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SUMMARY

INTRODUCTION

YT—w———

The present work is an improvement and application of previous calcula-
tional methods for describing building wall failure and movemert of wall and
other debris by airblast. Both wall reactions and hydrodynamic loading are
%~ treated by means of lumped parameters. Classical mechanics using springs

{ friction and viscosity is applied to the simulation of ground interactions.
Computerized computations of even large building collapse and subsequent move-
ment of debris requires considerably less time thar would be needed by a

finite element code and a conventional hydrocode.

i o

The computation system is presently composed of two manually inter-

facing parts: BRACOB (Blast Response and Collapse of Buildings) which cal-
culates loading and response of one story of a building and DEBRIS which
calculates displacement and orientation of the fragment of uniform density.
] BRACOB supplies failure time, orientation and velocity for each fragment, pro-
b vided the user defines a fragmentation pattern. The blast loading on the 3
building can be calculated by BRACOB following the classical prototype or can
be defined arbitrarily by the user. The blast wind in DEBRIS is presently

restricted to the classical form.

THE DEBRIS MODEL AND OVER-THE-GROUND TRANSPORT 4

The use of a double-valued spring to represent the ground reaction on

the fragment corner has been extended to both the vertical and horizontal ;
directions. A double-valued spring constant results in the dissipation of !
energy apparently more effectively than simple Coulomb friction and velocity-

proportional viscosity. It was found friction and/or viscosity without horizon-
tally-acting ground springs led to high speed rotation of the fragment which in
turn greatly reduced the relative speed over the ground of each corner and thus
also reduced the viscous loss. When the frictional or viscous forces were in-

creased still further in an attempt to compensate, bouncing and loss of the

contact with the ground occurred. In any case, when only friction and viscous 1

losses are used, the DEBRIS code calculates transport of some of the light- 1

weight concrete cubes that is excessive when compared to observations at the

1
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DIAL PACK event (23 July 1970).* This lack of agreement between simulations

kot i

and observations occurs at incident peak overpressures of 50 psi and greater.
However, reducing the stiffness of the vertical ground spring and adding a
double-valued horizontally acting ground spring has made it possible to simulate
- the total distance transported by 1 kt blasts over the range of incident pres-

; sures from 30 to 100 psi, as can be seen in Figure S-1. (In the Figure, Kgl

4 and K _ refer to the two values of the spring constant for the vertically acting

g2

ground spring and thl and th2 represent values for the horizontally acting

ground spring. The values i and n stand for the Coulomb friction and viscosity,

b . respectively). Moreover, the simulated motion is a tumbling in which the cube
never rises more than 1.5 inches above the ground. The height of rise during
tumbling is controlled by the value of the vertical ground spring. Increasing
the stiffness by a factor of ten can increase the rise by an order of magnitude.

The distance transported is also increased substantially.

Figure S-2 shows the gradual braking action of the DIAL PACK simulation
f containing both the vertical and horizontal ground springs. The two ordinates

| show horizontal speed and angular speed of the tumbling cube originally placed

at the 50 psi contour.

Over the range of incident over pressure 30 to 100 psi drag or dynamic

pressure forces in the blast completely dominate diffraction forces in the

; transport of the DIAL PACK cube. At 15 psi drag is much weaker than at 30 psi
and above so that an estimate of momentum gained through shock diffraction must

be added to the simulated cube before agreement with observation is obtained.

The quantity At, which is identified in Figure S-2, represents the size

of the time mesh and has been found to be important although no quantitative

relation has been derived, as yet.

i

The values of the simulation parameters entered into Figure S-1 are close
to the optimum for simulation of the transport of the DIAL PACK cube which was ;
initially resting on the ground surface. Other experiments in which objects are

dropped from moving trucks at a height of approximately 2.6 feet above the
ground can not be simulated with these "optimum" values. In particular, the

horizontal spring must be weakened by two orders of magnitude in order to achieve

* Concrete cubes weighing 65 lbs. and measuring 1 foot on edge were placed on

the ground at various distances from Ground Zero and total distance moved during

the explosion recorded. Explosion yield was approximately 500 tons of TNT.
2
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% realistic simulations of distances transported in these experiments from moving
4 trucks. When this change is made however, some of the observations can be
i simulated, specifically, the distance travelled by the dropped object is in-

dependent of object density and is within one standard error of estimate of

observed values. Whether or not the need to change the value of the horizontal

spring is related to the differences in the surfaces over which the two kinds

3 of experiments were conducted is not known. The photographs from DIAL PACK show

a rough surface covered with tufts of grass while the experiments from moving

truces were conducted over a "graded airstrip built on an alluvial plain".

