
enhance the cutting rate. Appendix C contains a section which briefly
reviews much of what has been learned in rock—cutting applications.
Although much of these data may be relevant there is a difference in appli-
cation; most of the rock-cutting applications are for mining where bulk
removal of material is desired; while the application for concrete cutting
.. is to make a narrow well-defined slot. Thus the existing data will serve
» primarily as a starting place in a system design optimization.

In Appendix C, three potential prototype concepts are proposed. The
one which appears to be most straightforward in design is a circular cut-
ting wheel with cutting picks and waterjets mounted on the perimeter. A
schematic (Figure 19) of the system shows a side view of the wheel and top
view of the whole system. The power requirement for such a system is
estimated at 250 horsepower, with the production cost being approximately
$90,000. A more detailed discussion of this concept and alternatives is in
the Appendix.
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SECTION V
CONCLUSTONS AND RECOMMENDATIONS

The purpose of this subtask was to assess the feasibility of two
hybrid high-pressure waterjet concrete cutting technologies. This section
uses the test program to draw conclusions about the current and future
feasibility of the technologies for the Air Force concrete-cutting goals
and makes recommendations regarding further research and development
efforts.

1.  ABRASIVE WATERJET

At the current time, the abrasive waterjet technology is not feasible
for meeting the Air Force goal of a 30 linear feet per minute cutting rate
in 12-inch thick nonreinforced concrete (30 ftZ2/minute). The technology is
still very young and during this program,showed steady continuous progress
in performance,which is expected to continue. However, the current cutting
rate is approximately 0.25 ft2/minute at 60 horsepower and it 1s very
doubtful if the needed enhancement in capability to reach 30 ft2/minute
can be achieved in a timeframe of 1 to 2 years without a major techno-
logical breakthrough. Based on the current status and advancement of the
technology, it probably a]so will not be able to match the cutting perform-
ance of diamond saws (4 ft2/minute at 50 horsepower) during this timeframe.

Despite the current limitations of the abrasive waterjet technology,
it does not have certain unique characteristics. It is capable of scroll
cutting which would allow it to cut corners without overcutting. The
abrasive waterjet is also capable of making very deep cuts. This has been
demonstrated in laboratory tests with cuts as deep as 22 inches in concrete
containing granite aggregate. To make such deep cuts with a single large
diamond saw in a single pass would dramatically slow the cutting rate
(Reference 2) of the diamond saw. A final point regarding the abrasive
waterjet 1is that the major current limitation, which makes it infeasible,
is its scaling in cutting rate with respect to power requirements; whereas,
further scaling in cutting rate for the diamond saw is limited primarily in
regard to the material strength of the blade.
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2.  WATERJET-ASSISTED MECHANICAL CUTTING

The results of the linear cutting tests indicate that the waterjet-
assisted mechan1ca1 cutting technology could potentially achieve cutt1ng
rates of 30 ft¢/minute. The 11near cutting tests themselves resulted in
cutting rates between 4 and 10 ft2/minute for a single pick and required
approximately 21 horsepower (4 horsepower for the mechanical cutting and
17 horsepower for the waterjet). A cutting system utilizing carb1de picks
and waterjets on a rotating cutting wheel to achieve a 30 ftZ/minute
cutting has been estimated to require a 250-horsepower engine.
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Although the prospects for a system to achieve high cutting rates look
promising, certain areas of technical risk remain with the cutting system,
First, the data developed from the linear cutting tests are most applicable
to systems removirg bulk quantities of material from a surface rather than
cutting a narrow slot. This shortcoming is also true of information avail-
able on mining eguipment employing this technology. The impact of this
deficiency makes it difficult to estimate the equipment design, power
requirement, and accuracy in cut alignment. A second area of risk is
associated with the quality of cut. Based on examination of the concrete
specimen in the linear cutting tests, the texture of the cut face will be
rough with ridges perhaps of + 1/2 inch (Figure 5). The composition of the
concrete and ,in particular, the type of aggregate will affect the quality of
cut; however, it is not known to what degree. The wear on the carbide
picks presents another area of risk. Mining applications indicate one pick
can remove approximately 4 m3 of rock. This s equivalent to a slot
4 inches wide, 12 inches deep, and 400 feet long. Thus, a cutting wheel
with 12 picks should cut approximately 4,800 linear feet before all the
picks need to be replaced. As noted above, since this estimate is for
mining application of bulk removal, it is not clear that it is accurate for
a long narrow slot.

3.  GENERAL CONCLUSIONS

Some general conclusions about concrete cutting systems can be drawn
from the work of this subtask. The most energy efficient methods of cut-
ting concrete, which can result in high cutting rates, appear to involve
coupling of cutting energy through a mechanical tool. Such systems are
often heavy to reduce recoil and transmit more impact to the concrete.
Others are subjected to limitations by material properties such as diamond
saws and carbide saws. These mechanical cutting systems also are all con-
strained to making straight-line cuts. To avoid these 1limitations, it
appears necessary to sacrifice the energy efficiency of the mechanical
tool. The abrasive waterjet does not have the limitation imposed by the
mechanical cutting systems; however, the cutting rate is very slow compared
to the mechanical systems at a comparable power level. To achieve compar-
able cutting rates for the abrasive waterjet will require an investment in
research.

The research in this program showed that there are potential methods
of augmenting the mechanical action of a cutting tool. Basicaily the aug-
mentation methods exploited the material properties of the concrete. Con-
crete is a relatively brittle material and is much weaker in tension than
in compression. The waterjet-assisted mechanical cutting technoleogy takes
advantage of these properties in a localized area by the combined action of
the pick and waterjet to reduce the cutting forces on the pick.

The results of the program are summarized in Table 3, which shows the

cutting rates and power requirements for the abrasive waterjet, diamond
saw, and waterjet-assisted mechanical cutting tests. A1l of the tests were
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conducted in the same type of concrete. The diamond saw has been included
as a baseline for comparison.

4. RECOMMENDATIONS

The following recommendations are made regarding further research and
development of the two hybrid high-pressure waterjet technologies.

a. Monitor research in abrasive water technologies, particularly in
areas which could result 1in dramatic increases in cutting rates. This
would include:

(1) Nozzle design, particularly for applications at higher power
levels (greater than 60 horsepower).

(2) Research indicating a scaling in cutting rate with increased
horsepower of better performance than that estimated in this report.

(3) Research in innovative system designs which result in syner-
gistic effects.

b. Conduct testing of a model waterjet-assisted mechanical cutting
wheel to provide a proof of principle and detailed design information.
This approach can address the differences in the mechanics of cutting a
slot versus bulk removal of material, as in mining applications. The model
system should be capable of cutting rates approximately half those of a
full-size prototype system. After verification of such cutting rates, a
full-scale prototype system to achieve a cutting rate of 30 ft2/minute
should be designed, fabricated, and tested.

42

e B A A s A mam




B e

v . v § ¥ ESw
IR A
M DEERE RN P

e

. Eaf i oML AN AnaL e g M Al Bl LT TR Tgegw et wow e,
PR -t . PR . .

REFERENCES

Kubo, A. S., Backofen, J. E., Ebersole, H. N., Labus, T. J., Moats,
R. K., Reilly, M. R., Wingfield, A. D., Recommended Research Develop-
ment Test and Evaluation Plan for Improved Concrete Cutting, BDM/W-81-
782-TR, The BDM Corporation, McLean, Virginia, November 26, 1981.

Moats, R. K., Duchatellier, R., and Thakur, B. N., Rapid Runway Repair
Program, Subtask 1.08 - Concrete Equipment Evaluation, ESL-TR-82-40,
Engineering and Services Laboratory, Air Force Engineering and Serv-
ices Center, Tyndall AFB Florida, September 30, 1982.

Wang, F. D. and Wolgamott, J. "Application of Water Jet Assisted Pick
Cutter for Rock Fragmentation," Fourth International Symposium on Jet
Cutting Technology, Canterbury, England, April 12-14, 1978.

Ropchan D., Wang, F. D., and Wolgamott, J., Application of Water Jet
Assisted Drag Bit and Pick Cutter for the Cutting of Coal Measure
Rocks, DOE/FE/0982-1, Department of Energy, April 1, 1980.

Hashish, M., "Steel Cutting with Abrasive Waterjets," Sixth Interna-
tional Symnposium on Jet Cutting Technologv (6th ISJCT), Surrey, U.K.,
April 6-8, 1982.

Hashish, M., "The Application of Abrasive Jets to Concrete Cutting,”
6th ISJCT, Surrey, U.K., April 6-8, 1982.

Flow Industries, Inc., Abrasive-Jet Cutting Examples and Concepts, RTD
Communication No. 145, Kent, Washington, June 1982.

Barton, R. E. P. and Saunders, D. H., "Water/Abrasive Jet Cutting of
Concrete and Reinforced Concrete," 6th ISJCT, Surrey, U.K., April 6-8,
1982.

Saunders, D. H., "A Safe Method of Cutting Steel and Rock," 6th ISJCT,
Surrey, U. K. April 6-8, 1982,

PREVIOUS PAGE

is
BLank O

43
(The reverse of this page is blank)




SR et S At i b b A s e

.

T X

TEST PLAN
45

<
>
—
o
=z
[V}
[
a
<L

RS Su TRt A An Mhutn Ml At

A Tl A




i;ﬂ APPENDIX A
TEST PLAN

This test plan was submitted separately to the Air Force Engineering
and Services Center on June 14, 1982. 1t has been included in this techni-
cal report for completeness. Discrepancies .between the test plan and the
actual test are discussed in Section I1I and Appendices B and C.

X 1.  INTRODUCTION

This test plan consists of three parts. The first part is an overview
that addresses the objectives and goals of the test program and the general
rationale and concepts of the test approaches to be conducted on two water-
jet technologies. The remaining parts are two annexes. Annex 1 is the
test plan that will be conducted by the Fluidyne Corporation in Auburn,
Washington on the abrasive waterjet technology and Annex 2 is the test plan
for the waterjet-assisted mechanical cutting technology to be conducted by
Engineering and Science Technology, Inc., at Golden, Colorado. These two
annexes provide specific objectives of the tests. in addition to detailed
discussions of the test procedures and equipment.

«
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2.  BACKGROUND

- In conducting bomb damage repair (BDR) at airfields, numerous activi-
. ties and procedures must be carried out. To expedite the speed of repair,
it is desirable to investigate those activities which are slow and present
a bottleneck to the whole process or permit a new repair methodology.
Field tests indicate that cutting the upheaved concrete around the crater
is such a rate-determining activity. An additional complication which
places further constraints on the cutting is a requirement for precise con-
- trolled cutting of the concrete to dimensions and a geometry compatible
o with precast concrete slabs used in some BDR schemes. These considerations
R have provided an incentive to develop a rapid concrete-cutting system which
will meet precision of cut requirements. The goal of a cutting system
which can cut 30 linear feet per minute in 12-inch thick, 5,000 psi con-
crete with an accuracy of +1/4 inch in 10 feet has been established by the
Air Force.

In Subtask 1.06 ,recommendations were made for a variety of potential
. concrete-cutting technologies. That effort identified two promising water-
@ jet technologies which are the subject of this test plan.

