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SECTION I
INTRODUCTION

GENERAL STATEMENT OF BDR PROBLEM

The importance of air superiority in warfare has been well established
during the last three to four decades. The most effective way to deny an
adversary the use of the air is to prevent him from launching his aircraft at
all. This can be achieved by either destroying his aircraft on the ground or
by damaging his runways by cratering so that his aircraft cannot take off,

The increasing use of hardened facilities makes the first alternative more and
more difficult, Consequently, it is increasingly likely that one's runways
will be attacked before aircraft can be launched.

The likelihood that runways will be cratered by bombs has spurred inter-
est in Bomb Damage Repair (BDR) or, as designated by NATO, Rapid Runway
Repair (RRR). BDR processes endeavor to provide a runway lane 50-feet-wide
and 5000-feet-long which can sustain repeated dynamic wheel loads of the
aircraft during take offs, This objective is achieved by cleaning up the debris
and either spanning or filling up bomb craters and capping or covering them
with mats. The current procedure as given in AFR 93-2 uses the latter method.

The AFR 93-2 method, however, nominally requires four hours to repair
a typical crater produced by one 750-pound bomb., The crew and construction
complement are sized to simultaneously repair three such craters, This re-
pair time is considered undesirably long; the ultimate goal of the Air Force
is a repair time of 1 hour.

Complicating the process of BDR planning is the increased usage of
small penetrator bombs, either air delivered or ground launched. These small
weapons can be delivered in large quantities by a single plane and, with ap-
propriate fusing, develop a series of small camouflet or open craters the en-
tire length of the normal runway,

STUDY OBJECTIVE

A series of studies covering damage prediction and crater repair tech-
niques as well as various other aspects of the BDR problem have been con-
ducted for the Air Force Weapons Laboratory (AFWL) during the last 8 years.
These studies, including tests by AFWL at the Tyndall AFB BDR test site,
have suggested that upgrading the quality of the repair and reduction of the
total repair time can be achieved by improving equipment utilization, aug-
menting equipment complements, and improving equipment design.

The objective of this study was to produce a reference document to aid
BDR research (1) in design of alternate BDR processes, (2) in examining op-
tions in selection of additional equipment (possibly redesigned), and (3) to
present an aid in estimating the minimum times required for the various BDR
tasks as a function of the work quantities resulting from bomb damage.

This reference document can then be used as a guide to possible methods

1
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for reducing BDR times to as little as two hours. Further pursuit of research
in problem areas highlighted by the results of the study should also suggest
new repair techniques and equipment designs to approach the one-hour time
goal,

STUDY APPROACH
The approach used in this study was analytical; no field tests were con-
ducted under this contract. The analytical method consisted of the following
steps:
1. Conduct a literature review of bomb crater damage and bomb
damage repair concepts, processes,and equipment,
2. Analyze time lapse and movie films of bomb damage processes
and equipment.
3. Develop BDR task definitions for the AFR 93-2 process, the
United Kingdom repair process, using alternate fill techniques.
4, Analyze the variables in each BDR task affecting time and quality.
5. Optimize the work patterns and vehicle utilization.
6. Evaluate the capabilities of commercial equipment items at the
BDR tasks.
7. Evaluate mixes of existing, modified and conceptual equipment
for cost and time relationships.,
8. Prepare a summarization of findings.

—eT YT




SECTION II
TECHNICAL APPROACH

This section describes the major assumptions and steps of the overall
study approach outlined in Section I. The description includes discussion of:
1. The rationale for the methodology used.
2. The assumptions and constraints imposed in order to bound the
study.
3. A summary of the prinicipal applicable data found in the literature,
films, and equipment manufacturers' data sheets.

METHODOLOGY RATIONALE

The Air Force Statement of Work and Technical Requirements indicated
that three 750-pound bomb craters were the baseline bomb damage repair (BDR)
task. Later in the study, the alternate problem of thirty 25-pound charges
was included to assess the current threat,

On either of these repair tasks, in order to evaluate the performance
of given repair vehicle, or of a team of vehicles of different types, it is
necessary to calculate the productivity of each vehicle on a task which is
(1) defined in terms of the unit operations in each task, and (2) for each op-
eration, defined in detail as to quantity of work to be accomplished, average
working distance, work material densities/sizes/characteristics and optimized
work patterns.