Using the optimum parameter values, as described above, distance the

simulated DIAL PACK cubes are transported almost scales with the cube root of

yield.
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COLLAPSE OF THE LANDIS HOSPITAL

The exterior walls of the Henry R. Landis State Hospital, Philadelphia,
one of the buildings in the National Shelter Survey, consist of two tiers of
masonry each capable of arching in a nearly rigid frame. A cross sectional
view appears in Figure S-3. The outer tier of clay brick arches (one-way)
between steel supports; the inner tier of concrete masonry units arches (two-
way) in a reinforced concrete frame. In the analysis both frames are treated
as rigid. The two tiers respond to air blast in parallel but because of the
extreme thinness of each tier the incipient collapse overpressure of the ex-
terior walls in less than 1 psi.* The differences between tne simulated he-

haviors under 1 and 30 psi blast waves are entirely in the debris histories.

Peak Free-Field Overpressure = 1 psi

Interior wall behavior has a small but measureable effect on exterior
wall response. Under 1 psi blast wave loading the pressure of interior par-
titions may delay failure of the front exterior walls by as much as 1) ms and

may reduce the departure speed of the fragments from approximately 11 "o 6 fps.

Figure S-4 is the floor plan that was analyzed in this study. The two coordinates

(marked I and J in the Figure) locate corners and openings for the computer
calculation. It is estimated that the front or south elevation will fail under
1 psi blast 50 to 60 ms after blast arrival and initial center of mass fragment
speed will be in the range 6.2 to 7.8 fps. All interior east-west walls will be
breached almost upon blast arrival, except the walls at grid line I = 11, where
the build-up of pressure against the surface facing the origin of the blast
must await filling of a large volume. However pressure buildups on the opposite
(north) face is also slow because the windows in the north elevation of the
building iie in the wake of the blast. It is estimated the interior partition
line at I = 11 fails sometime between 50 and 70 ms after blast arrival. This
faiijure is the prelude to outward failure of the north exterior walls at 170 ms
with a departure speed of approximately 3.4 fps. At this point the blast from

a 1 Mt weapon still has several seconds of life left and further downwind trans-

* Collapse »verpressure is stated in terms of peak free-field overpressure in

a classical blast wave oriented head-on to one facade of the building.

6
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port of debris occurs.

At ' psi failure of the side (east and west) walls is marginal and results
of calculations depend critically on assumptions of behavior of interior par-

titions. Most probably sidewalls fail inwardly at very low speeds.

Peak Free-Field Overpressure = 30 psi

Under 30 psi blast loading the south exterior walls fail at approximately
6 ms with departure speeds in the neighborhocd of 110 fps. Simple room-filling
through the south windows quickly breaches the east-west interior partitioms in
the front tier of rooms and the prompt failure of the south exterior walls in-
sures the presence of loading in excess of 10 psi on the south face of interior
partition line I = 11 well before 40 ms when the loading of the north exterior
facade begins. Blast filling through the north windows then has no chance of de-
laying failure of the interior wall line at 1 = 11. Consequently the north
exterior walls fail outward at approximately 62 ms with departure speeds of about

8 fps.

Side walls at 30 psi will most likely fail inward. For example,
southernmost gidewalls fail at 23 and 17 ms with speeds of 27 and 40 fps, res-

pectively. Due to the flexure of these walls, however, much of their debris will

be deposited outside the building.

FRAGMENT DISTRIBUTION, LANDIS HOSPITAL

Even using loss parameters found to be appropriate for a smooth hard
surface the further translation of collapsed wall fragments by the 1 psi blast
wind does not appear significant. Fragments from the south exterior wall would
appear to be distributed over the floor in an area reaching from 2 to 9 ft. in-
side the initial wall line. Height of bounce is never more than a few inches,

a circumstance related to the relatively slow rotation of the fragments upon
their departure from the wall. Fragments from the north exterior wall move

even less from their points of impact than does the south wall debris, but since
these fragments descend from positions in a six story wall to the ground, the

total horizontal transport ranges from 3 to 15 ft.

The fragment disposition at 30 psi is dramatically different. The
first fragments from the south wall reach the floor approximately 41 ms after
blast arrival at a distance of 3 ft. from the wall line. A<suming these frag-

ments remain intact, they then bounce to a height of approximately 2.5 ft.
9




3 above the floor and travel 72 ft. downstream. Such behavior places south wall
debris at the north exterior wall line at 370 ms. During this transport
collision with interior wall debris will be highly unlikely since such 1light
material as is found in the interior partitions will surely be swept ahead of the

masonry material.