- 3. DESCRIPTION OF THE TECHNOLOGIES

The two technologies to be tested are the abrasive waterjet and water-
jet-assisted mechanical cutting. These two technologies are at different
technical stages of development which is reflected by the somewhat differ-
ent emphasis of the two specific test plans in the annexes. Before dis-
cussing the test program itself, a brief description of the two technolo-
gies is valuable. 46
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a. Abrasive Water jet

The abrasive waterjet is a waterjet which has entrained in it
abrasive particles. A straight waterjet has difficulties in cutting con-
crete primarily because hard aggregate can be present. The waterjet will
not cut this aggregate unless the hydraulic pressure exceeds a threshold
value where the rock begins to fail. This threshold pressure can be quite
high for hard aggregate such as granite. The addition of finely divided
hard abrasive material into the waterjet basically eliminates this problem
and enhances the performance of the waterjet to cut concrete, increases
speed and depth of cut, and also allowslarger standoff distances. One of

= the major technical difficulties associated with this technology has been
&ii the introduction of the abrasive material into the waterjet without eroding
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or damaging the system, in particular, the nozzle, or ruining the coherence
of the jet in the ugrocess of adding the abrasive. A scheme has been devel-
oped by Fluidyne which appears to avoid these pitfalls and is an aspect of
the test program addressed in the appendix. In general, the technology is
high risk and s at an early research and development stage. However,
there have been some earlier preliminary concrete.cutting experiments which
have been described in the final report for Subtask 1.06.

b. Waterjet-Assisted Mechanical Cutting

This technology makes use of a synergistic combination of two
cutting mechanisms; a weakening of the concrete matrix with the waterjet
and the subsequent action of the mechanical pick to remove and break the
harder aggregate. Although this technology has not been applied to cutting
concrete, it has been used in mining and tunneling applications. There-
fore, there currently exists a body of literature and data on these appli-
cations in rock, such as sandstone and dolomite limestone. These applica-
tions have employed equipment in which mechanical cutting tools are mounted
on a rotating surface that also houses the waterjet nozzles. The rotating
surface is then positioned to cut into the rock. Information currently
available on these applications can be exploited to augment the data devel-
oped in the test program described in Appendix B. Hence, the purpose of
this test program is to permit incorporation of the existing experimental
data base to allow scaling estimates. This is a low-risk technology devel-
opment effort.

4, THE TEST PROGRAM
a. Test Objectives

The objective of the test program is to develop the necessary
data to support a feasibility assessment of the two waterjet technologies.
The feasibility assessment includes the potential for the technology to
meet the Air Force concrete-cutting goals, the associated costs and time
raquirements, and other factors which might influence BDR activities. The
information necessary for this assessment will be a baseline assessment of
the current capability of the technology and the development of data to
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scale the equipment to meet the Air Force's goals. In developing the scal-
ing data, the test must identify or confirm those parameters that have the
largest influence on performance and the cost in scaling up the equipment.

b. Test Procedures and Approach

Because of the differences of these two technologies, such as the
cutting mechanism, the current level of development and application, and
the available test facilities, the test approaches and procedures also dif-
fer. However, there are certain common features. Both tests are oriented
to developing data which can be referenced to cutting in a concrete of spe-
cific composition. This is discussed in more detail later. Both test pro-
grams are also conducted on a laboratory scale with multiple cuts being
performed on concrete specimens. Another common aspect is that the earli-
est phase of testing for each technology will be debugging equipment and
performing a preliminary identification of values of parameters to be used
in subsequent testing. The differences in the test programs for the two
technologies are discussed below.

The difference in philosophy between the two test programs
described in the annexes lies in a desire to make use of existing exper-
imental data on waterjet-assisted mechanical cutting applications, whereas
such extensive data base for abrasive waterjets does not exist. The abra-
sive waterjet testing fundamentally proceeds by varying parameters and
design aspects on what are laboratory-scale forerunners of a potential pro-
totype system. The concept underlying the waterjet-assisted mechanical
cutting test program, described in Annex 2, has a different emphasis. It
js oriented toward developing the fundamental underlying data required to
design a prototype system and relating this data to such systems which have
already been developed for mining applications. This philosophy is in part
a consequence of the testing facilities available to Engineering and
Science Technology to be used at the Colorado School of Mines. The labora-
tory test setup makes use of a single cutting pick preceded by a waterjet
which translates along the face of the concrete sample producing a kerf. A
schematic sketch and detailed discussion of the test procedures are con-
tained in Annex 2. The point to be noted here is that the data to be
measured from this test can be related to the current capability of poten-
tial prototype systems similar to those for mining applications described
above. The data developed in the laboratory test program can also provide
the necessary scaling information for such espects as the power require-
ments to drive the carbide-cutting tools and the waterjet-pressure levels,
particularly when the data are correlated to those from rock cutting.

c. Concrete Specimens

The Statement of Work for Subtask 1.07 specified tests to be con-
ducted with test samples containing mountain stone granite. Tests will be
conducted for both technologies on concrete samples containing this aggre-
gate. Detailed specifications for the samples are given in Table B-1 of
Appendix B. Because of the early stage of development of the abrasive jet
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technology, a large number of tests are planned to investigate numerous

(\ combinations of parameters. To allow for this comprehensive test effort,
iy the majority of the tests will be conducted on less expensive concrete
- specimens containing local aggregatesof approximately equal hardness. The
iy tests also develop the data needed to correlate the effects of the differ-

ent aggregates which are anticipated to be minor, as will be discussed
later. In the test plan for the waterjet-assisted mechanical cutting, the
large number of additional tests 1s not as urgently needed because these
have, in a sense, already been conducted in the existing data and litera- 3
ture on rock-cutting applications. Thus, testing,which provides a correla- -
tion of concrete cutting to rock cutting,is neeaed but not nearly as com- ;
prehensive a program as for the abrasive waterjet. ]

r d. Anticipated Results

. Part of the test effort will be to identify those parameters and
. design characteristics which have the most significant impact on the cut-
.. ting speed and alignment. The identification is of key importance in
= developing accurate scaling information. This section of the test plan
#i11 briefly discuss those parameters anticipated to have the most dramatic
effects on system performance.

PY T N ST sy

(1) Abrasive Waterjet. The power level of the abrasive waterjet
is anticipated to be the major scaling factor determining the cutting per-
formance with this technology. The power level is proportional to both jet
pressure and flow. As discussed earlier, a straight waterjet will have to
exceed a certain threshold pressure to be able to cut hard aggregate. Cur-
T rently, it is believed that the introduction of hard abrasive material in
% the jet dramatically lowers that threshold pressure or may eliminate it
completely. It is also anticipated that the pressures for the cutting
‘tests will be substantially above the threshold pressure and that the cut-
ting performance will be determined primarily by the total power (Note:
Power = Ap x Flow) and will be less affected by changes in flow rate and
pressure at a constant power level. The substitution of different but
aoproximately equally hard aggregate in the concrete experiments, as pro-
posed by Fluidyne, should not affect the results and even the substitution
p of a harder aggregate should not cause adverse effects.

Another parameter which is believed to exhibit large effects

cn the cutting performance is the nozzle configuration of the abrasive jet.

N The nozzle configuration will, to a large extent, determine the quantity of

o abrasives entrained in the jet and the resulting coherence of the jet.

; There is a certain trade-off involved because introducing more abrasive

will enhance the cutting performance while at the same time it could reduce

“ the coherence of the jet, causing a detrimental effect on performance. It

is believed that changes in this design parameter could have the most dra-

: matic effect on cutting performance observed in the tests. However, it

£ should be noted that this is not a scaling parameter, as is the jet power
Jevel.
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- (2) Waterjet-Assisted Mechanical Cutting. The parameters which
- will play a major role in the waterjet-assisted mechanical cutting tech-
“ nology are not quite so easily isolated. This is because the technology
k.

involves a coupling of two effects: the weakening of the concrete matrix
- by the waterjet, and cutting the resulting weakened concrete with a cutting

tool. There are anticipated optimal combinations of parameters, in partic-
ular, the waterjet pressure and flow rate with the "bite" depth of the !
mechanical cutting tool. The test approach described in the annex will a

P P

allow for determining when the parameters are appropriately tuned to
cause these effects. In addition, relationships between these effects and
the concrete composition, especially aggregate size, will be carefully
examined.

5.  SUMMARY

Based on the data obtained from this waterjet technology test program,
the feasibility to achieve the Air Force goal of cutting 30 feet per minute
in 12-inch thick portland concrete using either the abrasive waterjet or
the waterjet-assisted mechanical cutting technologies will be assessed. If
feasibility is demonstrated, the technology (or technologies) will be con-
ceptually scaled to estimate the size, power and other important engineer-
ing parameters necessary to assess the cost and risks associated with con-
tinuing to develop this concrete-cutting concept.

6.  SCHEDULE

The schedule for the test plan is in Table A-1. More detailed sched-
ules, breaking out various test phases, are contained in the two annexes to
this appendix.
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ANNEX 1
CUTTING CONCRETE WITH ABRASIVE WATERJET TEST PLAN

1. OBJECTIVES
The specific objectives of the proposed test are as follows:

° To observe the performance of test nozzles in jet coherence, flow
rate, suction generation and abrasive entrainment.

. To conduct 1linear cutting test on concrete specimens with
selected nozzles at prescribed conditions.

° To compile data on the effect of selected system parameters on
the depth, width and quality of cut made on concrete.

2. TEST DESCRIPTIONS
a. Test Criteria

(1) Jet Configurations. In this program, the test nozzles will
have interchangeable inserts that allow the jet configuration, flow rate
and power output to be varied. Figure A-1-1 shows Fluidyne's proprietary
nozzle. The interchangeable insert is denoted as the orifice plate in the
figure. Five jet configurations will be studied in which the nozzle
inserts will be used to generate 6, 5, 4 and 3 paralliel jets and a single
jet. In the case of multiple parallel jets, the jets will be arranged in a
circular pattern to provide a central area for entraining abrasives. These
parallel jets can generate very strong suction well-suited for feeding
abrasives into the waterjets.

(2) Water Pressure and Power Input. The selected nozzle inserts
also allow the five jet configurations to be studied at a fixed power input
of 60 horsepower (rated power of an electric motor) and at three different
water pressure levels--10,000, 15,000 and 20,000 psi. To achieve this
objective, the selected nozzle inserts will have orifices that are calcu-
lated to accept the available power input and to deliver the full flow pro-
vided by the pump. A total of 15 nozzle inserts will be needed for this
portion of the test. Other selected nozzle inserts will also be employed
to generate abrasive waterjet at less than the available 60 horsepower; two
power levels of 20 and 40 horsepower will probably be selected for testing.
Since the reduced power is to be achieved by bleeding a portion of the
high-pressure water, the exact power output of the nozzle can only be
estimated in such partial power cases. These three power levels will allow
the cutting data to be extrapolated to much higher power inputs.

(3) Test Equipment. To conduct these tests a high-pressure pump
unit for pressurizing water to 20,000 psi will be needed. This pump will
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be driven by a 60-horsepower electric motor and will be operated at 500-
550 rpm. In addition, a nozzle-traverse setup and a complete fluid moni-
toring and control system are also required. A system for feeding selected
abrasives to the nozzle under control is also required. Figure A-1-2 is a
schematic illustration of the major components in the test setup. These
components are currentiy being assembled.

(4) Dependent Variables. The concrete-cutting capability of
test nozzles will be judgqed by the depth, width, equality and accuracy of
cuts that they produce on concrete specimens under prescribed conditions.
By measuring the volume of cuts with wax, a sperific concrete remote rate
in cubic inches per <econd per given power ‘evel can be computed. This
figure can be used to compare the concrete-cutting capability of Fluidyne's
abrasive waterjet with other technigues.

(5) Independent Variables. The independent variables of this
test program will be jet configuration, water pressure and flow rate,
nozzle traverse speed, nozzle standoff distance, and abrasive loading.
These independent variables will be covered in this program on a selected
basis rather than a matrix of many combinations. The optimum value of each
independent variable, if identified, will be selected for in-depth cutting
tests. The optimization of system parameters will not be performed in this
program.

(6) Concrete Specimens. The concrete specimens to be used in
this program will measure 16 inches by 16 inches by 8 inches for easy han-
dling. They will have a minimum compressive strength of 6,000 pounds per
square inch after curing for 28 days. These slabs will contain locally
available Steilacoom aggregates that are a mixture of six to seven differ-
ent kinds of igneous rocks, known for their hardness. Some of these con-
crete slabs will contain No. 5 steel rebars for testing the ability of
abrasive waterjet in cutting steel. A total of 20 such concrete slabs are
currently planned and will be cast by the Concrete Technology Corporation,
located in Tacoma, Washington. This company has R&D capabilities in con-
crete techno ogy.

