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PREFACE

This report represents the results of a study of dynamic
response of simple structural elements and semi-infinite
materials to impulsive loads. This study was conducted dur- \
ing the period from 19 October 1973 through 30 June 1974, by
the Department of Engineering Sciences, University of Florida,
Gainesville, Florida, under Cuatract No. F08635-74-C-0036 with
the Air Force Armament Laboratory, Eglin Air Force Base,
Florida. Mr. W. Stanley Strickland (DLYV) served as program
manager for the Armament Laboratory.

This technical report has been reviewed and approved for
publication.

FOR THE COMMANDER
ROY C. COMPTON
Chief, Weapon Systems Analysis Division
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SECTION I
FAILURE OF SIMPLE STRUCTURAL ELEMENTS SUBJECTED
TO IMPULSIVE LOADS

1.1 Introduction

Failure of a structural element may be def.ned in many
ways thus giving a very wide range of choices ior definition
of failure. A structural element may be considered as having
failed after having exceeded some load or stress level, some
local distortion or some large deflection due to a buckling
phenomena. To further complicate a failure definition various
kinds of loads may produce the stress level or distortion
necessary for failure. Failure of a structural element is
therefore a very broad term and a given definition must be
quite specific when describing failure. For this discussion
failure shall be defined as a condition when actual rupture,
fracture, or breakage occurs at some point in the materia:l
and renders the structural element incapable of resisting any
further loading. This discussion shall be restricted to fail-
ure of very basic elements such as beams, plates, rods, etc.,
and will not be concerned with failure of a large or complicated
structure comprising many of the basic elements.

A response mechanism of a structural element may be defined
as the general shape or manner of deformation leading to the
final deforme. state of the element. Plate and beam response
associated with blast loading are usually one of two types, (1)
a static mechanism where the initial deflection shape is con-
tinued on through failure, or (2 a traveling plastic hinge
mechanism which changes the deflected shape continuously for
some stage of the deformation process. The response mechanjsm
taken on by a structural element is not only dependent on the
general properties of the structure but is also strongly depend-
ent on the magnitude of the peak overpressure and duration of
the blast or impulsive loading.

A failure mode may then be defined in a manner associated
with the loading placed on the structure by the response mech-
anism. If the response mechanism is such as to place the m mber
in tension until failure, then this would be called a tension
failure mode. Combinations of response mechanisms may exist and
combined failure modes may occur under combined stresses op
strains.




In order that a failure load may be predicted, it 1is
necessary to know both the mechanism and mode of failure.
The response mechanism determines the irreversitle path taken
by the structural element and the energy required or work
done in moving the element through that path may be predicted
quite readily. Using the failure mode based on knowledge gained
from the response méchanism a failure criteria based on a maxi-
mur. stress or deformation may be applied for that particular
failure mode. Since complete failure of structural elements
is rather complicated it is best that a discussion of the entire
assumed failure process and resulting analvsis be given under
one general heading entitled plates, beams, etc. In this light
the remainder of this section will be devoted to a discussion
of plates and beams subjected to impulsive loads.

1.2 TFlat Plates

The response of flat plates when subjected to impulsive
loads resulting from blast loadings, as mentioned previously,
is usually divided into two types o. mechanisms: (1) the static
case where the plate deforms in some continuous uniform shape
as shown in Figure la, and (2) a plastic hinge case where the
initial deflection is by propagation of stress wave or plastic
hinges as shown in Figure 1lb. For plates with high short side

Traveling Plastic
Hinge

Undeformed
Portion of
Plate

a) Static Mechanism b) Plastic Hinge Mechanism

fp\\\\\\\\\ 5\

NAYA YA YA YA

Figure 1. Schematic of Plate Response Mechanisms
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dimension to thickness ratios, where bending is negligible

compared to the membrane forces, the resultant failure mode

for the static mechanism is tension. The location of the

failure is dependent on the plate boundary conditions and

distribution of load. The plastic hinge mechanism operating

in the same plate is characterized by a tensile stress wave

(plastic hinge) originating at the boundaries and moving toward

the center of the plate. The failure mode is one of tension

which may occur near the edges of the plate in the early scage

of plate deformation or at other positions in the plate where

high strains result from the initial transmission and/or

reflections of the stress wave. Generally, the dividing re-

gion governing which mechanism occurs is defined in terms of 1
the characteristic period of the elastic plate frequency and |
the positive phase of the pressure pulse. If the positive

pressure phase of the pressure pulse is greater than one-

quarter of the characteristic period of the plate, then the

static mechanism is assumed to operate and, if the positive |
pressure phase is less than one-quarter of the characteristic :
period, then the plastic hinge mechanism is the governing
mechanism. However, the demarcation is not distinct and, for
the region where a quarter of the characteristic period and ]
the positive pressure phase are approximately equal, either i
mechanism may occur and the resulting deformation and failure

is strongly dependent on the shape of the pressure-time curve.
General discussion of the response of circu%ar plates subjected
to impulsive loadings is given by Cristescu{l) and some later L
work is described by Johnson(2) and Abrahamson(3). The response ’
of square or rectangular flat plates is a much more complicated 1
phenomena, and several computer studies such as those by Kay(”) i
and Huffington(®) are available. Such preliminary results on 4
response of flat plates subject to fuel—a}r explosive blast

waves have been reported by the authors(8) ang a technical re-

port concerned with this subject is in progress; therefore, 3
further discussion on response of fla* plates will be omitted 1
from this report. 1