After their first impact with the concrete floor north wall fragments
? < may be farther fragmented. Treating this debris as individual masonry units
i moving initially with the speed of the center of fragment mass the horizontal
5 transport is essentially the same as described in the preceding paragraph ex-

cept the motion is a tumbling. Under this assumption south wall debris reaches

3 the north facade at 340 ms, long after the north wall fragments have departed.

E Despite their high initial speed and early departure, the south wall
fragments will not necessarily overtake the fragments from the north wall.
Trajectories differ markedly. By 170 ms a near classical blast wave is

blowing through the building. The rapidly rotating south wall fragments are 1

moved upward or sidewise relatively little. Rear wall fragments, on the other 5
hand, keep for a much longer time an orientation that permits lofting of top
wall fragments or side motion in side fragments. The consequence is a far
longer trajectory in rear wall than in front wall fragments, as is illustrated
; in Figure S-5. The small arrows in the Figure show the attitudes of the frag-
ments. In neither case do the fragments travel far over the ground. Fragments |;
from the first (ground) floor of the south wall strike the ground in the wake ]
of the building while blast winds are still blowing, yet travel only 55 ft.
after touching down. Couwparable fragméﬁts from the sixth floor move cnly 10

ft. after striking the gr~uvnc.

CONCLUSINONS AND RECOMMENDATIONS

The techniques developed and elucidated in this research are certainly
capable of describing gross features of debris distribution from some collap-
sing building walls; e.g., in the Landis Hospital the dramatic differences be-
tween the effects of 1 and 30 psi blast waves, the relative timing of collapse
events and debris movements. But some finer points await improvement in the
tools themselves; e.g., the conditions for removal of interior partitions must

be made more precise and incorporated into the automatic calculations, data to

10
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describe debris transport over a concrete surface must be found before full
confidence can be placed in some of the present calculations, and finally it

must be puinted out that the case treated in this research, i.e., a weak walled

building with a relatively strong frame presents a relatively simple debris

distribution problem. Weak frame buildings, tilt-up structures, and certain

massive structures supported by load-bearing masonry walls contain complications

that may perturb the debris distribution described here.
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DEBRIS DISTRIBUTION AS A PARAMETER
IN BLAST/FIRE INTERACTION

PART 1

INTRODUCTION

Previous civil-defense~inspired work contains estimations of the
A quantity and distribution of structural debris stemming from the effects

of air blast on buildings.l’2=3»“’5 The estimates were apparently made

to determine accessibility and the need for debris clearance. The present
research, done in support of studies on the blast/fire interaction, has
been designed to provide more detailed descriptions of temporal and spa- ]

3 tial debris configurations than have previous civil-defense studies. Pre-

viously, rather detailed efforts have determined debris trajectnries in
connection with U.S. missile defense.®s758 Some of the missile defense
work has been most useful to the present research, other parts that deal

with small, unrealistically constructed models have not been used.

The present effort by no means provides all the answers required to
completely understand the effects of debris on the interaction of blast

and fire. The focus is on wall debris, excluding room contents such as

furniture. The emphasis is on exterior walls. Other facets of the blast/

4 fire problem are important and can be examined.

The method adopted here is based on two simulation mod:!s embodied
in the computer codes BRACOB and DEBRIS. BRACOB is a system of codes
that compute the simultaneous response of all the walls on one floor of
a building. At each step, it determines the net loading on each wall,
finds the motion of the wall, and adjusts the lcading when wall failures
change the geometry of the building. The initial loading may arise in a
classical blast wave or in an arbitrarily defined pulse, such as is used

in taking into account the blast interference by other buildings.

DEBRIS determines trajectories of single fragments through the air

or along the ground in response to classical blast waves. Not treated

i 1




in DEBRIS is the impact of one fragment on another and the effects of
fragment breakup. Although BRACOB supplies time of wa'l failure* as
well as wall speed and displacement at the moment of failure , the pat-
tern of wall fragmentation must be defined by the system user. For-
tunately, a substantial body of observation exists--particularly from
atmospheric nuclear weapons tests? and from tunnel blasts!0,11,12-_¢to

help define crack patterns.

The single-degree-of-freedom engineering analysis of wall response
used in BRACOB is from Wiehle and Bockholt!3»1% and has been applied suc-
cessfully to civil defense probloms.15r16r17’18~19 The computer simula- i
tion, DEBRIS, is drawn from engir.ering methods of aerodynamics and from
classical mechanics.?0 One of the goals of the present research was the

continued calibration of the model against the limited data available.