In addition to the concrete specimens described above,
another concrete specimen will be prepared containing Georgian mountain
stone granite aggregate. This sample will provide baseline data which can
be used to correlate the data developed using the Steilacoom aggregate con-
crete specimens to equivalent tests with the granite aggregate.

(7) Abrasives. The abrasives to be used in this program will be
garnet and silica sand ~f selected grain sizes. The exact grain sizes to
be selected for testing have yet to be determined. An initial screen will
be performed to check out the flow of abrasives under nozzle suction.
Limited testing will also be performed with fluidyne's proprietary abrasive
foam slurries made with selected garnet abrasives.
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3. TEST PROCEDURES

a. Task 1 Preparations

The first three months of this program will be geared to pre-
paring for the cutting tests. This task includes efforts in different
endeavors such as procurement of components and materials, fabrication and
assembly of parts and subsystems, and initial testing and debugging of sub-
systems. Basically, the pump unit will be undergoing shakedown, the flow
meter for measuring water consumption will be calibrated, the nozzle trav-
erse system will be checked out and the speed control calibrated, and the
abrasive feed system debugged. The test nozzles and the selected nozzle
inserts will be tested under water pressure to observe the jet quality and
to make necessary adjustments. One aspect that will be cbserved closely in
this task is the level of suction or vacuum generated ty the nozzles and
how this suction is related to the transport of abrasives through hoses and
to the abrasive entrainment inside the nozzle.

b. Task 2 Cutting Test

As indicated previously, the concrete-cutting test will be per-
formed at three levels of static water pressure: namely, 10,000, 15,000
and 20,000 psi. The test will be initiated at 20,000 psi and the water
pressure will be lowered to 15,000 and 10,000 psi later; changing the sys-
tem pressure requires the installation of appropriate high-pressure cylin-
ders and plungers at the pump. The inability to readily change the system
pressure is one of the weak points of crankshaft plunger pumps.
Table A-1-1 summarizes testing to be conducted at 20,000 psi.

At the selected water pressure and full 60-horsepower input, a
test nozzle having the desired insert will be mounted on the traverse stand
for checking the effect of three system parameters, namely, noczzle standoff
distance, traverse speed, and abrasive loading. The nozzle standoff dis-
tance is readily adjustable from the nozzle traverse stand; three values of
0.5, 1.0 and 1.5 inches are currently planned. The nozzle traverse speed
will be varied between 2, 3 and 6 inches per second (equivalent to 10, 15
and 30 feet per minute). The levels of abrasive loading to be selected for
testingare still undetermined but will be decided upon completion of
Task 1. 1lhe subject of abrasive loading will require some investigative
effort as the grain size of abrasive is believed to be related to the gran-
ular structure of rock in abrasive waterjet cutting.

Once the test parameters are decided, a linear, one-pass cut will
be made on the concrete specimen. Three parallel cuts with 1-inch spacing
will be made for each set of system parameters. Afterwards, the nozzle
will be traversed again to make two-pass and four-pass cuts. Additional
multiple-pass cuts may also be performed, pending the results of the four-
pass traverse. The multipass cutting data will provide information on the
design and application of compound abrasive waterjet nozzles.
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The tests previously described will be repeated with other
selected nozzles and inserts until the water pressure must be changed.
After installing the different high-pressure cylinders and plungers on the
pump, the tests will be resumed. It is not decided at present if the
entire test procedure will be repeated at 15,000 and 10,000 psi levels; a
decision will be made after comparing the cutting results obtained at
different water pressures. If the cutting at 15,000 psi water pressure is
sufficiently good, extensive testing will be pursued in this program.
Similar practice will be applied to cutting at 10,000 psi water pressure.

The above tests will be supplemented with the tests conducted on
the control concrete test specimen containing granite aggregate. These
tests will be conducted at 20,000, 15,000, and 10,000 psi at each of the
following power levels: 60, 40 and 20 horsepower. The remaining parame-
ters, number of jets, standoff distance, and traverse speed, will be held
constant at optimum values determined by the major test effort.

After completing the test with each concrete slab, the slab will
be removed from the cutting booth, which is an area isolated with concrete
borders and shower curtains, and carefully examined. The width and depth
of cuts will be measured and wax will be poured into the cut for measuring
the volume of cuts. By so doing, accurate measurement of the concrete
removed by the abrasive waterjet can be made. By relating the volume of
concrete removed to the energy contained in the waterjet and the time dura-
tion of the nozzle traverse, a specific concrete removal rate of the abra-
sive waterjet can then be computed.

c. Test Equipment and Facilities

(1) Pump Unit. The pump to be used in this test program will be
a triplex crankshaft plunger pump manufactured by Butterworth, Inc., of
Houston, Texas, capable of delivering 4.7 gpm water at a maximum pressure
of 20,000 psi. The power requirement is 60 horsepower at 500-550 rpm.
This pump will be driven by a 60~horsepower three-phase electric motor
operating at 1750 rpm through speed-reducing sheaves and belts. A magnetic
starter will be installed with the pump unit. Such crankshaft pumps come
in a wide variety of flow capacity and power rating; most of them have a
pressure capability of less than 20,000 psi maximum. Reliability,
availability, and simplicity in operation are strong points of this type of
pump; lack of adjustment in pressure and flow rate is its weak point.

(2) Water Filtration. Tap water will be used in this test pro-
gram. The water will be filtered to a minimum particle size of 5 microns
to insure the removal of particulates which will prolong the life of pump
parts and nozzle orifices. Two sets of filters will be employed; paper
cartridge filters will be used at the low-pressure end and metal cup fil-
ters will be employed at the high-pressure end. This arrangement will
improve the 1ife of the pump seals and check valves as well as the sapphire
orifices; several hundred hours of operating life can be expected with the
sapphire orifices.
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(3) Nozzle Traverse Setup. The nozzle traverse system (Fig-
ure A-1-2) is basically a structure that provides the desired movement to
the abrasive waterjet nozzle, which is to be mounted at the tip of a long
high-pressure tube, The pressurized water will be transported from the
pump to the traverse stand through a high-pressure hose. The nozzle trav-
erse system provides movement in all three directions--horizontal movement
in the X-Y plane and vertical movement in the Z direction. The X-direction
movement will be provided by means of a gearmotor with speed control;
interchangeable sprocket further adds flexibility in the speed control.
The vertical and forward/backward movement of the nozzle will be manually
operated. The test nozzle will be mounted in a horizontal position while
the concrete specimen will be placed on a vertical position. Thus, the
traverse of the nozzle will make a horizontal cut across the concrete spec-
imen's vertical face. By adjusting the vertical position of the nozzle and
the height of the concrete slab, many parallel cuts cin be made on the
surface of each concrete slab. Scissored jacks will be used for adjusting
the height of nozzle and concrete specimen. Sliding bearings and poiished
steel rails will be employed to provide smooth sliding of the nozzle stand.

(4) Control Console. A central control console will be provided
and will be placed next to the nozzle traverse stand. This control console
will have a start-stop switch for the pump unit, a water pressure indicator
and regulator, a water flow rate indicator, a nozzle traverse switch and
speed control, and a visual por® for observing abrasive flow. An abrasive
sampling port is also contemplated but remains to be designed.

(5) Test Nozzles. The nozzles that will be used in this test
program will be Fluidyne's proprietary abrasive waterjet nozzle (Fig-
ure A-1-1) with interchangeable orifice cones and flow-shaping cones. The
orifice cones are made of stainless steel with selected sapphire orifice
jewels mounted on top. These orifice cones come in five configurations,
having 6, 5, 4, 3, and 1 orifices. Since the size of the sapphire orifice
is keenly related to the flow rate, each configuration will have different
orifices for each of the three water pressure levels. A minimum of 15 ori-
fice cones will be made ready for this program. The flow-shaping cones are
used for generating suction downstream of the orifices; they are made of
hard ceramics and are sized according to the jet configurations. It is not
clear how many of these ceramic cones are required for this test program as
Fluidyne's nozzles allow some adjustment to the position of this flow-shap-
ing cone; they will be made during the course of this program.

(6) Abrasive Ffeed System. Feeding abrasive powder into the
nozzle under fine control will require special equipment; commercial sand-
blasting equipment is too crude for this program. Fluidyne has a proprie-
tary feed system design involving the application of a fluidized-bed prin-
ciple to transport abrasive particles and the use of air by-pass adjustment
to eliminate the need for abrasive valves. A prototype of this feed system
will be used in this program to handle abrasives. The measurement of abra-
sive flow will be made by batch sampling and weighing the particles; on-
stream measurement is deemed too expensive for this program.
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4.  SCHEDULE

The schedule of this test program is shown below. I

TASKS CYy 1982

4 }5(6 71819 |10 | J12

IASK 1, PREPARATIONS .

o CONSTRUCTION OF SYSTEM . .
EQUIPMENT

T

[

Ty ' a
4 . ) RPN Chaind ok a h
B . “ ‘. I " “ LI at, .n-.; -.A-. e

o INITIAL TESTING AND [
DEBUGGING
JASK 2, CUTTING TEST .
o TEST AT 20,000-PSI PRESSURE . 4

e TEST AT 15,000-PSI PRESSURE —d

e TEST AT 10,000-PSI PRESSURE (-

[ASK 3, DATA ANALYSIS

Figure A-1-3. Schedule for Test Plan for Rapid Concrete Cutting.
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ANNEX 2

WATERJET-ASSISTED MECHANICAL CONCRETE-CUTTING TEST PLAN

PREPARED BY ENGINEERING AND SCIENCE TECHNOLOGY,
THE BDM CORPORATION, MAY 1982.
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ANNEX 2
WATERJET-ASSISTED MECHANICAL CONCRETE-CUTTING TEST PLAN

1. OBJECTIVES

The objectives of the laboratory experiments are: (1) to obtain basic
waterjet kerfing data, (2) to obtain mechanical pick concrete.cutting base
data, and (3) to obtain waterjet-assisted mechanical concrete-cutting data.
These data will also provide a means of correlating rock cutting and con-
crete cutting such that rock-cutting methodology and data may be used for
predicting concrete-cutting characteristics.

2. TEST DESCRIPTION
a. Types of Tests

The approach to be used in this test program develops data in
three phases of laboratory experiments. The first phase will investigate
parameters associated with waterjet kerfing of concrete. In the second
phase, mechanical pick cutting tests will be conducted on the concrete spe-
cimens to develop reference data. The data developed in the first two
phases will be used to establish parameters for the waterjet-assisted
mechanical cutting tests of the third phase. Each of these three phases is
discussed in more detail below.

(1) Waterjet Kerfing Tests. In these tests, the effectiveness
of waterjet cutting of concrete will be investigated for the following
parameters:

(a) Standoff distance: 1.0 to 3.0 inches.
(b) Nozzle size: 0.012 inch and 0.025 inch.
(c) Water pressure: 5,000 and 10,000 psi.

(d) Jet traverse velocity: 20 in./sec with 30 in./sec
optional.

The depth of kerf will be recorded and analyzed. This
information will then be used in selecting the waterjet parameters to be
used in the waterjet-assisted mechanical cutting tests.

(2) Mechanical Pick Cutting Tests. These tests will establish
base or reference data for evaluating the effectiveness of waterjet-
assisted mechanical concrete cutting by comparing the reduction of cutting
forces.




The test parameters are:

(a) Depth of cut: 1/2 inch - 3/4 inch.
(b) Spacing between cuts: 1/2 inch - 1 inch.
(c) Traverse velocity: 20 in./sec; 30 in./sec optional.

The cutting forces, vertical, horizontal, and side forces
will be recorded and analyzed. These data will also be used to establish
parameters for the mechanical pick in the third-phase testing.

(3) Waterjet-Assisted Mechanical Cutting Tests. These tests
will investigate waterjet-assisted mechanical concrete cutting. The
resulting data will provide a baseline assessment of the current capability
of the technology. A comparison of this data to data obtained from the
second phase tests will measure the enhancement in cutting when the mechan-
ical pick is coupled with the waterjet.