1.3 Previous Analyses of Beams

Scme early work on beam response, resulting in plastic de- ;.
formation, is that of Duwez, et al{7) and is based on trans- 9
verse impact of a concentrated load on an infinitely long beam.

An elementary analysis of a free ended beam with central trans-

verse impact was presented by Lee and Symonds(8) at about the

same time and the analysis is based on a rigid-perfectly |
plastic material. This assumpiion makes use of the fact that 1
when a large amount of kinetic energy is available to produce %”

118




Plastic deformation the plastic work in the beam far exceeds

the elastic work. This assumption used in References 7 and

8 also leads to the use of a localized plastic deformation,
commonly called a plastic hinge, as a means of describing the
deflection process. The plastic hinge mechanism is not re-
stricted to dynamic analyses and a general discussion of the
mechanism and several agglications to static problems is given
by Timoshenko and Gere(®). Due to the importance of the assump-
tions made in the use of a plastic hinge mechanism a general
development will be given.

If the stress in a beam remains below the proportional
limit, the beam behavior is independent of the shape of the
Plastic portion of the stress-strain curve of the material.
When a beam is loaded in such a manner that the stresces ex-
ceed the proportional limit of the material the behavior of
the beam ir bending is then termed inelastic or plastic and
is very dependent on the inelastic portion of stress-strain
curve for the material.

The basic assumption used in this discussion is that once
the entire portion of a beam cross section exceeds the propor-
tional limit of the material a plastic hinge forms and any
additional increase in loading will cause unrestricted rotation
of the beam at this point. The plastic moment required to pro-
duce the plastic hinge is dependent on the shape of the stress-
strain curve of the material. A discussion of the various stress-
strain curve shapes and their resultant effect on the plastic
moment and hinge will not be given here. The analysis as pre-
sented in this report will incorporate the use of the rigid-
pPlastic model for ductile materials as shown in Figure 2. Non-
ductile or brittle materials tend to act completely elastic
and an analysis using a plastic hinge is not applicable. An
elastic analysis may be found in a discussion of classical beam
theory in texts such as Reference 9.

The plastic moment for a beam is also dependent on the
cross-sectional shape of the beam and is readily determined in
terms of the yield moment. The yield moment is the moment re-
quired to produce the yield stress at the outermost fiber of
the beam cross section. Using the stress distribution of
Figure 3a and integrating the first moment of stress over the
beam cross section, the yield mcment is found to be

2
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Figure 2. Idealized Stress-Strain Curve

the beam centroid

to the outermost fiber. Using Figure 3b the Plastic moment

may then be determined as

Mp = [ondA . (2)
A

R R 4 o AR 1 LR
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—
4R ”&% I —1 c
y
Neutral B f
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= —
% Oy
(a) (b)
Figure 3. Bending Strecs Distribution
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The ratio of the plastic moment to the yield moment is solely

a function of cross section shape and is defined as the beam
shape factor,

£ = Mp/My, . (3)

The value of f for various shapes is given below in Table 1.

TABLE 1. BEAM SHAPE FACTOR

Shape

The shape factor f for wide flange beams is typically in the
range of 1.1 to 1.2 (Reference 9).

Using Equations (1) and (3) the Plastic moment is written
as

= S .
Mp = fOYE = chZ ,

where Z is the section modulus defined as

Z:% . (4)

When the stress in the beam is such that plastic hinges
form, the beam is assumed to act as a set of linkages free to
rotate about the plastic hinge points. For example, if a simple
supported beam is loaded statically, a plastic hinge will form
at the midspan and rotation then occurs at the plastic hinge of

14




the midpoint and the natural hinges at the ends as shown in
Figure 4. For a beam fixed at both ends, plastic hinges form
4 at the fixed ends as well as at the midpoint. If true end
- fixity occurs such that the end points do not move axially,

then tension is induced in the beam due to the deflection and
increased length of the beam.