This report falls into two parts: (l) an exposition of further im-
provements in the computational simulations and (2) simulations of col-

lapse and debris transport within an actual building.

R I R

OVER-THE-GROUND TRANSPOKT

Any simulation of deoris distribution by megaton nuclear blast must
accurately estimate the interaction of a moving fragment with the ground
or other large surfaces. Except in buildings over three stories in
height, wall debris will reach the ground relatively early in the positive
dynamic pressure phase. Even in much taller buildings, wall debris will
reach the ground with a very high horizontal velocity component. How the

ground brakes the blast-driven fragment is crucial to determining the

spread of fragments.

Previous Work 3

Fortunately, observations of blast-driven objects exist. At opera-

tion DIAL PACK in July 1970, severa® (light-weight) concrete-filled ply-

wood cubes were placed on the ground at various ranges from ground zero

*"Failure" is defined as the moment when the component ceases to fulfill
its structural function, e.g., support a vertical load. "Collapse'" will be

used to mean the less well defined point at which the component no longer

obstructs air flow.
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and driven downrange by the blast from the detonation of approximately

500 tons of high explosive placed on the surface. A postshot photograph

of these cubes is reproduced in Figure 1. Incident peak overpressures

at the cubes varied from 15 to 100 psi (103 to 689 kPa). The cubes were

one foot on an edge?! and only their displacements by the blast were re-

ported; no information on trajectories has been found, but distances

travelled, weights of cubes, and Initial peak overpressures are shown

in Table 1.8
Fletct. r and Bowen?2>23 have shown experimentally that the distance P
required to brake stones and concrete blocks to a stop depends only on 7

the initial speed. 1In these tests, the objects were thrown out of a

moving truck at a height of approximately 2.6 ft above a graded airstrip

built on an alluvial plain; results for stones and concrete masonry blocks

were reported in two recursion relations:

log10 s = -1.4664 + 1.9004 ].og10 \Y

log), t = -1.1420 + 0.9004 log 1 V

distance (ft) from point of release to rest position, t = time

(s) from time of release to stopping time, and V = horizontal speed (ft/s)

These regression relations are nearly

where s =

of truck at moment of release.
equivalent mathematically to the existence of a constant force, F, pro-

portional to the mass, m, and to a fractional power of the initial speed,
V:

F = 14.63 V'0996 m

acting through the duration of the motion of the object. The stones

weighed from 1.3 to 116 1b; thc masonry blocks were both hollow (25 to

32.5 1b) and concrete-filled (55 to 56.5 1b). Standard error in the es-

timate is +41.2 percent. The attitude of the object when dropped was

randomly varied, and, no doubt, this randomness contributed to the large

error of estimate.
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Table 1. Weight and Transport of Tumbling Blocks (from Ref. 8). |

Tumbling Approximate
Block Initial Radial
| Tumbling Overpressure Actual Transport
Block Position Weight Distance ;
Number (psi) (Pounds) (ft) ]
]
1 15 64.5 6.7 )
E
2 15 65.5 7.3 > mean 7.5 ;
3 15 64.0 8.5
4 30 63.0 36
5 30 64.0 39 ) mean 39.3 1
6 30 61.0 43 5
7 50 63.5 103 )
8 50 63.5 150 ) mean 146.0
9 50 61.5 184 |
10 100 Destroyed
11 100 63.5 230 ? mean 273.0
12 100 61.5 317




Using aeronauntical engineering measurements of wind drag and .odeling
ground forces by double-valuad, vertically acting springs and coulomb
fricction, the computer code DEBRIS has successfully simulated the data in
Table 1 over partial pressure ranges in previous work.20 A major task of
the present effort was to devise sacisfactory simulations for the whole
range of data stemming from the tumbling cubes. Techniques that prcduce
excellent results at low incident overpressures fail at higher pressures.
Because trajectory or displacement versus time information has not been
available, we do not know whether the shortcomings of the previous model
lie in the acc-leration or deceleration phases of the transport. How-
ever, while wind drag is a subject for which a great deal of literature
exists, relative paucity characterizes the engineering literature of tum-
bling deceleration. The next section contains the results of the research

to find an engineering simulation of ground-fragment interaction.