Specific values of the parameters to be used in conducting
the tests will not be established until the tests in the first two phases
are completed. However, tentative values of these parameters are given be-
Tow:

(a) Standoff distance: 2 inch.
(b) Nozzle size: 0.025 inch.
(c) Water pressure: 10,000 psi.

(d) Jet and mechanical cutter traverse velocity: 20 or
30 inches/sec.

(e) Depth of cut: 1/2 inch - 3/4 inch.
(f) Spacing of cut: 1/2 inch - 1 inch.

During the tests, the cutting forces, vertical, horizontal,
and side forces will be recorded, analyzed, and compared to results obtain-
ed from the second phase.

3.  TEST PROCEDURES

Procedures for testing concrete cutting are identical to the rock cut-
ting except with different parameter values. The testing procedures
include sample preparation, equipment calibration, testing and linear cut-
ting machine operation, waterjet operation, and data collection.
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a. Sample Preparation

Two small concrete samples of 12 inches by 12 inches by 6 inches
will be prepared for waterjet kerfing tests.

The composition and specification of the small samples are iden-
tical to the large sample of 24 inches by 24 inches by 30 inches. The con-
crete samples are mixes of Type 3A cement with granite gravel of less than
3/4-inch size and No. 400 sand with water to cement ratio of 0.47 with
uniaxial compressive strength of 6,000 psi after 28 days. The detail spec-
ification and composition are listed in Table A-2-1.

One large concrete sample will be used for obtaining all test
data and two samples will be used for spares in case the first sample
cracks during testing.

b. Calibration

Prior to cutting tests, the linear cutting machine will be cali-
brated for its load-recording accuracy. A static test will be performed by
applying a known loading with a hydraulic ram to the pick cutter.

The three forces, vertical, horizontal, and side, resulted from
the applied load and the orientation of the applied load will be calibrated
against the measured output from the strain gage bridges on the cutting
head Toad cell. The load integrators will aiso be calibrated with a known
applied load.

c. Testing and Linear Cutting Machine Operation

In all the tests, the bit is to be held at a set penetration
depth into the concrete, and the thrust and drag forces resulting from mov-
ing the bit across the concrete are to be monitored. The individual force
on an individual bit can vary greatly as a machine operates, while the pen-
etration rate remains fairly constant because of the overall stiffness of
the system.

The high bit-concrete stresses to be produced by drag-bit cutting
in concrete may cause both chipping of the material and also induce micro-
cracks. These microcracks will affect the cutting forces on the bit and
are dependent on the type of bit, spacing between cuts, and penetration
depth. To reduce variability in the results from the effects of these
cracks, the concrete surfaces will be conditioned with a series of cuts
before a test run is to be made.

d. Waterjet Operation
The waterjet nozzle assembly will be mounted on the bit mounting

plate in the orientation of the waterjet relative to the cutting surface of
the bit. This is to be done by using slip-type swivel joints to allow

66

Eaael ey

Y




T T A T I TeTE————

GG60-262 (G19)
602€y ©Otyp ‘snqunio)
9AL4Q Y334 wn|y G911
09 S3ONpodd jusway snqun|o)

:Aq pai|ddns eq 03 a|dwes 3sd8}

wnwiuiw tsd Qpo‘9 y31busuls aAatssaudwoy Aeq yige L

1s9t1349doayg 939405u07)

1ybLem £q /p°0 oLjey juswa)/Jd)ey
juddJad G2 ‘yaul 2/| 03 yaul 9i/| :68-NW _
quasuad G/ ‘youl p/€ 03 Ydul 2/t  :9-W a)ebaubby ajiueuy o 1
JybLem Aq syaed g°2 8u0lS§ uLejunop uetbaosg
00y "ON Ao|pts
1ybrem £q sjaed g°| : pueg 831942u0%
3ybram Ag 4ed | juswe) yg adky

‘uotjtsodwo) a|dueg

YduL Q€ X Yydut pz X yout pg 9| dweg

ajebaubby o3Lueay /m 9384du0) paun) uotjeubisaq 3

"I7dWYS 1S31 3L13YINOD HO4 SNOILVIISID3dS ~L-2-v 318Vl

P 1 .o e .
) . L
. oo e el N

LTI T . | ST .




Te T P e T Ty T 7T W R w0 R T LT T TRTT D T, Y W W T e — -
i . .. - N T . . . B . . T Y Y e

exact positioning of the nozzle. The jet is positioned and tested under
pressure so that the waterjet is aligned with the drag bit.

In making the waterjet-assisted cuts, the concrete is to be posi-
tioned in front of the bit and nozzle. Then the waterjet is to be turned
on and the concrete pushed toward the bit.

Upon completion of the cut, the jet is turned off and the con-
crete pulled back. The concrete sample is then shifted laterally to the
desired spacing between cuts and the procedure repeated.

e. Data Collection

The data for the vertical, drag, and side forces on the bit are
to be collected and integrated electronically to provide a total force per
cut for each of the three directions. The depth of cut, the cutting speed,
water pressure, and spacing of cut are to be recorded on each cut.

4. EQUIPMENT

The equipment to be used in the test program consists of four major
components: (1) the drag bit and its mounting block and load cells,
(2) the linear concrete-~cutting machine, including the main frame and
sample box with a hydraulic ram for linear translation, (3) the instrumen-
tation to monitor the forces required to cut the concrete, and (4) the
high-pressure waterjet system (Figures A-2-1 and A-2-2).

a. Drag Bits

The pointed conical or plumb bob-type pick cutter is to be used
for concrete cutting. A tungsten carbide insert is attached at the tip.
This bit is designed for mounting at a 45-degree angle to the concrete sur-
face and is designed to freely rotate axially in its mounting so that the
tip is self-sharpening and maintains a constant cutting profile.

The pick cutter is attached to the mounting block, which is
rigidly fastened to the underside of the load cell on the linear concrete
cutter used to measure the normal and drag forces.

b. Linear Cutting Machine

This unit supports the concrete sample and the cutting tool and
controls the interaction between them. The unit is designed to test full-
sized rock/concrete cutters under actual loading conditions and can with-
stand large dynamic loads with minimal deflection or vibration. A station-
ary overhead frame holds the cutting tool while the concrete sample below
is driven horizontally into the pick cutter.

The main frame consists of large welded and bolted steel beams.
The cutting tool is suspended under the large boxed crossbeams and can be
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double-acting cylinders movesthe concrete holder box sideways.

4
- |
- k
raised or lowered by a hydraulic ram mounted to the top of the beams. K
Steel plate spacers are placed between the cutter mounting and the cross- J
beam so that a constant cutter height could be maintained. Calibration s
experiments showed that a 25,000-pound load on the cutter produced less "
than 0.01 inch deflection on the frame. The sample box, fabricated from 3
[-beams, is positioned horizontally beneath the cutter and moves horizon- g
tally on two 3-inch diameter steel rails anchored to the floor. Four -
linear bearings provide a rigid, low-friction mount. i
L Horizontal thrust is provided by a servo-controlled hydraulic ram -
- that can provide 30,000 pounds of force at a 40-inch per second feed rate
g over a 5-foot stroke. To index the cutting paths, a pair of 2-foot stroke,
U

c. Force Monitoring System

This unit consists of signal conditioners and a digital integra-
tor that determines the average values for the normal, drag, and side
forces on the cutter. The triaxial load cell consists of two thick alumi-
num plates separated by four prestressed, hollow aluminum cylinders on
whose circumferences are mounted six dual-element strain gages. The gages
are wired into three full bridge circuits, one for each principal load
1 direction. Calibration tests show less than 2 percent cross-talk between
3 the circuits. For the planned tests, the drag bit is to be mounted with
its cutting points in a vertical plane passing through the center line of
the load cell so that the thrust force on the bits is purely compressive.
The side and drag forces on the bits produce moments on the load cell about
two orthogonal axes. Strain gage excitation and signal amplification is
provided by three separate signal conditioners. A steady 10 volt input is
supplied to each bridge. The output from each bridge is channeled through
a 100-2,000 variable gain amplifier. The amplified signals are digitized
at 1,000 readings per second, and an integrator sums the digital values and
provides a four-digit readout for the total force per cut for each channel.
These digitized values are divided by the elapsed time per cut to give the
average force. Peak force values during the cut are aiso obtained. A
microswitch located on the thrust ram is adjusted for the particular cut
length, and controls the integration circuits.

PR« | R

d. Water jet System

This unit consists of a high-pressure pump, a pressure regulator,
and a nozzle assembly. The pump is a commercially available unit.

A Hydroblaster Model 610 pump with lower (4.5 gpm) flow is to be
used for the planned tests. The unit consists of a small six-cylinder
axial piston pump powered by a 20-horsepower electric motor. The constant
displacement output could produce up to 12,000 psi pressure. A 0.5-inch
diameter steel braided hose connects the pump to the nozzle.
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- The pressure regulator consists of a screw-controlled compression
'-I spring, forcing a needle into the orifice of a tee coupling. Changing the
£ spring force requlates the quantity of flow allowed to bypass the needle.

A second needle valve in the delivery line controls the flow to the nozzle.
5.  SPECIFICATION OF CONCRETE TEST SAMPLE

The specifications of the concrete test samples are listed in ‘ a
Table A-2-1.

6.  SCHEDULE
a. Equipment Setup and Calibration: June 28 to July 3, 1982.
b. Water jet Kerfing Test: July 5-6, 1982. i
c. Mechanical Concrete Cutting Test: July 7-9, 1982. -

d. Waterjet-Assisted Mechanical Concrete Cutting Test: July 12-16,
1982.
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APPENDIX B
ABRASIVE WATERJET CONCRETE CUTTING

The material in this appendix was prepared by the Fluidyne Corpora-
tion, 28 37th Street N.E., Auburn, Washington, 98002 under subcontract to
The BOM Corporation between March 1982 and January 1983.

1.  INTRODUCTION
a. Background

(1) Waterjet Technology. High-pressure waterjets have been
evaluated for cutting rock and minerals. In such applications, a rock's
compressive strength and permeability have significant influence on the
performance of waterjet. It has been observed that there exists a thres-
hold water pressure for a given rock below which the waterjet cannot cut
the rock within a practical dwelling time. Typical values of such thres-

~1d pressure are 5,000 psi for sandstones and 15,000 psi for granite. To
.hieve practical cutting speed for rocks, water pressure considerably
iigher than the rock's threshold pressure is generally required. Cutting
concrete with waterjets has similar pressure requirements due to the pres-
ence of hard aggregates. Therefore, most of the investigative work in cut-
ting rock with waterjets involved a water pressure above 40,000 psi. To
obtain such pressure levels, special pressure intensifiers must be used;
such intensifiers have limited flow capacity and seal reliability, and are
expensive.

Another important operating parameter of high-pressure
waterjets is the nozzle standoff distance. Available test results have
shown that a high-pressure waterjet's nozzle standoff distance in cutting
hard materials is generally limited to a few inches. Thus, the target
material must be placed very close to the nozzle, and to completely cut
through the material it must be of a thickness well within the effective
waterjet nozzle standoff distance.

The requirement of very high water pressure and the limited
effective nozzle standoff distance are two major factors that prevented the
use of high-pressure waterjets in practical applications such as cutting
and drilling concrete, hard rock and minerals.

(2) Abrasive Waterjet Technology. The capability of a waterjet
in cutting rock and other hard materials can be significantly improved if
abrasive particles are incorporated into the jet stream. However, imple-
menting this concept requires a suitable process and equipment, particu-
larly nozzles that can withstand the erosion and wear encountered.
Fluidyne has developed unique nozzles (patent-pending) that allow selected
abrasives to be introduced into the water stream after the jet orifice.
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Therefore, the jet orifice is not subject to the abrasive distress, yield-
ing a long, usable lifetime. The nozzle utilizes multiple orifices, suit-
ably arranged to generate strong suction and mixing actiors to entrain the
abrasives into the coherent jet streams. A secondary nozzle made of wear-
resistant material is wutilized to create a mixing chamber inside the
nozzle. The multiple jets are arranged in parallel or in a converging pat-
tern to generate abrasive waterjets of different widths and cutting capa-
bilities.