1 | P

‘ ] bl L
% ‘ L — b
. , 2L

«—Natural Hinges —

—-——-—-——-4—.--——.——-

Plastic
= Hinge

Figure 4. Static Beam Failure Due to Plastic Hinge

The dynamic response of a beam to impulsive loads may be
described in terms of plastic hinges and for the case of low
overpressure the mechanism may be the same as the static analy-
sis. However, for high peak overpressures a traveling plastic
hinge, as shown in Figure 5, forms and moves away from the beam
end points. The intersection of the two moving plastic hinges

2 is dependent on the beam end fixity. Once the traveling hinges
intersect then the response is the same as that for the static
case. The sequence for this mechanism is shown in Figure 5.

The loading condition governing which mechanism is in

effect is based on the value of peak(gyerpressure of the pressure
time function, and Abrahamson, et al show that if the peak

overpressure p < 3po, where Po is the static collapse pressure,
then the static mechanism is valid. Thus, for p > 3po a travel-

ing hinge is present. A development and discussion of equations
of motion for both the traveling and static mechanism in a beam

15
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% neglecting axial tension is given in Reference 3. A general
x discussion of the results of this reference follows.

35 i p(t) )
PUbLLbd b b

t=‘to

L.—-

2L 4

{ : .<;\5&fraveling Plastic Hinges
3 A —— e — —f -
. E

Fixed Hinges
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Figure 5. Moving Plastic Hinge Mechanism

AR

The analysis of beam response as given in Reference 3 is 2
divided into the classical static and plastic hinge mechanisms. ¥
The condition governing which mechanism holds is based on the g
peak overpressure of the loading function and is specified in
terms of the static collapse pressure Pg+. The static collapse

pressure is determined from a static analysis assuming that a
uniform pressure exists over the entire span 2L and plastic

16
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hinges are operating with the only resisting force being the

plastic moment Mp. Under these assumptions the static collapse
pressure

Ps = uMP/L2 ’ (5)

for the fixed end beam and

ps = 2Mp/L2 (6)

for the simply supported beam. Using the above definition
the static mechanism is assumed to hold if the peak overpressure
Pm,> as shown for a typical blast loading of Figure 6, falls in

the range, pg < pp < 3pg. If pp > 3ps the traveling plastic
hinge mechanism is assumed to operate.

Pp

Pressure
P

= : ]

Time t

Figure 6. Typical Blast Pressure Time Curve
for a Fuel-Air-Explosion

For a fixed end beam where end rotation is by a plastic
hinge, an additional plastic hinge also forms at the center
and the deflected shape is the same as Figure 4. The veloc-

ity of the midpoint is found to be
V= 3(I-pgt)/om " (7)

where m is the mass per unit length and T is the impulse per
unit length at the time t. The time t2 where motion ceases

7

sl

ARG O

_A_ R

e R e B S B it SRR s
; el b e

e




L
.
i
"

kKt
b

& S g i s g o
Bkt R L i R S G At el o R e s Bl

¥ BT B i

may be determined by setting Equation (7) to zero and integrat-
ing the resulting equation,

i
I, = fo zp(t)dt = pgty . (8)

where I5 is the value of the impulse at t, and for some cases
may be determined by integration. The value of t, may be
interpreted graphically, as shown on page 32 of Reference 3,
for those cases where an analytical expression of the blast
loading is not known. Knowing the time t9p, the final midpoint
deflection may be determined from the integration of the veloc-
ity expression over the time limits zero to tp. This intesgra-
tion yields the maximum center point deflection

t
y(L,tz) = %% (f zfdt - pstg/Z) . (9)
0

The equations governing the static mechanism for a simply
supported beam are the same as those of the fixed end beam
except the static collapse load for this case is given by
Equation (6).

Equations of motion for a fixed end beam with the travel-

ing plastic hinge mechanism, as shown in Figure 7 and determined
by Abrahamson et al(3), are given as

mv =p , Xp < x <L . (10)
and
. 2
mxh3w/3 = PXy /2 - Mp 0 < x< Xy s (1)
where p is the general expression for pressure as a function of
time, Xy is the position of the plastic hinge, and w is the
angular velocity of the segment AB of Figure 7b. Using a con-

tinuity condition at the hinge point B of Figure 7a the velocity
of the underformed portion BC may be expressed as

V= wxy (12)

With the use of Equations (11) and (12) the position of the plas-
tic hinge xp and its velocity ¥} are determined, respectively, as

Xh2 = lZMpt/f {133




Fixed Plastic. Hinges

Figure 7. Traveling Plastic Hinge Mechanism
and Free Body Diagram

ih z SMP(T-pt)/fth . (14)

The time t; when the plastic hinges arrive at the center of
the beam is determined by

t
Il = j; lp(t)dt = 3pgt; (15)

and in turn the centerpoint velocity V1 and deflection y(L,tl)
at time t; are given by

Vi = Iy/m (16)
(17)

y expression (7) ig
set to zero, the time to, when motion ceases, is given by Equa-

tion (8). The final center point deflection is then given by
the expression

- 3

t
[[ zfdt—%S_ (tg-tf)] 3 (18)
t

19
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For a simply supported beam the equations of motion are the
same as those of Equations (10) and (11) except that -2Mp is

replaced by -Mp due to the operation of only one plastic hinge
at the center of the beam.