Improvements in the Model DEBRIS

With a friction force opposing horizontal motion and a two-valued
spring exerting vertical ground resistance, simulated air-blast transport
of concrete objects generally agrees with observations at peak free-field
overpressures of 15 psi and below. The simulated cbservations were those
of the tumbling blocks at 15 psi at DIAL PACK® and the collapse of a
concrete masonry building situated at the 9-psi contour at PRAIRIE FLAT.”
The frictional force, F, is proportional to a coefficient of friction, u,

and the force between the object and the ground, i.e.,

Ff - UFz

where z is the coordinate in the direction perpendicular to the ground
and FZ is the force in the ground reaction spring. Force, Ff, is exerted
in the opposite direction to the horizontal motion. As the corner of the

. ; *
object moves below the ground surface under the influence of gravity,

*If the ground and fragment surface were in intimate contact, air blast
static pressure would furnish a second downwind force against the verti-
cal spring. However, a reai ground surface will probably admit static air
blast pressure underneath the {ragment. In this case, the net downward
air blast pressure is zero.

b

1




P\ g

-

the ground reaction spring exerts an upward force:

F =-k .z, when z < 0
2 gl =

When the corner is still below the surface but moving upward,

so that, if Az is the maximum downward penetration, the energy loss in a

single impact is

_ 1 _ 2 |
AE = 2(kgl kgz)Az .

Handbook values of coefficient of friction vary from 0.02 to 4.0,
but the majority of values lie in the range 0 to 0.5.2% None of the ma-
terials listed in the handbook resemble masonry on soil in gross physical é
properties. In simulations of the DIAL PACK tumbling cube, a value of
p = 0.4 predicts nearly the reported transport at 15 psi, but at 50 and

100 psi, the simulated transport distances greatly exceed those observed.

i o e

From Table 2, increasing the coefficient of friction to 0.5 improves the i
simulation at the high original overpressures, but results in less than
observed transport at low pressures. Furthermore, when u = 0.5 and when

original pressure is 100 psi, the transport is far larger than observed;

in fact, at Pg, = 100 psi, the coefficient of friction should be in the

neighborhood of 0.75, if reproduction of observed transport is to be

achieved.

There is another unrealistic feature of the motion simulated by means
of coulomb friction with coefficients in the range O to 1. 1In Figure 2,
the angle of tilt of the cube during simulated transport from an initial
position at Pgy = 100 psi is plotted as a function of downrange distance,
y- The simulated cube never loses contact with the surface over which
it moves and never tilts significantly. Such movement can hardly be de-

scribed as "tumbling." Even from the photograph in Figure 1, it is




= T

Table 2. Total Simulated Displacement ymax(ft) of Concrete Cube at
DIAL PACK, (friction only).

kgl = 0.35 x 109 dyne/cm
kgz = 0.35 x 105 dyne/cm
At = .01 s
U 0.4 0.5 0.75 0.90 1.0 1.2 1.4
Pso
(psi)
15.0 7.54 5.94
* * *
30.0 30.93 A 28.5 A 25.2 41.2
50.0 171.0 139.0 79.4 1
+ !
100.0 503.0 312. > 524.0 ;
4

G

* Tumbles
A  Initial speed = 4.8 ft/s

+ Cube still moving at end of calculation
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apparent there could have been nou purely sliding motion of the concrete

cubes over the ground at DTAL PACK.

Simulated tumbling can be achieved by increasing the value of u.
The high frictional force on the bottom of the initially sliding cube
causes it to rotate, followed by compression of the ground spring and
ending with upward motion of the cube and loss of contact between ground
and cube. The subsequent bouncing motion is capable of permitting a much
greater transport distance than is achieved by a purely sliding contact.
Under these circumstances, the downrange distance moved depends on the
value of the vertical spring constant, which will be evident later. Even
setting the restoring spring constant, kgz, equal to zero does not prevent
upward motion becausc rotation may cause the corners ot the cube to move
into the ground at the same time the center of mass is moving upward,
and the "braking'" spring, kgl may contribute to upward acceleration.

Some results of high value for the coefficient of friction are shown in

1 Table 2 for an initial location at the 30 psi contour. The asterisk in
the table indicates that the corresponding motion includes airborne seg-
ments or tumbling. Thus, increasing p from 1.0 to 1.2 shortens the dis-

] tance transported, but increasing u still further allows for greater

transport than when p is small. Some other characteristics of the motion

of this simulation at pSo = 30 psi are represented in Figures 3 and 4, ;

i.e., height of center of mass above ground and angle of tilt, both as 4
functions of the downrange distance transported. Although the total

transport in the case of p = 1.4 and Peots 30 psi appears nearly correct,

the same value of p in the case of P 100 psi yields a distance trans-

§ ported that is much larger than observed. Hence, even though tumbling

motion may be simulated with friction only, the coefficient of friction

must still be varied with incident overpressure.

Viscosity. A viscous force, i.e., resistance proportional to

speed or some power of speed, seems to provide braking that increases
with peak overpressure. It is easy to estimate a value of a coefficient 4

of viscosity, n.
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F =ny

where F is the force resisting horizontal motion and y is the time deriva-

tive of the horizontal component of the objeci's motion.