Since Fluidyne's nozzle utilizes high-quality sapphire or
ruby orifices, the quality and coherence of the waterjet are maintained. A
circular arrangement of the jets provides a central zone for entraining the
abrasives and the natural dispersion of the jets ensures the entrainment of
abrasive particles into the jet stream. The secondary flow-shaping cone is
sized according to the diameter of the jet bundle, thus ensuring the gener-
ation of a strong vacuum (28 to 30 inches Hg) inside the nozzle; such
strong suction allows abrasive power to be fed to a nozzle without the need
for compressed air. In addition, the multiple jets shield the surface of
the throat of the flow-shaping cone from the abrasives, thus minimizing the
wear of the cone. With such a nozzle, an abrasive waterjet of high capa-
bilities can be generated at relatively low water pressures. Thus, com-
monly available pump systems could be used to cut concrete and hard rock.

2. LITERATURE/TECHNICAL REVIEW
a. Current State of Abrasive Waterjet

(1) British Hydromechanics Research Association (BHRA). BHRA is
known to have engaged in the research and development of abrasive waterjet
technology for some time (References B-1, B-2 and B-3). According to pub-
lished papers, it appears that BHRA utilizes a jet-pump principle to
entrain abrasives into a waterjet. The BHRA jetting head appears to have
two nozzles, an upper waterjet nozzle and a lower slurry nozzle, that form
a mixing chamber. The abrasives can be either dry or slurry, indicating
that a negative pressure is generated in the mixing chamber. Apparently,
the abrasive slurry is used primarily for the purpose of minimizing spark
potential in cutting steel under hazardous conditions. Otherwise, dry
abrasives such as copper slag, sand and silicon carbide, could be used.
The pump system that BHRA used in its investigations is believed to be a
triplex crankshaft pump commonly used in jet cleaning and blasting applica-
tions; such pumps are capable of peak water pressure of 20,000 psi with a
flow capacity (power output) possibly in excess of 20 gpm. Most of BHRA's
abrasive waterjet work was performed at a water pressure in the range of
10,000 to 14,000 psi, and a flow rate of about 12 gpm, with an abrasive
(copper slag) feed rate of 12 pounds/minute. The waterjet nozzle was
reported to be 1.8 mm (0.07 inch) in diameter. However, the diameter of the
secondary nozzle was not reported. The cut made on concrete by this abra-
sive waterjet appeared to be about 1.0 to 1.5 inches in width. Thus, the
exit diameter of the secondary nozzle of BHRA's jetting head may range
between 0.25 to 0.50 inches.
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Since the cut made by BHRA's abrasive waterjet is quite
wide, it is not clear if some of the aggregates are not simply washed away
by the jet. However, the ability of copper slag to cut through steel rein-
forcing rods indicates that the abrasive is quite hard and thus can abrade
aggregate. The published data indicate that a depth of cut of 4 inches can
be achieved if the nozzle is traversed at a speed of 1 inch/minute. Four
passes of the jet cut through a 16-inch thick concrete block. These data
show that a 4-inch deep cut requires a jet exposure time of about
15 seconds if the jet diameter at the nozzle exit is assumed to be about
0.25 inch. Thus, if the nozzle is traversed at much higher speed, such as
2 inch/minute, the depth of cut is expected to be reduced to less than
1 inch.

(2) Flow Industries, Inc. Flow Industries, Inc., (Flow) is also
known to be involved in abrasive waterjet work, as demonstrated by two
papers presented in the 6th International Symposium on Jet Cutting Tech-
nology (References B-4 and B-5). Flow's work looks at cutting materials at
water pressure in the range of 30,000 to 40,000 psi. Thus, it appears that
high-pressure intensifiers were employed.

The published papers did not report the design of the nozzle
that Flow used in its work. However, the orifice diameter was cited
throughout the two papers. Thus, it is believed that Flow's nozzle is
basically similar to that used by BHRA, involving a waterjet nozzle that is
coupled to a slurry nozzle with a mixing chamber in between. BHRA used a
waterjet nozzle of 1.8 mm (0.07 inch) in its concrete cutting work while
Flow used a 0.635 mm (0.025~inch) waterjet nozzle because of its much
higher pressure. Flow's work involved the use of dry abrasive powder
(garnet) in quantities slightly less than that used by BHRA.

Flow's published data show that its abrasive jet can cut
concrete to a depth of about 5 inches in one pass at 35,000 psi water pres-
sure, 9.3 pound/minute abrasive feed rate, and 6 inches/minute nozzle trav-
erse speed. Increasing the nozzle traverse speed to 9 inches/minute, the
depth of cut was reduced to about 2 inches. Reducing the water pressure to
15,000 psi, the depth of cut at 9 inches/minute nozzle traverse would have
been reduced to about 1.3 inches. These figures could be considered as
Flow's baseline data, which are more favorable than BHRA's concrete cutting
data because of the higher water pressure involved.

(3) Major Unknowns. Both BHRA and Flow publicly report little
data about the nozzle design and performance, with no data about the life
of the secondary nozzle. In general slurry nozzles are subjected to sub-
stantial wear at high abrasive feed rates. Further, the performance of the
abrasive jet can deteriorate as the bore of the slurry nozzle increases.
Once the bore is increased, abrasives will be escaping through the space
around the jet and thus wasted. A method of reducing this problem is to
empioy a long slurry nozzle. In addition, long slurry nozzles are also
needed to entrain abrasives into a single waterjet. Fluidyne's abrasive
waterjet nozzles do not have such, limitations. Thus, the entrainment of
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abrasives is better and the wear of the secondary nozzle is significantly
reduced. Further, the amount of vacuum generated inside Fluidyne's nozzle
is appreciable and can be maintained at a constant level for a long period
of time. These differences explain why Fluidyne has been able to cut con-
crete with its abrasive waterjet faster than both BHRA and Flow under
similar operating conditions. However, questions on its ultimate capabili-
ties still remain as nozzle optimization has not yet been completed.

b. Design Parameters

A basic abrasive waterjet system consists of certain major system
components, namely the pump unit, abrasive feed system, and the nozzle
system. If the system pressure is limited to 20,000 psi, there are com-
mercially available crankshaft pumps of a wide range of power outputs. If
a system pressure greater than 20,000 psi is involved, intensifiers must be
used and the selection of suitable pumps is restricted. Still, intensi-
fier pumps of large power output are commercially available. Abrasive feed
systems are commercially available for sandblasting applications and with
minor changes these systemsare suitable for generating an abrasive water-
jet. Thus, the center of attention of abrasive waterjet systems is the
nozzle system, which basically determines how the available power is trans-
ferred to the water and abrasive particles, and how they are coupled to the
target material. The wear problem is also most severe at the nozzle as the
abrasive particles are traveling at high speed both within and outside the
nozzle.

The exact mechanism involved in cutting materials with abrasive
waterjet is believed to be very complex because of the high-speed, multiple
phases involved. It is not known at present how the abrasives are distri-
buted in the waterjet and how fast they are traveling. It is easy to see,
however, that abrasives must be entrained into the waterjet if the result-
ant abrasive waterjet is to have high cutting capability. Once entrained,
the speed of abrasive particles obviously would have influence on the capa-
bility of the abrasive waterjet. Since the maximum speed that abrasive
particles can attain is the speed of waterjet, the water pressure is,
therefore, influential. The relationship between the water pressture and
the waterjet speed can be approximated by Bernoulli's equation for incom-
pressible flow:

v o= (2p/p)2

where v = waterjet speed
P = static water pressure
P = density of fiuid.

Thus, the basic design criterion of abrasive waterjet nozzles is to maxi-
mize abrasive entrainment and to minimize wear; the water pressure is of




secondary concern as changes of the pump system will bring about the
desired pressure. The entrainment of abrasive and the desire to maintain
waterjet coherence are basically countering each other. Fluidyne's nozzle
design is based on a compromise such that the natural dispersion of a
coherent waterjet is utilized for entraining abrasives. To best utilize
this approach, multiple waterjets encircle an abrasive core so that the
waterjets completely envelop the abrasive particles and force them to enter
into the converged jet stream resulting from the jet dispersion. Thus, the
arrangements of the orifices, size of orifices, and the opening of the
secondary nozzle are important factors of optimum abrasive entrainment.
Once these factors are decided, there will be a maximum abrasive flow rate
beyond which choked flow will occur. However, this maximum abrasive flow
rate may not be the optimum abrasive flow rate for cutting a given mate-
rial. The type of abrasive, too, will have impact on cutting concrete as
the abrasive waterjet must overcome numerous types of aggregates.

3.  TEST DATA ANALYSIS
a. Summary of Results

(1) Jet Configurations. In this project, seven orifice configu-
rations were made ava.lable for testing. These seven orifice configura-
tions are:

(a) Parallel Jets - 1, 3, 4, 5, and 6 jets
(b) Converged Jets - 5 and 6 jets.

Therefore, seven orifice cones were neded and fabricated for
testing at 15,000 psi water pressure. Additional orifice cones were also
made available for testing at other pressure levels.

Initial testing quickly showed that 5- and 6-jet orifice
cones are superior to others in the entrainment of abrasives and in cutting
test concrete specimens. Thus, 1-, 3-, and 4-jet orifice cones were not
tested further. In addition, the 5-parallel-jet orifice cone, because of
the closer pack of the jets, exhibited slightly better cut depth than the
6-parallel-jet orifice cone. Thus, most of the tests were conducted with
the S5-parallel-jet nozzle.

The convergent-jet orifice cones were not tested extensively
because of the absence of optimum flow-shaping cones. 1t was observed,
however, that both 5- and 6-converged-jet orifice cones are capable of
cutting concrete to a depth comparable to that produced by the 5-parallel-
jet cone even though optimum flow-shaping cones were not available.
Generally, the cuts made by the converged-jet nozzles are narrower and
could be made at reduced abrasive consumption. Thus, these converged-jet
orifice cones could be useful in an overall deep-slotting scheme for
cutting through concrete slabs.
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Most of the tests were performed in this project at
15,000 psi water pressure and with the 5-parallel-jet orifice cone, using
five 23 mil orifices. For testing at 12,000 psi and 17,000 psi water pres-
sure, 26 and 22 mi) orifices were employed, respectively. For the 6-paral-
lel-jet orifice cones, orifices of different sizes were used.

(2) Effect of Concrete Types. Most of the cutting tests per-
formed in this project were with concrete specimens cast by the Concrete
Technology Corporation (CTC) of Tacoma, Washington; a total of 20 pieces of
16- by 16- by 8-inch specimens were made. These specimens were cast
according to BDM's specifications except that locally available Steilacoom
aggregates (a mixture of 6 to 7 kinds of small igneous rock of about
0.5 inch diameter) were used. According to CTC, these aggregates are very
hard and the compressive strength of these concrete specimens could reach
10,000 psi after some time.

A 24- by 24- by 30-inch concrete block was also obtained
from the Columbus Cement Products Company of Columbus, Ohio. This block
was cast according to BDM's specifications and contains crushed Georgian
mountain granite aggregates. Concrete of the same specifications was used
in cutting tests of diamond saws and the waterjet-assisted mechanical
cutting system (Appendix C).

Test results show that the Columbus concrete is much easier
to cut with Fluidyne's abrasive waterjet than the Tacoma concrete; the dif-
ference in depth could be more than 100 percent under certain conditions.
It is concluded that the hardness and resistance to abrasion of the aggre-
gates caused the difference. The mountain stone granite aggregate not only
appeared to be slightly softer but it also had a coarser grain size and
texture than the Steilacoom river rock aggregate.

Since crushed limestone, another aggregate used in con-
crete and limestone, is generally softer than granite, the Columbus concrete
could be considered as an "average" concrete. Thus, it is not unreasonable
to expect that Fluidyne's abrasive waterjet could cut some types of con-
crete even faster than its performance with the Columbus concrete. How-
ever, whether the cutting rate can meet RRR specifications 1is another
matter.