TASK AND WORK QUANTITY DEFINITION REQUIREMENTS
In order to quantify the basic repair tasks into the necessary detail,
the literature review and film analysis concentrated on examining the follow-
ing repair task problem and repair vehicle parameters:
1. Crater sizes and shapes in various soils and in various runway
thicknesses.
2. Crater locations with respect to runway edges.
3. Debris sizes, populations and dispersion from ground zero.
4, Repair task sequences.
5. Equipment working patterns and estimated distances.
6. Size, horsepower, attachments, etc., of AFR 93-2 equipment
items.
7. Equipment utilization and traffic density in repair area.
Sections III, IV and V present detailed discussions of how the above-
listed data was obtained or developed.

BASIC ASSUMPTIONS AND CONSTRAINTS

To assist in quantifying the repair problem, a number of assumptions
and constraints were imposed on the repair variables. These were supplied
by the Air Force Civil Engineering Center, or selected by AER and reported to
AFCEC for concurrence. The assumptions dealt with the threat, the damage
site, the materials encountered, and the debris characteristics as follows:

3
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1. Threat
a, Three 750-pound bombs, or
b. Thirty 25-pound charges,
2. Damage Site
a. Three large open craters located on the ends and in the
middle of a 5000-foot-long, 50-foot-wide runway.
b. Thirty small craters, either open or camouflet-type,
located in two rows on each side of the 5000-by-50-foot
strip; 333 feet between craters in each row,
c. Negligible slope and grades on runway.
3. Materials
a. Twelve-inch, non-reinforced concrete runway consisting of
15-foot square slabs.
b. Sand or clay base courses and sub-base,
c. Sandy gravel select fill at base stockpile.
4, Debris
a. Number of each size of representative concrete pieces.
b. Distance of each size from ground zero.
c. Distance of each size from spoil area.
d. Volume of earth ejecta and distribution around crater area.
Densities and bulking factors for materials are discussed in Section V
of this report. Specifics regarding debris are discussed in Sections III and V.
The constraints were selected to eliminate very small and very large
equipment items, to establish the repair processes to be examined, and in |
the case of the AFR 93-2 process, to establish a baseline complement of
vehicles. These constraints are described in more detail in those areas of
i this report where they influence any result of problem quantifications. |

LITERATURE AND TEST DATA REVIEW

A basic component of the repair task analysis was a review of back-
ground information and supporting data in the literature regarding:

1. Design and testing of BDR concepts, processes, and equipment.

2. Damage prediction and weapons effects,

3. Time lapse movies of BDR tests,

The documents and movies reviewed by AER are listed in the biblio-
graphy in Appendix A of this report, A summary of the information from these
sources that were most useful in subsequent tasks is presented below.

Design and Testing of BDR Concepts, Processes and Equipment

The bibliography of documents compiled by AER in this area is given
in Appendix A. The entries in this Appendix are arranged into five subject
areas: BDR procedures, crater capping, crater fill, equipment performance,
and flotation and dynamic requirements for aircraft.
1 This list of documents was reviewed to determine which ones should
be obtained and examined in greater detail and analyzed. Several of the
reports, marked by asterisks, covered the current BDR process in great detail.
These marked reports when coupled with a review of the time lapse films
provided the majority of the information on BDR processes and equipment.

i 4
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AFR 93-2(1) (A-1) provided the current manning, equipment list, and
procedure for bomb damage repair within the four-hour criteria to repair three
750-pound bomb craters.

The two documents (A-2) by Hokanson and (A-3) by Hokanson and
Rollings reported on the FY 73 and FY 75 BDR tests at Tyndall AFB in Florida.
The FY 73 report covers tests of the then-current AFR 93-2 procedure., In addi-
tion, several equipment items not specified in AFR 93-2 were tested in the re-
pair effort., Also, 750-pound bomb craters and 25 lb C-4 bomb craters were
repaired in this series. The FY 75 report covers tests of the AFR 93-2 proce-
dures and equipment in rain and at night for repairing the 750-pound bomb cra~-
ters. In addition, the repair of 15 lb., C-4 bomb craters was tested. PRoth
of these reports give equipment usages, work patterns and scheduling data
for the two series of tests.