A zciovih order numerical appreoximation to n can be found by treating

the viscous effect as a correccion:-

} ! o0 Ao
v, fyodt+f fadtdt M./ fydtdt

in which y. represents the observed displacement of the center of mass,
acceleration, a, is calculated from wind and friction forces only, 90

is intial fragment speed (if any), and M = cube mass. At DIAL PACK 90 =
0, mass M = 65 1b and the second term on the right can be estimated from

Table 2. The equation can be solved as follows:

_y (calculated) - y (observed) .
" [ydt

M

Table 2 shows for overpressure of 100 psi that the calculated
value of y is 503 ft when p = 0.5 and no viscosity is used. The dif-
ference, therefore, between calculated and observed distances on the
right side of tbe equation above is estimated to be 230 ft; and the dura-
tion of simulated motion is the integral representing the area under the
calculated displacement curve is approximately 1901 ft-s. Because the
mass of the cube is reportedly 65 lbs, the first estimate of n becomes

7.86 1bs/s or 3567 g/s.

When the displacement history is recalculated using n = 3000 g/s,
the plot of the trajectory in a plane perpendicular to the ground (i.e.,
in the y-z plane) is presented in Figure 5. Total displacement is overly
large, but the reason is clear from the illustration: the cube bounces

so much that it is seldom in contact with :-he ground where the viscous

and frictional forces operate.
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Another revealing feature of the simulation with n = 3000 g/s is
demonstrated in Figure 6, a plot of tilt angle against downrange distance,
Yeo- Clearly, the cube is spinning at a high rate (~18 rps). In fact,
detailed examination of the computer output shows that the over-the-ground
speed of the lower corners is much less than the downrange speed of the
center of mass. Inclusion of the viscous force appears to be self-

defeating: the net result has been to reduce the braking force.

The general validity of this observation may be verified by computing
a rrajectory without permitting a torque about the internal a-axis. Fig-
ure 7 is two such displacement histories corresponding to two different
values of viscosity for an original location on the 100-psi contour.
(Originally the internal n-axis cuincides with the exterral x-axis; the
blast direction is in the positive y-direction, so that rotation caused
by contact with the ground is about the a-axis.??) Clearly, the succes-
sive approximations outlined above will converge on a successful value

of n as long as no torque caused by ground forces are allowed. Such a

restriction is unrealistic.

Although it is meaningless to continue the series of successive ap-
proximation using the results of the simulation with n = 3000 g/s, trial
and error using several values of n, but without the restriction on
torque, produce the results tabulated in Table 3. In all these cases
coefficients of friction, u, is 0.5, but three different values
of n are represented. With two exceptions, all simulated motions slide,
inclucing usually slight rocking back and forth, as illustrated by a plot
of tilt versus ground range in Figure 8. When Py, = 100 psi and n =
1500 g/s, transport is not by sliding; rather the simulated cube bounces.
The height of the center of mass is drawn in Figure 9 as a function of
ground range. In this case, as well as the case shown in Figure 5, the
cube is spinning (reaching a maximum rate of approximately 3 rps), but
the rate of spin of the cube represented by Figure 9 is not high enough to

reduce the viscous force to a negligible quantity.

Displacements reported in Table 3 suggest that the viscous force

appropriate to this simulation may not be proportional to the first power

e i i eiripeiin i
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Table 3.

Effect of Viscosity on Total Distance Transported (ft)

H =

0.5, k
g

= 0.35 x 109 dyne/cm, k
g

= 0.35 x 105 dyne/cm.

1
n
0 1

Peo g/s) 300 1000 500 3000
(psi)

15 5.94

30 39.4 34.8 32.2

50

* *

100 503.0 | 430.0 332 407.0 668.0
* tumbling motion
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of object speed. Restricting consideration to only those simulations
resﬁlting in sliding transport, Table 3 indicates that less viscosity

is needed at low overpressure than at high, since n = 300 g/s appears to
be adequate for a cube originally at 30 psi; at Py, = 100 psi, however,

a value of 1 >1000 seems required. However, another approach to the brak-

ing problem appears more fruitful.

Horizontal Ground Spring. The bouncing mode of blast transport appears

realistic for most object-soil interactions. It does not seem at all likely,
for example, that the grassy surface shown in the photograph contained in
Figure 1 would allow a sliding motion of even a heavy, relatively smooth
object such as the concrete-filled plywood cube observed at DIAL PACK. The
torque, therefore, that tends to tumble a blast-driven object appears to be

a desirable feature of the model. To be able to keep tumbling transport, yet
get enough braking on ground contact to simulate experimental results, a
horizontally-acting spring has been added to the ground-object interaction.
Like its vertical counterpart, this spring is double wvalued to dissipate

energy, but the double valuedness also serves to reduce spinning.