(3) Effect of Abrasives. The type of abrasives, grain size, and
feed rate all affected the capability of abrasive waterjet. For cutting
concrete containing hard aggregates, hard abrasives such as garnet are
recommended. When the concrete contains softer aggregates, softer abra-
sives, such as sand, become feasible. If sand is used as abrasive, the
shape of sand grains affects the jet performance; sharp-edged sand is pre-
ferred over rounded-out beach sand.

For cutting the Tacoma concrete specimens, garnet (Idaho)

was found to be superior than silica sand (Nevada) and Green Diamond abra-
sive (Texas mineral). With garnet as abrasive, larger grains are more
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effective than finer grains (Figure B-1). Thus, garnet of grit size No. 36
was selected for most of the tests.

The performance of abrasive waterjet was found to improve as
the abrasive feed rate was increased (Figure B-2). However, the benefit of
increased abrasive flow leveled off after the abrasive feed rate reached a
certain point. It is believed that the optimum abrasive feed rate is
related to factors such as orifice configuration, power input, nozzle trav-
erse speed, and concrete type. In this project, most of the tests were
performed at a garnet feed rate of 1 to 3 pound/minute, which is consider-
ably less than that involved in BHRA's and Flow's work (Reference B-4,
B-2). Additional experiments and analysis are required to optimize the
abrasive feed rate.

R <7 "Ly SV RN EIF R

(4) Nozzle Standoff Distance. The tests performed in this pro-
ject have shown that the nozzle standoff distance does not play any promi-
nent role in abrasive waterjet cutting of concrete as it does in high-pres-
sure waterjet cutting of materials (Figure B-3). No noticeable difference
in cut depth on Tacoma concrete was observed when the initial nozzle stand-
off distance was varied from 0.2 inch to 1.2 inch. Multiple-pass cutting
also showed that Fluidyne's abrasive waterjet can continue to cut the
granite aggregates in the Columbus concrete after the nozzle standoff dis-
tance has reached 22 inches. However, the initial nozzle standoff distance
does affect the width and edge quality of the cut and therefore should be
minimized. It is recommended that the nozzle should be in contact with the
concrete surface in field applications and that the nozzle should be
spring-loaded to maintain this contact, thus eliminating the need for any
adjustment. However, wear-resistant materials, such as tungsten carbide,
must be used for constructing the nozzle front end.
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(5) Jet Impingement Angle. Because of the very hard aggregates
found in the Tacoma concrete, the jet impingement angle can change the uni-
formity of the cut depth. However, no advantage in the overall depth of
cut was found by changing the jet angle from 90 degrees to other positions
(Figures B-4, B-5, and B-6). If the aogregates are softer, it may be
advantageous to employ an angled abrasive waterjet because the jet impinge-
ment angle does change the contact time (or exposure time) between the
abrasive waterjet and the target material. The extremely irregular depth
produced by the abrasive waterjet on Tacoma concrete rendered accurate
depth measurement very difficult; other errors involved in the cutting
tests could easily cover depth deviations of +10 percent. Still, a trail-
ing abrasive waterjet can produce a cut on concrete that is wider and has
more uniform depth. Thus, the position of abrasive waterjet nozzle body
could be a design factor for producing special cut features on concrete.

o
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Figures B-7 through B-8 show the depth-of-cut profiles for a
30-degree off-normal leading jet, a normal incident jet, and a 30-degree
off-normal trailing jet,respectively. Notice that as the jet varies from a
leading tc a trailing impingement angle the depth of cut profile becomes
progressively smoother.
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TEST SPECIMEN __Cast Concrete TEST DATE __ 9-14-82
. ORIFICE CONE  5-Parallel-det ORIFICE SIze 22 mils
i:; WATER PRESSURE 15,000 PSI FLOW RATE  95-5-6.0  cpy
o Ses e — ;
o ABRASIVE TYPE _ Garnet Powder FEED RATE 0-8 and 1.8 ps/mIn,
AW - I
E' TRAVERSE SPEED 20 feet/min. NOZZLE STANDOFF 0-° INCH
g JET ANGLE  90° NO. OF PASSES _
L e |
L.
;_!' Figure B-1. Effect of Abrasive Grit Size on Depth of Cut.
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ABRASIVE FLOW RATE, LBS/MIN.
TEST SPECIMEN _ Cast Concrete _ TEST DATE __ 9-14-82 _
ORIFICE CONE 5-Parallel-det ORIFICE SIZE 22 wils
WATER PRESSURE 15,000 PSI FLOW RATE 5.5 - 6.0 GPM
ABRASIVE TYPE Garnet Grit #36 FEED RATE LBS/MIN.
TRAVERSE SPEED 2.0 feet/min. NOZZLE STANDOFF 0.5 INCH
JET ANGLE 90° o NO. OF PASSES 2
Figure B-2. Depth of Cut vs. Abrasive Flow Rate.

82

Al oot ol oo s




2.0

15
£
g -
= T -
-
U —
" 1.0
@)
I
z ¢
! ¢ ]

0.5 F

L 1
i | 1 1 [ 1 1 1 1 | i i 1
o 0.2 0.4 0.6 08 1.0 1.2 1.4
NOZZLLE STANDOBE DISTANCL, indch
(Noz/le Tip to Concrete Surtace) *
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ORIFICE CONE  5-Parallel-Jet ~ OQRIFICE SIZE 23 mils
WATER PRESSURE 15,000 PSI FLOW RATE 5.8 GPM
ABRASIVE TYPE _ Garnet Grit #36 FELD RATE 1.8 LBS/MIN.
TRAVERSE SPEED 2.0 feet/min. NOZZLE STANDOFF INCH
JET ANGLE _ 90° NO. OF PASSES |

(3

Add 2.50 inch to obtain waterjet-orifice-to-surface norzle standoff distance.

Figure B-3. Effect of Nozzle Standoff Distance on Depth of (ut.
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TEST SPECIMEN Cast Concrete TEST DATE  12-8-82
ORIFICE CONE 5-Parallel-Jet ORIFICE SIZE 23 mils
WATER PRESSURE 15,000 PSI FLOW RATE 5.8 GPM
ABRASIVE TYPE Garnet Grit #36 FEED RATE 1.8 LBS/MIN.
TRAVERSE SPEED NOZZLE STANDOFF 0.25 INCH
JET ANGLE 90° NO. OF PASSES |

Figure B-4. Nozzle Traverse Speed vs. Depth of Cut.
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Figure B-5. Effect of Jet Impingement Angle on Depth of Cut -
30 Degrees Leading.

85

e U IV W WPV R S Y NP W YR W W TP U T W




2.5 - |
2.0} .
<
g
. LSk —
-
-
o
L.
(o]
I
’a—. 1.0 -
w
Q b
o5} - ;
Ab
L I 1 L _l
0 5 10 15 20 25 30
NOZZLE TRAVERSE SPEED, inch/minute
TEST SPECIMEN Cast Concrete TEST DATE 12-7-82
ORIFICE CONE 5-Parallel-Jet ORIFICt SIZE _ 23 mils
WATER PRESSURE 15.000 PSI] FLOW RATE 5.8 GPM
ABRASIVE TYPE Garpnet Grit #36 FEED RATE 1.8 LB8S/MIN.
TRAVERSE SPEED NOZZLE STANDOFF __0.25 INCH

JET ANGLE 30° Trailing NO. OF PASSES ]

Figure B-6. Effect of Jet Impingement Angle on Depth of Cut -
30 Degrees Trailing.
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(6) Nozzle Traverse Speed. The speed at which an abrasive b

b waterjet is moved over a concrete surface has a pronounced effect on the |
- depth of cut; the depth of cut is increased significantly as the nozzle .
b traverse speed is reduced beyond about 3 feet/minute (Figures B-10, B-11, ;
3 and B-12). At traverse speed above this figure, the abrasive waterjet can- ]
not be expected to cut all aggregates under the test conditions encountered 1

in this project, unless multiple passes are applied. p

The effect of multiple-traverse passes of an abrasive water- g

jet is approximately equivalent to cutting with multiple nozzles or cutting 1

with a nozzle of multipled power output. With the hard Tacoma concrete, 3

the 15,000 psi abrasive waterjet started to lose its cutting ability after f

the depth reached about 5 inches (Figure B-13). With the Columbus ;

concrete, the 15,000 psi abrasive waterjet remained effective for much |

deeper cuts (Figures B-14, B-16, and B-17). 1

The effect of nozzle traverse speed and multiple-pass cut-
ting on the depth of cut basically reflects the effect of the amount of
time that concrete is exposed to abrasive waterjet, which could be called
exposure time, T, and could be expressed by:

el s

T = nd/v
where T = exposure time, seconds
n = number of passes
d = diameter of abrasive waterjet, inches
v = nozzle traverse speed, inches/second.

Plotting the exposure time versus depth of cut produces a parabolic curve
(Figure B-18) that could be used to predict the depth of cut of a given
concrete at any nozzle traverse speed. With the Columbus concrete, the
plot shows that a 16-inch deep cut could be produced with Fluidyne's
15,000 psi abrasive waterjet in one pass if the nozzle is traversed at
1 inch/minute, as in the case of BHRA's work. On the other hand, BHRA's
system produced a cut of about 4 inches in depth. However, specifications
on the concrete BHRA was cutting are not available.

The available data at 15,000 psi using Fluidyne's abrasive
waterjet system are compared to those published in Reference B-4 (Fig-
ure B-19). Differences in the abrasive feed rate should also be noted.

(7) Water Pressure. A limited range of water pressure was
investigated in this project (Figures B-11, B-12, and B-15). However, the
available data did show that increasing the water pressure (for a fixed
pump horsepower and abrasive feed rate) increases the depth of cut signifi-
cantly at all nozzle traverse speeds encountered in this project. The
importance of water pressure is believed to be most significant with the
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Figure B-11. Depth of Cut vs. Traverse Speed For Different Pressures.
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Garnet Grit #36 FEED RATE 1.8 LBS/MIN.

NOZZLE STANDOFF 0.25 INCH

90° NO. OF PASSES 1

Figure B-12. Depth of Cut vs. Traverse Speed.
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ORIFICE CONE 5-Parallel-Jet

WATER PRESSURE 15,000 PSI

ABRASIVE TYPE Garnet Grit #36

TRAVERSE SPEED 2.0 feet/min,

JET ANGLE 90°

ORIFICE SIZE 23 mils

FLOW RATE 5.5 - 6.0 GPM
FEED RATE 1.8 LBS/MIN.
NOZZLE STANDOFF 0.5 INCH

NO. OF PASSES

Figure B-13. Depth of Cut vs. Number of Passes (Steilacoom Aggregate).
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Figure B-14. Depth of Cut vs. Number of Passes (Granite Aggregate). :
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60-hp Power Input -
17,000 psi Pressure [
Orifice Cone - 50022
G-36, 2-3 Ib/min.
6.0 9 inch/min. Traverse .
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Figure B-15. Depth of 3-Pass Cut at 17,000 psi Water Pressure.
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NUMBER OF PASSES
Columbus, Ohio Concrete
TEST SPECIMEN Tacoma, WA Concrete TEST DATE 12-27-82
ORIFICE CONE _ 5-Parallel-dJet ORIFICE SIZE 23 mils
WATER PRESSURE 15.000 PS1 FLOW RATE 6.0 GPM
ABRASIVE TYPE Garnet Grit #36 FEED RATE 2 -3 LBS/MIN.
TRAVERSE SPEED 2.0 feet/min. NOZZLE STANDOFF 0.25-0.5 INCH
JET ANGLE 90° NO. OF PASSES

Figure B-16. Effect of Concrete Type on Cutting Performance.
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Figure B-17. Accumulated Depth of Cut vs. Number of Passes in Concrete
With Granite Aggregate.
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-4

Columbus Concrete (crushed grumi‘

aggregate, 6,000 psi comp. streng
Water Pressure: 15,000 ps)
Pump Power Input: 60 hp J
Nozzle:  5-Paraltiel-Jet
Nozzle Standott: 0.2% inch
Abrasive Type: Garnet #36 4

Abrasive Feed: 2-3 Ib./mun.

n Number of Pass
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EXPOSURE TIME, L= ood /v, second

Figure B-18. Depth of Cut vs. Exposure Time.
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9.0
T
Columbus, Ohuo Concrete
/ (Crushed Granite Aggregate)
8.0} 'Y 9
7.0 -1
. o 3
Tacoma, WA Concrete
( Small Pebble Aggregate) /( :
/
< 6.0 - /(_\, -
S
. /
- /
5.0 - ~a ¢ . Flow's Data (Ref B-4) .