In the area of crater capping, the documents covered primarily various
concretes used to cap the repair.

The report by Forrest and Shugar (A-9) examined the effectiveness of
utilizing conventional materials and procedures for filling and repairing cra-
ters. This report found that uniformily graded select fill with a capping equiv-
alent in stiffness to 6 inches of Portland cement concrete meets the quality
requirements for rapidly repairing bomb craters.

The bibliography section on dynamic and flotation requirements for air-
craft lists three documents concerned with the interaction of the runway sur-
face and the aircraft. (No specific requirements for repaired surface flatness
is contained in AFR 93-2.)

Damage Prediction and Weapons Effects

A base of literature was compiled which covered bomb cratering by
conventional explosives on uncovered ground and on concrete covered ground.
The resultant bibliography is in Appendix B, categorized by major subject.

This literature was reviewed to determine which publications should be
obtained for further analysis. Reports noted by asterisks in the bibliography
were studied in detail.

Data, equations, models and other prediction procedures were extrac-
ted from these reports and analyzed to establish damage parameters for BDR
repair tasks. Section III of this report discusses damage prediction in detail.

Much of the early work on cratering was centered on excavation. The
removal or displacement of dirt is necessary in many civil projects; e.g. ca-
nal digging, dam building, and such activities as the Plowshare Project.
Sandia Corporation, the Army Corps of Engineers and Lawerence Livermore
Laboratory have all participated in the use of cratering in civil projects.

Due to the interest in denying the enemy the use of his airfields by
bombing, recent research has been directed toward cratering in layered non-
hoimogeneous systems. Some of the early work specifically on bomb crater-
ing was done by Kvammen, Pichumani, and Dick who investigated pavement

Footnote (1) The reference numbers refer to the bibliographies in Appendices
A and B.




cratering; Westline analyzed Kvammen, Pichumani, and Dick's data in a simil-
itude analysis for AFWL, Vesic has done theorectical modeling of the formation
of the true crater; Hokanson has modified the Vesic procedure and applied it
to airfield cratering,
Much of the significant work in airfield cratering has been under the
sponsorship of the AFWL as it was given direction of this research in 1971,
In the area of crater data, the reports by Pichumani, et al, give the
broadest data base for craters by bombs on runways., The report by Cassino
and Chavez (B-1) gives the effects of penetrating bombs (15 and 45 pounds)
on various pavement configurations.
Since the soil properties have a significant effect on crater size, a
great deal of effort has been expended in this area, Early work was by Ladany
and Whitman., Vesic's static model is an attempt to predict crater parameters
by inputting soil characteristics., Hokanson (B-32) modified Vesic's method
and applied it to data taken at the Hays, Kansas test site,
Several documents concerned with measuring soil properties are also
listed in the bibliography. Finally, there are several miscellaneous reports
of a specialized nature,
The bibliography includes only those reports and papers of immediate
interest to the problem of bomb damage prediction for runways,
The current state-of-the-art in damage prediction to runways hit by
bombs in the 250-to 750-pound class and the small penetrating bombs in the
5-to 25-pound class is represented in six reports, These are:
1. Bomb Crater Damage to Runways, Peter Westline (B-14).
2. Soil Property Effects on Bomb Cratering in Pavement Systems,
L.D. Hokanson (B-32).

3. Effect of Pavement Design on Cratering Damage from Penetrating
Weapons, Cassino and Chavez (B-1).

4, Tyndall AFB Bomb Damage Repair Field Test Documentation and
Analysis, Hokanson (A-2).

5. Field Test of Standard BDR Procedures, Hokanson and Rollings
(A-3).

6. Bomb Damage Repair (BDR) Damage Prediction, Brooks et al
(B-46). '

The bomb damage data in Item No. 5 is well documented, however,
some of the data is not realistic as Hokanson points out. Hokanson reports
that the craters used in the FY 75 test are smaller than what would be expected
because of poor energy coupling in that series,

The Brooks Report (B46) provided the most complete single data source
on results of all the bomb damage tests. In addition, the report presents a
practical nomograph-type approach for rapid manual development of damage
predictions under different conditions for comparative purposes. This data,
however, must be combined with additional analytical derivation of repair
work quantities in order to be used in analyzing the repair time problems.