In the simplified flowchart of DEBRTS presented in Figure 10, the
box marked with the star has been added to provide notice to the program
when one or more corners of the debris fragment first come into ground
contact, at which time logical variable GNDHIT is set equal to .TRUE.

At the same time GNDOFF is set to .FALSE. so that on the next time-cycle,
GNDHIT may be set to .FALSE. These logical operations permit subroutine
CORNER to record the coordinate of the point and the direction of hori-
zontal motion of most recent ceaitact and to measure horizontal spring
compression from that point. Subroutine CORNER has also been modified

to apply the horizontal spring forces to fragment corners below ground.

As with the vertical ground spring, horizontal spring constant takes a
high value at compression and a low value at release. During release,
however, should the corner pass through the point of most recent touch-
down, horizontal spring compression may begin again, the direction of

horizental motion noted, and the high value of spring constant be appli-

cable. In this way, consideralb.le energy can be dissipated upon a single

21
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ground contact--provided the fragment remains in contact and does not
immediately bounce off. The direction of horizontal spring force is
always pointed toward the point of first touchdown. The action of the

ground springs is sketched schematically in Figure 11.

Although pure friction is capable of inducing bouncing motion in
the blast-transported cube, to simulate the observed transport distance,
the coefficient of friction must vary with incident overpressure and
increasing the coefficient does not always reduce distance travelled,
From the limited number of trials performed so far, it appears that
using horizontal ground springs in conjunction with the vertical the
same behavior may be achieved while the values of all the arbitrary
parameters are held constant. These parameters must, however, be changed
with the soil. They probably also depend on the nature of the trans-
ported object. In the work to date, constant values of friction y = 0.5
and of viscosity n = 3000 g/s have been left in the calculations through-
out. Spring constants have been varied, however, and it is clear that
the two springs, the horizontal and the vertical, must cooperate in pro-
ducing the desired motion. Two simulated partial trajeccories shown in
Figures 12 and 13 demonstrate this. Horizontal constant, k is held

hl’
constant in the two calculations, but the vertical constant% kgl’ is
changed by a factor of ten. The stiffer vertical spring causes much
higher bounce than the weaker spring and the greater ground contact pres-
ent with the weaker spring causes increased loss of horizontal speed.
When kgl = .35 x lO8 dyne/cm,distance moved during the first second after

blast arrival is approximately 85 ft; increasing k by a factor of ten

gl
raises the transported distance in the same time intervail te nearly 95 ft.
The loss of forward momentum might be caused by any or all of the three

mechanisms: friction, viscosity, or the double-valued horizontal spring.

Further research is required to untangle these effects.

With the parameter values unchanged the simulations represented in

Figures 12 and 13 have been completed and two aspects of these calcula-

tions are shown in Figures 14 and 15. Incident peak overpressure is 50
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;. psi. Figure 14 is a trajectory of the center of mass downrange [rom

which it 1s seen that the center of mass never rises above approximately
g' 1.5 in. from its original height. The small squares along the top of

the figure are meant to represent the approximate orientation of the

cube at the locations shown; the simulated cube turns completely over

: once before reaching the top of its first Lounce, but the rate of tumbling
E declines rapidly after two bounces. (This is in contrast to behavior in

4 . . . - . . . .
; simulations with friction or viscosity or both and without the horizontal

spring.) Plotted in Figure 15 are two aspects of the motion illustrating
braking of the rotary motion and of the translation. The peak speeds are

reached very early in the travel under the influence of the dynamic pres-

sure; most of the transport is during the braking phase. Maximum rotary
E speed is approximately 9 rps and maximum horizontal speed is approximately

38 ft/s. These values depend on the parameter values and it is not known

from the experimental data whether or not the tumbling motion in the
simulation is an accurate representation of the actual motion. The sharp i
fluctuations of the speeds during the trajectory are not real and the dis-
continuities of first derivatives are due mostly to the lack of detailed
computer printout; fluctuations in angular and translational speeds no

doubt actually occur. Also no attempt has been made as yet to simulate

the fluctuation in transport caused by variation of ground surface con-
ditions. In the DIAL PACK data, for example, there is a 50 percent vari- !

ation in observed transport at 50 psi. i

Figures 14 and 15 list the value of the integration tone step At.
In these simulations, when the transport depends critically on ground

contact during bounces, the fineness of the time mesh is important. The

value of At entered in the figures is 0.001 s, but during the time any

| part of the cube is in contact with the ground, the code automatically re-
If duces the preset time step by a factor of ten in size so that during

i most of the motion simulated in Figures 14 and 15 the time integration
was performed with steps of 0.0001 s. For example, increasing the nomi-

nal value of At to 0.0N]1 s can increase calculated transport significantly

in some over-the-ground translations.