Abrasive: Garnet 60/80
@ 9.3 Ib/nun.
Traverse: 9 inch/min.

No. of Pass: 3
Concrete: 5,000 psi

@ [luidyne’ Data
Abrasive: Garnet #36
@ 2-3 Ib/mun.
Traverse: 9-10 inch/tnn.
No. of Pass: 3 -
Concrete: 6,000 psi

ACCUMULATED DEPTH OF CLT,

1 | i
20 30 40 5N
WATER PRESSHRE, x 1,000 pw #

Comparison of Test Results to Data From Reference B-4.
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ji hard Tacoma concrete as the extra speed of the abrasive particles can have

3 significant benefit in cutting the hard aggregates. With softer concrete,

- this may not be the case,as a water pressure of 15,000 psi can cut through

.. the aggregates within a reasonable exposure time.

:fj It is projected that an increase in waterjet pressure to

20,000 psi would have a greater impact on cut depth at higher nozzle trav-
erse speed than at slow nozzle traverse speed (Figure B-20). However, at
very high nozzle traverse speed, a 20,000 psi abrasive waterjet can only be
expected to cut hard concrete to a depth of less than 1 inch per pass (Fig-
ure B-21). Thus, several nozzles must be used simultaneously and arranged
linearly to produce a cut of greater depth. Such arrangement would require
very high power input but otherwise will not encounter technical obstacles.

4. PROTOTYPE SYSTEM DESIGN

a. Key System Parameters

(1) Aggregate in Concrete. In the course of this project, only
three different kinds of concrete specimens were tested with the abrasive
waterjet, two with pebble aggregates and one with crushed granite aggre-
gate. However, Fluidyne tested the abrasive waterjet with selected rock
specimens that included some very hard rock such as rhyolit basalt, quartz-
ite, granite, and hard sandstone. The test results showed that the speed
and depth of abrasive waterjet cutting are closely related to the hardness
and granular structure (and/or permeability) of rock; the exact relation-
ship is, however, not known 'to date. Thus, it is reasonable to expect that
the hardness of aggregates in concrete would have very strong influence
over the cutting capability of abrasive waterjet. Even the best cement is
believed to be similar to some soft and medium hard sandstones and can be
readily cut with abrasive waterjet. The speed and depth of abrasive water-
jet cutting of concrete would vary widely on concrete slabs that contain
different types of aggregates. The extent and range of performance devia-
tions, however, remain to be determined. It is reasonable to expect that
polished basalt pebbles could be the toughest aggregate for abrasive water-
jet to cut because of their extremely dense structure.

(2) Abrasive Type and fFeed Rate. For a given concrete, the most
important system parameter of abrasive waterjet cutting is believed to be
the type of abrasives involved and its mass flow rate. This parameter is
of particular importance when hard aggregates are involved. The selected
abrasives must be hard, sharp, and capable of withstanding impact of best
results. On the other hand, there is the possibility of "overkill" in cut-
ting soft materials with very hard abrasives without getting proportional
benefits. This situation is believed to exist in concrete cutting, and the
relative hardness and other physical characteristics between the aggregates
and selected abrasives are the key factors. From this viewpoint garnet
is an excellent abrasive as it is harder than most minerals and can be
found i a crystalline structure of good sharpness. Its ability to with-
standir,, impact, however, remains to be studied as large-grain garnets are
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Figure B-20. Extrapolated Depth of Cut at 20,000 psi Water Pressure.
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Figure B-21. Projected Depth of Cut at 20,000 psi Water Pressure.
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known to have faults and fractures. Glacial sand is probably the second
best choice as it often contains very sharp grains. There are also other
types of natural and manmade abrasives; their effectiveness in abrasive
waterjets remains to be studied.

For a given concrete and selected abrasives, the abrasive
waterjet's cutting capability is proportional to the amount of abrasives
entrained in the jet. It should be observed that the amount of abrasives
consumed is a different matter, a large quantity of abrasives can be thrown
through a waterjet nozzle without producing much benefit if the amount
entrained into the waterjet is small. With Fluidyne's nozzles, the amount
of abrasives that can be entrained is quite high and is found to vary with
several factors, including jet configuration, water flow rate, water pres-
sure, and nozzle design. Latest tests have shown that up to 6 pounds/min-
ute of large-grain granite can be introduced into current nozzles to pro-
duce good cutting. Further, the depth of cutting increases with the
increase in abrasive feed rate until the abrasive flow was choked; the
exact cause of choking of abrasive flow is not clearly known at present.
Tests at a constant pump horsepower have shown that deeper cuts can be pro-
duced by lowering water pressure and increasing water flow rate because a
greater amount of abrasives are allowed to be entrained into the waterjets.
Such observation indicates that the amount of water affects the quantity of
abrasives entrained, and thus the amount of abrasives consumed. On the
other hand, using a larger flow-shaping cone can also increase the abrasive
feed rate without producing noticeable benefit in cutting. Change in jet
configuration can certainlyaffectthe abrasive entrainment and consumption
as well. Thus, the relationship between abrasive flow rate and abrasive
waterjet cutting is complex and deserves additional investigation; improved
techniques to differentiate the abrasive consumption and entrainment would
be of significant value. Fortunately, the nozzles used in this program
have a high capability to entrain abrasives such that the amount of abra-
sive introduced is not as sensitive a subject as it would otherwise be.

In Timited testing, dry abrasives have been found to be much
more effective in cutting concrete than abrasives in the form of a slurry.
This effect has been anticipated to some degree. The preparation of a
water-based siurry requires a fine abrasive. Larger size abrasives, which
can be more productive in cutting, are not efficiently suspended in the
slurry. The presence of the water in the slurry itself can perturb the
coherence of the jets as the abrasive is introduced. Thus, the use of
abrasive slurry is not expected to produce any benefit in RRR applications
where the speed of cutting is of primary concern.

The use of dry abrasives requires a good metering and feed
system; such a system isnotcurrently available from commercial sandblasting
equipment suppliers. [Ideally, this system should be self-reqgulated by the
vacuum generated at the abrasive waterjet nozzle to obtain maximum feed
rate without blockage and to achieve maximum cutting rate. On the other
hand, the flexibility in adjusting the abrasive flow rate to meet different
cutting needs is also a desirable feature.
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(3) Water Pressure. The factor of water pressure is placed
third because its exact effect on abrasive waterjet cutting of concrete is
not clearly known. In the course of this project, the water pressure was
varied from a few thousand psi to a maximum of 17,000 psi. The benefit of
increased water pressure was clearly observed with Tacoma concrete but not
with Columbus concrete if other factors are not changed. The test results
of this project and that of published 1iterature also showed that the capa-
bility of abrasive waterjet can be greater at lower water pressure if a
more efficient nozzle is used.

However, with all factors considered there is no doubt that
the capability of abrasive waterjet can be improved by increasing the water
pressure when other factors are held constant. The improvement should be
particularly noticeable in cutting hard aggregates and in making deep cuts.
This is simply due to the increase in the velocity of abrasive particles,
which is believed to be closely related to the velocity of waterjets that,
in turn, is proportional to the square root of water pressure.

Another factor should be examined. This is the relationship
between the water pressure and jet dispersion in which the dispersion of
waterjet is enhanced by increase in water pressure. The jet dispersion, in
turn, may affect abrasive entrainment in a given nozzle and must be con-
sidered in nozzle design. It is possible, however, to design an abrasive
waterjet nozzle that can be readily adjusted to suit the water pressure
involved without sacrificing abrasive entrsinment.

When the system power and cutting efficiency are not con-
sidered, it 1is reasonable to conclude that high water pressure should be
employed for high-speed cutting of concrete. A pressure level greater than
409,000psi would be preferred and high-power pressure intensifiers could be
used to generate such pressure levels. Fluidyne's basic nozzle design can
accommodate such pressure levels without any major modifications.

(4) System Power. The relationship between the pump power and
abrasive waterjet cutting of concrete has not been resolved in this pro-
ject. The power input to a waterjet pump system can be reflected by the
water pressure and flow rate. Thus, a given power input can be used to
generate high-pressure-low-flow or low-pressure-high-flow systems, or
others in between. The flow rate of a waterjet system is known to affect
the entrainment of abrasives, thus affecting the concrete-cutting rate of
abrasive waterjet. At this point, it is not clear how the abrasive water-
jet's cutting capability is balanced between pressure and water flow rate
because of the complex interactions of abrasive entrainment and concrete
types. There is no doubt, however, that increased pump power will increase
the abrasive waterjet's cutting capability and high-speed cutting of con-
crete will require enormous power.

In view of the speed requirement of the RRR program, it is

necessary to examine how the speed of concrete cutting can be increased
without increasing the pump power to exhorbitant levels. One possibility,
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of course, is to slot the concrete without shearing all aggregates. Abra-
sive waterjets can be used to cut the cement rapidly while skipping some of
the larger aggregates. As a result, a wide groove is made, with many of
the aggregates being washed away from the cut surface. This approach could
be particularly feasible 1in cutting concrete that contains small, hard
pebbles while not too feasible with large, crushed aggregates. In applying
this approach, a low-pressure-high-flow system would be more appropriate
than a high-pressure-low-fiow pump system. For example, the Tacoma
concrete can be cut with a 10,000 psi abrasive waterjet system by removing
the cement between the aggregates; the cut edge, however, is very ragged.
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The test results available to date have also shown that the
cutting of concrete with abrasive waterjet is much faster than that of
using straight waterjet. As far as the RRR program is concerned, the edge
quality is probably the only question that needs resolution. Thus, this
fast slotting of concrete without severing all aggregates deserves atten-
tion and study.

b. Prototype Nozzle Systems

(1) Vertical or Inclined Nozzle System. Available test data -
have shown that the depth of cut in concrete is proportional to the amount of K
the abrasive waterjet dwell time on the concrete. Thus, any attempt to
increase the cutting speed must include optimizing the jet dwelling time.
One way to accomplish this purpose is to direct the abrasive waterjets in .
paraliel with the concrete slab, as shown in Figure B-22. This approach
involves first making a cut through the concrete with the nozzle assembly
in a horizontal position and then straightening the nozzle assembly to a
vertical or inclined position prior to advancing the nozzle assembly.

3 o
PEORLICUNIN

With this approach, the dwelling time is probably the
longest among all other possible approaches. It is feasible to open a wide
groove in concrete if there are no steel reinforcing rods and the pump
system can deliver sufficient water flow. For cutting 12-inch thick con-
crete, a total of less than 12 nozzles would do the job, each being
responsible for about 1-inch square of the frontal surface. Such closed
spaced nozzles could generate vigorous jet interactions to maximize abra-
sive turbulance and concrete removal. The abrasive waterjet nozzles can be
positioned in an angular pattern to assure wide cut, as shown in Fig-
ure B-23. The required pump for this approach can be minimized if the
system is designed not to cut through all aggregates. Therefore, it may
not be feasible if the aggregates are large as a very wide groove (wider
than the width of nozzle manifold plus the diameter of the largest aggre-
gates) must be made to allow the advancement of nozzle assembly, as shown
in Figure B-24. Nevertheless, this approach must be adapted if the speed
of cutting is of primary concern. It is unlikely that a water pressure
5 much higher than 10,000 psi is necessary for implementing this approach;
g the flow rate, on the other hand, could be as high as 100 gpm. The abra-
ﬁ sive consumption could be maintained at a reasonable level as only cement

is being removed.
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(2) Horizontal Nozzle System. If the speed of cutting is not
critical and higher quality of cut edge is desired, a different nozzle
system arrangement will be required. 1In such a case, a bank of abrasive
waterjet nozzles arranged in a line pattern could be used, as shown in Fig-
ure B-25. With this approach, each nozzle is assigned to cut a groove of
certain depth and the total number of nozzles is governed by the total
depth and cutting speed involved. The nozzle assembly is arranged to stay
on the concrete surface so that the abrasive waterjets can cut the full
depth without penetrating into the groove. The nozzles can also be
designed and positioned to achieve special purposes. For example, the
first few nozzles can be assigned to cut a groove of given width while the
last few nozzles can be assigned to obtain maximum depth. Further, the
nozzles can be positioned to obtain maximum benefit in jet dwelling time,
interactions and abrasive turbulence without jet interference. The maximum
cutting speed attainable is basically governed by the available pump power.
Meeting the RRR's target speed of 30 feet per minute, however, would
require an enormously high level of power input; a minimum of 1,000 horse-
power is believed to be required. Further, high water pressure may be
required for such high-speed cutting because the delivery of abrasives must
be at high speed as well.