Section III further outlines the results of the literature search on
cratering and develops some relationships for predicting bomb damage which
are subsequently used to size the various BDR tasks.

6
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Time Lapse Film Review
The time lapse film review is summarized below, Use of specific,
detailed data from films is noted where applicable in subsequent sections of
this report. This summary material is presented to avoid repetition of comments,
One general comment on many of the films is the lack of equipment
detail, Time lapse photography doe not provide cycle times or allow the
analysis of single vehicle effeciency. Manyof the problems were also noted
by Hokanson and were improved in subsequent tests,
General Comments on Test 1-1 (FY 73)
The dozer push-loading concrete chunks into the loader 4-in-1 buckets
is inefficient, since the dozer waits for the loader to return., Also, the effi-
ciency of any two-machine operation is at best equal to the lowest efficiency
of the two machines and is usually taken as the product of the two efficiencies ;
due to operator coordination, machine alignment requirements, and waiting i
|

times.
Example: Dozer operating at 60% efficiency excavating
Loader operating at 80% efficiency hauling
Best efficiency = 60%
Probable efficiency = .60 x .80 = 48%

The 4-in-1 buckets are not suited for handling concrete chunks of the
size encountered in this test. Too much time is wasted trying to grasp the
chunks for carrying. The 4-in-1 bucket allows the dozing surface to be used
to slide the blocks to a spoil area,

Traffic patterns were not defined; thus, severe congestion developed
at times. Trucks dumping directly into a crater require a ground spotter to
position truck. This spotting (aside from the extra man) has a fixed time in
each cycle which approaches 1 minute. This is in addition to a dump time
of 1 minute. In the early phases, a wait-to-spot time could be eliminated by
temporary stockpiles near the crater, but out of the traffic pattern,

The grader utilized on this test does not have sufficient blade side
shift capability to perform well at either spreading or spoiling. An articulated
grader could crab and not run front wheels over pile to be spread. Articulation
could also reduce the turning circle for better cycle efficiency and better per-
formance at backfilling debris.

Equipment types on hand do not generate enough ground pressure to
sufficiently compact fill. The possibility of large debris bridging in the crater
is high, subsequent settling of select fill into voids is probable, The use of
a crane with skullcracker in a casting technique requires a highly skilled
operator to break debris and is not effective.

General Comments on Test 1-2 (FY 73)

The compactor does not produce sufficient force to flatten out upheaved
pavement; the pavement thickness was designed to handle multiple passes
over compacted base course, The explosively compacted sub-base is probably
more dense than the design CBR.

A Gradall used for breakout of concrete applies more force by placing
the teeth under the concrete and closing the bucket., This uses the dirt surface




as a fulcrum and is usually more effective than the film technique of pulling
by retracting the boom, The lever method also does not tip the machine down,

General Comments on Test 1-3 (FY 73)

The wheeled dozer performs well at clearing the edge. The semi-U
blade is especially suited to spoiling/pushing odd-shaped objects, The
techniques of backfilling to within about two feet of the surface, breaking
the edge from within the crater and then spoiling the breakout debris is quite
effective.

General Comments on Test 1-4 (FY 73)

The loaders have a poor bite at the pavement with the bucket teeth,
Driver visibility is poor in this bucket mode. The loaders should break more
pavement before spoiling the debris, The haul time detracts from the operator's
"feel" for breaking and requires repositioning the bucket for each process
each cycle.

General Comments on Test 1 (FY 75)

Loaders have good speed approaching the crater lip during debris
backfilling, but as the load increases and the grade of the crater lip is reach-
ed, this speed slows noticeably. The operation near the lip is unsafe due
to varying traction and the sudden surge as the large chunks drop over the lip,
Since driver visibility is not good, the operation again requires a ground
director.

General Comments on Test 2 (FY 75)

The night films are difficult to analyze due to indistinctness of vehicle
actions. Traffic control could probably be improved by use of yellow/orange
flashers at traffic route points such as turn-ins, waiting areas or stockpiles.
Ground directors or crater NCOIC could use flashlight batons to signal oper-
ators, Nightime highway repair crews use large banks of truck-mounted
lights to adequately light work areas.