By trial and error, the parameter values

kgl = 0.20 x 108 dyne/cm
B 10

kghl = 0.35 x 10" dyne/cm

" = 0.5

n = 3000 g/s

were successful in simulating distance transported ir the range of in-
cident pressures 30 to 100 psi.* The values of the reccvery spring con-
stants are very small or zero and do not seem to be critical to the
distance travelled. Distances transported in simulations with these
values are plotted as triangles in Figure 16 along with the reported
observations.

At least in this pressure range, 'tuning" of the model may most

easily be accomplished by adjusting the constant, k The strong influ-

gl

ence of the vertical compressive spring, k on braking is demonstrated

gl’
by the distances transported reported in Table 4.

Effect of Yield

Because the DIAL PACK event was a surface explosion of approximately
500 tons of high explosive, the equivalent nuclear explosion has been
simulated by airblast arising in a 1-KT surface burst. To explore the
influence of yield on the translation model, airblast parameters corre-
sponding to a 1-MT surface burst have been used in one simulation with

the result that total travel from a location on the 100-psi contour was

2060 ft. Simulation parameter values were the optimum values noted above.

*

At 15 psi, the diffraction phase is relatively more effective than at
higher overpressures. Allowing for diffraction by starting the cube

at t = 1 ms with a speed of 1.84 ft/s increases displacement by approxi-

mately 1 ft; also changing k g2 the recovery ground spring constant, from

0.35 x 104 tc 0.35 x 106 dyne/cm raises transport at 15 psi to 6.26 ft,
which is close to the observed average 7.5 ft. See appendix for a

calculation of diffraction momentum.
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u= 0.5’

ghl

Table 4. Effect of Compressive Vertical Spring Constant of Concrete
Cube at DIAL PACK.

n = 3000 g/s, k = 0.35 x 1010 dyne/cm.

Distance Transported (ft)

pso(psi) 30 50 100

k

: ; 8l

] (10° dyne/cm)

, 0.35 — 32.5 ——
0.90 44 —_— 187
1.00 — 96.7 _
2.00 72 118.4 255.0




E_
]

This value of transport is about the average of the DIAL PACK observa-
tions scaled from 1 KT to 1 MT. However, to save computation costs, the
time step for the megaton calculation was increased to 0.01 s. rhis

change probably introduced error.

Comparison with Other Data

The model DEBRIS can simulate the translation experiments described
by Fletcher and Bowen?2,23 by the choice of the initial conditions in the
calculation. When the height of the bottom surface of the dropped object
is 2.6 feet, the initial speed is 38 ft/s, and the departure time later
than the positive dynamic pressure phase duration, the calculated motion
with the optimum simulation parameters noted above for NDIAL PACK does
not agree with the described behavior of the stones and masonry blocks
dropped from the moving truck. In fact, the strong horizontal spring
appears to throw the object backward toward the point of origin. How-
ever, when the horizontal spring constant is reduced by two orders of
magnitude or more, the computed motion is more realistic. The trajectory
of the center of mass according to a simulation of the drop from a moving
truck for the concrete cube of DIAL PACK is drawn in Figure 17. The total
distance travelled after release is 44.6 ft. According to Fletcher and
Bowen,22523 the distance travelled in this manner is independent of the
nss of the object dropped. This is borne out by DEBRIS, when a cube
identical to the DIAL PACK cube, but having a density of 0.08391 1b/in3
(which is the density of normal concrete), is simulated with DEBRIS. In
the case of the heavier cube, total transport is 44.0 ft. The trajectory
(Figure 18) i« again realistic, and, in fact, quite similar to that ap-
pearing in Figure 17 for the much lighter cube. Whether or not the simi-

larity of the trajectories is accurate is not known.

In any case, the distance and time of transport provided by DEBRIS
with the parameter values discovered so far do not agree with the pre-
dictions of the empirical formulas given by Fletcher and Bowen, 22123
If the initial speed, v, is 38 ft/s, these formulas yield distance, s =
34.3 ft and time to stop, t = 1.907s. 1In the case of the heavy cube

DEBRIS estimates stopping time t = 3.27 s and for the DIAL PACK density,
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