(3) Synergistic Approaches. There are possible synergistic
approaches of combining abrasive waterjet with other technologies to
achieve high-speed cutting of concrete. However, specific approaches that
may increase the cutting speed to RRR's target level are difficult to con-
ceive at present as the speed of abrasive waterjet cutting is Tlagging
behind. One possible approach is the combination of a mechanical pick and
narrow slotting with abrasive waterjet. In this approach, abrasive water-
jet is used to make a parallel cut, while a mechanical rock pick is used to
remove the strip of concrete between the two cuts. Thus, it is basically
similar to the waterjet-assisted rock cutting with a pick except that
straight waterjet is replaced with abrasive waterjet. Since the abrasive
waterjet cuts to be made are quite narrow, the power output of each nozzle
can be quite low and the total pump power can be significantly reduced as
compared to a pure abrasive waterjet system. On the other hand, the total
system power may still be quite high as the picks must exert sufficient
force to break the concrete strips. The converging jet abrasive nozzles
could be particularly useful in this approach. It is estimated that the
required pump power could be reduced by a minimum of 50 percent,while the
abrasive consumption could be reduced by up to 75 percent, depending upon
the nozzles involved.

With this abrasive jet-mechanical pick approach, a wide cut
can be made without consuming enormous amounts of power. Thus, the nozzle
assembly can be lowered into the cut to gain great depth.
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WATERJET-ASSISTED MECHANICAL CONCRETE CUTTING
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APPENDIX C

WATERJET-ASSISTED MECHANTCAL CONCRETE CUTTING

The material in this appendix was prepared by Engineering and Science
Technology, Inc., 108 S. Eldridge Way, Golden, Colorado 80401 under sub-
contract to The BDM Corporation between March 1982 and January 1983. The
tests were conducted at the Earth Mechanics Institute of the Colorado
School of Mines.

1. INTRODUCTION

The technique of concrete cutting or slotting with diamond sawing has
been very successfully empioyed for highway repairs, concrete slab removal
in building floors, and other civil works. However, the fundamental pro-
cess of this method is grinding, thus limiting the rate of cutting. Dia-
mond concrete sawing 1is reaching its best possible efficiency through
improvements made over the past years with little possibility of great
advancement in the cutting rate in the near future.

Several advanced methods, now being developed, show good promise. One
is the application of a high-pressure waterjet with penetrating or rota-
tional nozzles (Reference C-1) at high water pressure of 30 to 40 ksi
range. A fraction of a square foot of rock slotting and 2/10 square foot
of concrete cutting per minute have been achieved. The difficulty of the
above high-pressure waterjetting method is the inefficient cutting removal
process and the high energy consumption when slots reached several inches
in depth. The long-term prospect is good for a high rate of slotting but
no dramatic breakthrough is anticipated.

The use of an abrasive jet for concrete cutting is a very promising
technique (Yie, Gene, Private Communication). It can reach a cutting depth
of 10 to 12 inches with a single narrow slot. The best current rate is
estimated at a traverse speed of about 12 to 24 inches per minute with a
depth of © inches, or less than 1 square foot per minute. With further
development this technigue has the potential to be a viable method of con-
crete cutting with good rates.

The most promising technique which may meet the military need for con-
crete slotting at a rate of closer to 30 fté/minute is the waterjet-
assisted mechanical rock-cutting method (References C-2 and C-3). The cur-
rent rate achievable in 20,000 psi sandstone with a single tool is
4 ft2/minute. It is feasible that with the proper use of multiple-cutting
tools, a 30 ft2/minute slotting rate may be achievable by good mechanical
design. The technology of concrete cutting may be established if this rock-
cutting technique can be proven to be equally applicable to concrete slot-
ting with a similar rate.
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2. BACKGROUND AND REVIEW OF LITERATURE

a. Background

The method of waterjet-assisted mechanical rock cutting has been
demonstrated to be very effective for a variety of rocks with compressive
strength ranging from 10 to 40 ksi (References C-2, (-3, and C-4). The
principle of this tecknique is that a waterjet directed at the crushed zone
which is created by a mechanical too] extends the cracks by bhydrofractur-
ing. Hydrofracturing is an efficient method which requires a relatively
low water pressure of 5 to 10 ksi which is lower than the pressure for
kerfing of rock with waterjets. In the jet-assisted mechanical rock-cut-
ting system, the forces on the mechanical tool are also reduced and bit
1ife increased. Reduction of both thrust and cutting forces may be 50 per-
cent or more with jet-assisted cutting (Reference C-2, Figures C-1
and C-2). From the 1aboratory result, the cutting rate of 20, 000 psi sand-
stone may reach 4 ftZ/minute or more using a single po1nted pick with a
water pressure of 5,000 psi (Reference C-3).

This jet-assisted mechanical system may be applied for concrete
cutting with high productivity. In addition to the principle described
above, this cutting system may have a special effect in concrete slotting,
i.e., the high-pressure jet removes the cement and sand matrix to expose
the stone and the mechanical tool breaks and removes the stone which is
difficult to cut by a waterjet alone. With this possible special effect,
this method may achieve a higher rate of cutting concrete than cutting rock
of equivalent strength.

b. Individual Publications

(1) Papers by MWang (Reference C-2), and Ropchan, Wang and
Wolgamott (Reference C-3). These are the two publications which contain
the most direct information and test data relevant to waterjet-assisted
concrete cutting. Several pertinent points are summarized as follows:

(a) A pointed pick has more consistent cutting force wear
than radial picks. [t is, therefore, a better pick to be used for rock
(hard material) cutting.

(b) A pick cutter can be used to cut a variety of rock
types, with strengths up, to 20,000 psi to 0.7 inch depth per pass. A
reduction of normal force by 40 percent and drag force of 30 percent can be
attained with a jet pressure of only 5,000 psi.

(c) Only 1low water pressures of up to 10,000 psi are
required to produce the special effect of hydrofracturing.

(d) Jet impinging from behind is more effective than in
front of the pick.
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Figure C-2. Variation in Cutting Forces With Bit Penetration For Unassisted
and Waterjet- Assisted Cutting Using a Conical Bit in Sandstone,
Cut Spacing: 1.5 Inches.
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LLG (2) Report by National Coal Board (Reference C-6). This report "'

- not only verifies that a waterjet-assisted pick rock cutting works in the .
; laboratory but it also is effective when incorporated in a real machine
o under field conditions. The machine had a reduction of over 40 percent in
- thrust force and over 30 percent in cutting force when cutting limestone of
17,000 psi with the assistance of a waterjet at 10,000 psi pressure. The
vibration of the machine was reduced and pick life improved.

(3) Paper by L. Bauman (Reference C-7). The type of cutting
tool used in this investigation was the drag bit which has a wide cutting
edge and employs a slightly different cutting mechanism than a pointed
pick. However, the effect of waterjet assistance is also evidenced through
the reduction of normal and cutting forces for rock slotting. A slot of
about 2 ftZ/minute was produced in hard sandstone of 20,000 psi compressive
strength at a water pressure of about 25,000 psi.

T SR W AP Y W

(4) Paper by 0. Dubugnon (Reference C-5). This paper also con-
firms that low-pressure waterjets of less than 15,000 psi are effective in
assisting rock cutting with drag bits. The force reduction in general is
about the same at various depths but in some instances the waterjet is more
effective for deeper cuts than shallow cuts.

(5) Paper by M. Hood (Reference C-4). This paper reports the
results of cutting hard quartzite in South Africa by using a drag bit.
Hood found by aiming two jets into the high stress zone near the corners of
the drag bit, twice the depth of dry cut could be obtained with the same ’
driving force at water pressure of 5,000 psi.

(6) Paper by 1. A. Kuzmich (Reference C-8). Experimental .
results and analytical relationships of hydromechanical breakage of rock 1
and coal using a disc cutter in the laboratory were presented. Although
the information is not pertinent to pick cutting, the correlation of pres-
sure, depth of cut and mechanical forces is beneficial to concrete cutting.

c. Mechanism of Waterjet-Assisted Mechanical Rock Cutting

As suggested by Wang (Reference C-2) and Dubugnon (Refer-
ence C-5), the mechanism of waterjet-assisted mechanical rock cutting is
that the high-pressure water assists to extend or hydrofracture the micro- ,
cracks formed underneath the mechanical pick. Therefore, the pressure ]
required is much smaller than waterjet kerfing of the rock. As discussed
in the literature (References C-2 and C-5), a pressure up to 15,000 or
20,000 psi is sufficient to create significant reductions in thrust and
cutting forces on a mechanical pick.

PO ]

This mechanism may be depicted as shown in Figures C-3 and (C-4.
The jet is more effective from behind, as shown in Figure C-4, because it
is in line with and goes directly into most of the cracks. However, it is
difficult to place the jet from behind due to geometrical constraints on [
cutting structures.
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Figure C-3. Rock Fracturing Due to Plow Bit - Waterjet in Front of Bit, .
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Figure C-4. Rock Fracturing Due to Plow Bit - Waterjet Behind Bit. *
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d. Data Analysis

The Dakota sandstone has the same compressive strength
(6,000 psi) as the concrete tested. Therefore, the data on Dakota sand-
stone by Ropchan, et al. (Reference C-3) were analyzed. As shown in Fig-
ures C-5 and C-6, the normal and drag forces versus jet pressure at various
penetrations are plotted. The normal forces at 1/2 and 3/4 inch penetra-
tion are estimated as 800 and 1,000 pounds, respectively, at 10,000 psi jet
pressure. The drag or cutting forces at 1/2 and 3/4 inch penetration are
estimated as 1,800 and 2,700 pounds at a jet pressure of 10,000 psi. Cer-
tainly, the assumption of concrete cutting with the same depths of cut as
in Dakota sandstone produces the similar forces in a reasonable approach.
However, it is recognized that Dakota sandstone has a higher porosity and
the tensile strengths of both materials are not known. Because of these
, rock cutting data and behavior can only be considered an approxima-

Jon of what can be expected for concrete cutting. .

3.  LABORATORY TESTING

a. Objectives

The objectives of the laboratory experiments are to obtain:
(1) basic waterjet kerfing data, (2) a mechanical pick concrete- cutting
data base, and (3) waterjet-assisted mechanical concrete cutting data.
From these data, the correlation of concrete cutting and rock cutting will
be made such that the rock-cutting methodology and data may be used in the
most accurate way for predicting concrete-cutting characteristics.

D
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b. Test Description

Three types of tests, waterjet kerfing, mechanical pick cutting
and waterjet-assisted mechanical pick cutting have been conducted.

(1) Waterjet Kerfing Tests. Two pieces of concrete samples
12 by 12 by 6 inches, with properties the same as samples in pick cutting
tests were used to conduct jet kerfing tests. The parameters used were:

P ) -‘..'L..l I

(a) Standoff distance: 1 and 3 inches. ﬂ
(b) Nozzle size: 0.016 inch and 0.024 inch, |
(c) MWaterjet pressure: 5,000, 10,000 and 20,000 psi. )