General Comments on Test 3 (FY 75)

The truck waiting with fill should dump the load and be removed from
the work area, Trucks could unload with moving-dump technique, which pro-
duces a shallower pile for grader to spread from. The loader equipped with
forks is effective atbreakoutof small crater lips.

General Comments on UK Rapid Repair Film

The loader at the stockpile uses only one bucket cycle per truck.
This is the ideal ratio, but it requires a bucket-to-truck size relationship.
The UK loader produces a short load in its one cycle and does not use its
articulation to full advantage in the turns to the truck and stockpile,




SECTION III
DAMAGE PREDICTION AND WEAPONS EFFECTS

This section presents a discussion of available data on bomb crater
damage to runways relative to the bomb damage repair tasks. This data, for
the large 250-pound to 750-pound bombs and the 5- to 25-pound penetrators,
was examined as summarized in Section II.

Several test programs have been conducted in recent years to define
the }evel ot damage suffered by runways which are subjected to conventional
weapon aetonanons. These test programs were generally conducted without
a standardized method of data collection, particularly towards establishment
of bomb damage repair tasks. The existing bomb damage data, including the
data in the Brooks Bomb Damage Repair (BDR) Damage Prediction Report, had
to be reduced to parameters directly related to work functions of crater re-
pair.

DATA SOURCES

Data on the effects of explosives has been accumulated for many years.
Much of this work has been concerned with uses of explosives in mining,
civil engineering projects, dam building, excavations and others. This work
has contributed to the theory of cratering-- for example, defining the extent
of fracture zones, etc. There have also been 11 series of tests performed
directly to assess runway bomb damage.

The major tests were conducted at Hays, Kansas; Fort Sumner, New
Mexico; Civil Engineering Research Facility (CERF), New Mexico; Tyndall
Air Force Base, Florida, and Martin-Marietta, Orlando, Florida. The other
tests were conducted at Fort Bragg, North Carolina; Eglin Air Force Base,
Florida; and Naval Civil Engineering Laboratory, Port Hueneme, California.

Each of the major series has been reported in the literature ( See
Appendix B). Table 1 lists the test conditions and report references. The
Brooks Damage Prediction Report (B-46) examines all of the test series in
detail.

CRATER DATA

All of the test series performed provide weapon, pavement, and sub-
base data in some form. The major data parameters are shown on Table 2.
Figures 1 and 2 define the terms of Table 3.

The general crater dimen&tohd were alas avittabte:
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TABLE 2, WEAPON, PAVEMENT AND SUB~BASE DATA

Data Class Data Items
Weapon Data Explosive Weight

Weapon Weight
Depth of Burst

Pavement Data Thickness
Pavement Type
Reinforcement
Data Class Data Items
Joint Type
Qverlayment
Sub-Base Data Soil Type

Table 3 lists the parameters available for most of the tests. These
parameters provide the basis for secondary calculations to determine apparent
and true crater volumes and ejecta and fallback volumes, The apparent crater
volume was directly measured in only some of the tests, The ejecta and fall-
back volumes and dispersion were not directly measured in any of the tests.

The values used in this report were then based on data developed from
all the test series and presented in Reference B-46 , Table 3 indicates the
general crater data parameters directly measured and calculated. Additionally,
film scaling was used to verify (approximately) the derived damage data.

TABLE 3. AVAILABLE AND DERIVED CRATER DATA
Apparent Crater Radius
Depth
Volume
True Crater Radius
Depth
Volume
Pavement Blownout
Repair Area
Upheaved Area

DATA SUMMARY

Data was summarized for four basic cases; the burst of 750-pound
bombs and 25-pound penetrators in both clay and sand. Tables 4 and 5 give
the basic measured data for the four cases, The selected case for the 750-
pound bomb was taken as a burst at a depth of 110-120 inches, resulting in
an open crater in both clay and sand. Selected 25-pound penetrator bomb
data produced a camouflet crater in clay at a depth of burst of 95 inches and
an open crater at a depth of burst of 48 inches in sand.

The distribution of the ejecta chunks was assumed as a normal dis-
tribution and is given in Tables 6 and 7. The clay and sand cases were
roughly the same., This distribution information was used to develop spoiling
work quantities, as described in Section V,

)




Due to the wide range of test parameters on 25-pound bomb tests, a
selection was made of typical tests from the data files. There are twenty
25-pound data files:

1. H-60 through H-68

2. F-40 through F-47 (excluding F-45)

3. Tyndall FY 74 tests 1-4,

In these twenty tests, nine were in clay-type sub-bases and eleven
were in sandy sub-bases. Pavement thicknesses wer 7, 8 and 12 inches,
non-reinforced. Nine craters were standard, six were camouflet with upheavel
and five were camouflet with spall effects, Depth of bursts were 34, 48, 68,
71, 95, 103 and 119 inches. The resulting damage was widely varying, To
establish a set of work quantities for this study the following tests were
selected:

1. Hays 63, 64, and 65, A 95-inch D,O.B. in a clay subsoil under

8-inch concrete produced a camouflet with upheavel. Average
characteristics were:

Penetration diameter 8.0 in,
True crater depth 130,7 in.
True crater radius 43,3 ing
True crater volume 209.0 ft
Pavement repair area 750,0 ft

2, Tyndall 74 Tests. A 48-inch D,O,B, in a sandy subsoil under 12-
inch concrete produced a standard crater. Average characteristics
noted were:

True crater depth 58.2 in,
Apparent crater radius 76.5 in,
Apparent crater volume 215.0 ft
Pavement repair area 426.0 ft

This data was the basis for a backfill method and an excavate-and-
select fill method of small crater repair,

The camouflet mode is considered to have a spherical cavity of the
true radius under a cylinder at the penetration diameter, Length of the cylinder
is true depth minus twice the true radius.

The standard crater is considered to be a cone with normal fallback
debris at the repose angle of the soil.

For the excavation method, an additional 12 inches around the crater
outline will be excavated to remove plastically deformed soil for craters
from 25-pound or smaller weapons and 24 inches for craters resulting from
weapons larger than 25-pounds. Criteria from report by Brooks, (B-46)

12
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TABLE 4. 750-FOUND BOMB EFFECT DATA(1)

Dimension or Quantity

Parameter Clay Sand
Apparent Radius 21 ft 15.6 ft
Apparent Depth 12 ft 9.4 ft
True Radius 21 ft N/A
True Depth 13 ft N/A
Pavement Repair Area 3300 ft2 2268 ft2
Apparent Crater Volume 254 yd3 108 yd3
Depth of Burst 9.2 ft 8 ft
Ejecta and Upheaval 215 yd3 130.5 yd3
Excavated Volume 320 yd3 153 ya3

TABLE 5. 25-POUND PENETRATOR EFFECT DATA(1)

Dimension or Quantity

Parameter Clay Sand
Apparent Radius 6 in. 76,5 1n.,
Apparent Depth 8 in. 44 in,
True Radius 43.3 in, N/A
T:ue Depth 130.7 in. 58.3 in.
Pavement Repair Area 750 ft2 426 ft?
Pavement Blown Out .7 ft? N/A
Apparent Crater Volume 27 yd3 N/A
Depth of Burst 95 in. 48 in,
Excavated Volume 47 yd3 14 yd3

(1) Reference B-7
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TABLE 6. UPHEAVED CONCRETE SIZE DISTRIBUTION
CLAY AND SAND 750-POUND BOMB

Side Length Area Per Piece Total Area
(ft) (£t2) (£t2)
1 1 159
3 9 396
5 25 725
7 49 833
9 81 729
11 121 363
13 169 169

No. of Pieces

159
44

TABLE 7. UPHEAVED CONCRETE SIZE DISTRIBUTION

CLAY AND SAND 25-POUND PENETRATOR

Side Length Area Per Piece Total Area
(£t) (££2) (£t2)
1 1 21
2 4 40
3 9 54
4 16 64
5 25 7.5
6 36! 72
7 49 49

16

No. of Pieces

21
10
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SECTION IV
BOMB DAMAGE REPAIR PROCESS DEFINITIONS

This section provides the general definitions used for analysis of the
(1) AFR 93-2, (2) United Kingdom, and (3) alternate fill bomb damage repair
processes.

TASK DEFINITIONS
The efforts involved in each of the three BDR processes can be sub-
divided into some combination of six basic tasks:
Task 1 - Area Cleanup and Crater Backfill with Debris:
This task is comprised of the current method of primary
cleanup efforts noted in AFR 93-2; the task involves the
pushing of debris into the crater and compacting as neces-
sary. The task does not include the removal of significant
amounts of upheaved pavement,
Area Cleanup and Spoiling of Debris:
This task is used if the crater is to be filled with material
other than debris; the debris is removed from the crater
area and spoiled beyond the planned runway alignment.
Task 3 - Excavation of Fallback and Plastically Deformed Material
from the Crater:
This task is undertaken if the settlement of the crater repair
is to be rigidly controlled or if the material remaining in
the crater is unsuitable as fill,
Task 4 - Removal of All Upheaved Pavement not Removed by Opera-
tions in Tasks 1 or 2:
This task completes the removal of all upheaved pavement
which no longer meets the roughness criteria; the pavement
is lifted, pried up, or otherwise seperated/fragmented from
the intact runway.

Task 2

Task 5 - Hauling and Placing of Select Fill:
This task includes loading, hauling and placement of select
fill into the crater, and includes compaction and final grad-
ing of the fill,

Task 6 = Cleanup of Small Debris:

This task consists of the cleanup and spoiling of small
debris not used as backfill; sweeping is included.

The BDR process as outlined in AFR 93-2, the United Kingdom Rapid
Runway Repair (RRR) process and a process utilizing an advanced fill method
are made up from combinations of six tasks as shown in Table 8. Note that
Task 5, hauling and placing of select fill, for the Advanced Fill Method is
not a part of this study. AFCEC has other studies directly related to advanced
fill techniques, hence this study examines the repair tasks required before
and after an unknown fill technique.

17




TABLE 8, TASK BREAKDOWN OF BDR PROCESSES

Advanced ‘

Task Title AFR §3-2 UK RRR Fill Method !

1 Cleanup and Backfill X |

2 Cleanup and Spoil X X 3
3 Excavate X Optional

4 Removed Upheaved X X X

Pavement |

5 Haul and Place X X w}

Select Fill 1

6 Cleanup Small Debris X X X g

(7) Advanced Fill Task X ?

( Not part of this i

study ) 3




BDR UNIT OPERATIONS

Although the six BDR tasks are the basic functional components of the
various BDR processes, each task requires several equipment items, equipment
activities, and unit operations. Each task can be broken down into operations
such that each operation consists of one type of equipment activity, Table 9
lists the operations making up each of the six BDR tasks.

Each of the BDR unit operations may be undertaken using one or more
equipment types. For example, the backfill operation can be done by either
loaders or dozers. The work pattern and approach to an activity may vary
within an operation depending on the particular equipment type or size chosen.
Some of the unit operations, such as spoiling and compacting, appear in
several of the BDR tasks. Table 10 lists the unit operations and their charac-
teristics.

To determine the sequence of unit operations in a given process, the
earliest possible process start times were established. These earliest com-
mencement times are also listed in Table 10. Thus, the breakdown of tasks
inte unit operations allows establishment of a relationship in a task to equip-
ment activities so that performance capabilities of the equipment of an opera- 1
tion mix in a task are related to task accomplishment. Equipment is listed
which could do the operation; no attempt was made to rate the equipment items
by efficiency in this chart.

19




TASK 1

TASK 2

TASK 3

TASK 4

TASK 5

TASK 6

TASK 7

TABLE 9. BREAKDOWN OF TASKS INTO OPERATIONS

Tasks

Area Cleanup and Backfill
with Debris

Area Cleanup and Spoiling of
Debris

Excavation of Fallback and
Plastically Deformed Material
from Crater

Removal of All Upheaved
Pavement not Removed by
Operations in Tasks 1 or 2

Hauling and Placing of Fill

Cleanup of Small Debris

Advanced Fill Process

20

Unit Operations

Backfill
Compact
Spoil Debris
Clean
Sweep

Remove Loose Debris
Spoil Debris

Clean

Sweep

Excavate
Spoil Debris

Identify slightly upheaved
pavement

Removed slightly upheaved
pavement

Spoil Debris

Load Trucks
Haul and dump
Place fill
Compact
Grade

Clean
Spoil Debris
Sweep

( Not part of this study )
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SECTION V
BOMB DAMAGE REPAIR WORK QUANTITIES

Repair of the craters and other damage corresponding to the damage
predictions of Section III entails the performance of finite quantities of work,
regardless of the repair method used. The work quantities vary depending on
the repair method used, but are basically defined by damage quantities in
terms of the amount of debris (to be backfilled or spoiled); upheaved runway
slabs to be removed; cubic feet of fill dirt required; etc.

This section presents the results of a derivation of representative
work quantities in each of the BDR tasks for:

1. Large craters

2. Small open craters

3. Small camouflet craters.

LARGE CRATER WORK

The large crater, described in terms of diameter, shape and depth in
Section III, results in displaced dirt and concrete which has to be either
(a) spoiled, i.e., moved off the runway and discarded, or (b) backfilled into
the crater. The large-crater damage prediction closely parallels the data pre-
sented by Hokanson and Rollings (Reference A3) on Tyndall test craters. FHow-
ever, one area of particular interest for work quantity definition was not avail-
able in any test data-- the debris dispersion.

Debris Dispersion and Haul Distances

Debris dispersion is defined as the number of concrete pieces resulting
from the explosion, the size ranges of the debris, and an average throw distance
from ground zero for a given size piece. The time and number of dozer trips
in spoiling or backfilling tasks is very directly related to the number of pieces
and their dispersion. To arrive at a representative dispersion of such debris,
the films of the crater area before repair were closely examined. From Hokan-
son's reported data (A-3) and discussion, scale relationships were developed.
These relatonships were applied to the film sequences to obtain an overall
envelope of dispersion distances of various piece sizes.

In addition to the concrete pieces, a considerable amount of earth is
ejected by the weapon action. Note that a 750-1b. bomb apparent crater of
254 cubic yards (Table 4) has an ejecta and upheaval volume of 215 cubic
yards. Since the pavement repair area is 3300 square feet, the concrete is
only 122 cubic yards of the ejects/upheaval volume, or 57%. Thus approximate-
ly 43% of the debris is earth,

This earth ejecta is usable as backfill material and will be backfilled
with the concrete debris in the AFR 93-2 mehtod. For the select fill method,
the earth volume is spoiled as an integral part of each dozer spoiling for the
concrete pieces.
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The implanted charges used in the tests resulted in fairly symmetrical
craters and debris patterns. Based on film review, a normal distribution of
sizes of debris was established; applying a plus-and-minus 2¢ distribution
to the reported pavement repair area resulted in a family of debris ranging in
size from 1 foot square to 13 feet square and a mean piece size of 7 feet
square. As a means of identifying discrete sizes for computer analyses and
throw distance estimates, the sizes were called out in a 3¢ distribution.
(Figure 3; mean size equals 7 feet, +1lo equals 9 feet, -10 equals 5 feet, etc.)
This was then developed into a size and throw population distribution as in
Figure 4 and Table 11. This data appears consistent with the analysis of the
films. Since the large crater was assessed for the case of a 12-inch-thick
runway, the area and weight of each piece is then also known in Table 11,

These concrete pieces are displaced by the blast distances from
ground zero as far as 125 feet. As expected, the larger pieces are generally
found near the crater rim; the smallest pieces (i.e., 1 foot square) at the
farthest distance. For work-quantity derivation, it was assumed that even if
a large slab of concrete was blown some distance form the crater, the impaect
of landing would reduce it to pieces 7-feet square or smaller. This assumption
is also generally supported by review of the films.

The distances to backfill noted on Table 11 were calculated from the
mean distance for a given debris size range to 5 feet past the crater rim.
This resulted in a maximum backfill distance of 65 feet. To analyze the
spoiling task, it was assumed that spoil areas would be established at a
maximum distance of 60 feet from the crater rim, which is based on consider-
ation of runway width and work patterns,

The 1 foot-square pieces were not included in the backfill task since
the time required to collect and spoil (or backfill) them is not commensurate
with the 4.7 percent of the total concrete volume that these pieces represent.
Instead the smaller pieces were allocated to the BDR "cleanup" tasks. Concrete
piece size and quantity data is summarized in Table 12, The dispersion pat-
tern is shown in Figure 4.

Backfill Quantities

The crater volume, as provided by damage prediction, represents a
volume that requires fill. However, the volume of the fill (i.e., work
quantity) depends on the repair method used. Backfilling the crater with
debris requires the least select fill material to be hauled to the repair area.
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