As shown in Figure 7 the preceding beam analysis is based
on a beam free of end constraints. This condition was taken
into account in the design of an experiment described in Refer-
ence 3 to evaluate the preceding analysis. The experimental
arrangement was such that the ends of the beam were fixed to
sliding supports which permitted the beam ends to move toward
each other and prevented a buildup of tension load. Uniformly
distributed impulse values of 0.06 to 0.146 1b-sec/in were
applied to 2024-T4 aluminum beams by use of thin strips of sheet
explosive. The ratios of experimental centerpoint deflection
to the theoretical values ranged between 0.402 and 0.652 for
the pinned ends beams and 0.517 and 0.752 for the fixed ends
beams with the higher ratios corresponding to the higher impulse
loads. Although the analysis over-predicts the centerpoint,
and may not be strictly applicable to beam analysis where ten-
sion is a factor, it does serve as an important guide to analy-
tical methods using the plastic hinge mechanism.

Beam response to impulsive loads neglecting axial restraint
was also studied by Symonds(10) and in a later paper(ll) he in-
cluded the effect of axial restraint. In this study (Reference
11) the assumption of traveling plastic hinges was also used.
However, in this case the central portion of the beam was given
an initial velocity Vp. The assumption of an initial velocity
simplified the analysis and the final shape of the beam may be
found somewhat easier than the preceding analysis. For the
fixed end beam without axial restraint the final center point
deflection y(L,t;) and rotation 0(L,ty) along with support
rotation 0(0,ty) are found to be

mL2Yy 2
3(2MP)

y(Lyto) . (19)

2
mLVo

0(L,ty)
B YT

s (20)

mLV 2
2(2Mp)

0(0,t,) : (21)
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; For the simply supported case without axial constraint the
i results are the same except 2Mp is replaced by Mp in Equations
' (19), (20) and (21).

An axial constraint was applied by Symonds(11) by adding

ﬁ an axial force N in addition to the moment M. A plastic axial
4 force defined as

2
i
i,

d

| N, = onYdA (22)

is assumed to be in effect when the entire beam Cross section

is subjected to the yield stress Oy. Using this definition,
the plasticity condition

2
Moy Ny ‘ (23)

, was imposed and must be satisfied for plastic deformation to
3 occur. However, care must be used in applying Equation (23)

to any cross section other than a rectangular section. In
addition to Equation (23) a flow rule

Np ¢
i B E N (24)
: Mp ¢ No '

defined in terms of strain rate € and curvature Y was also
imposed on the beam response analysis. Using the diagram of

a Figure 8 for a fixed end beam the equation of motion fop angular
4 acceleration of the segment AB about the point A is

3. |
%‘-mth = -2M - Ny . (25)

Figure 8. Beam Response Mechanism Including Axial Constraint
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k. It can be shown from Equation (24) that the relation between
f;i linear strain and curvature becomes

| LEE (26)
: Np 2Mp

Using a velocity continuity such as Equation (12) and Equations
(23), (25), and (26), the values of M, N, w, and Xy may be deter-

mined. Simultaneous solution of these equations yields a third
degree equatlon in terms of the final center point deflection
which can be given as

Yt o i NpL_ ? y_f_3=lmLV°2 (27)
L (2Mp) L

where yf is the final center point deflection dafined previously

as yr = y(L,tp). ‘However, the final deformed shape, strain, and
curvature functions require a numerical 1ntegrat10n procedure.
Agaln, the equation for final deflection of a simply supported
beam is obtained by replacing 2Mp with Mp of Equation (27). The
foregoing analysis is based on small deflections and is limited
to deflections on the order of the depth of the beam; however,
the important point found here is that the deflection based on

a model with no axial constraint may be as high as four times
the deflection based on a model including axial constraint.
Symonds(ll) also discusses a transition of the beam response

of bending with axial restraint to that of a plastic string with
end restraint. The assumption allows for calculation of deflec-
tions on the order of 1 to 10 times the beam depth and these
deflections agree quite we%l Ylth results presented in a later
paper by Symonds and Jones which includes corrections for
strain rate sensitivity. However, the deflections in these
references are still quite small in comparison to gross deflec-
tions which would be expected to cause failure.

The majority of the previous researchers have avoided the
treatment of beams for loads intense enough to cause failure
from a structural standpoint. This is not ta say that intense
1mpulslve loadings have not been studied but much of the work
in this area has been concerned with basic material problems
rather than overall structural response. However, tearing and
shear failures in ?xg}031vely loaded clamped beams were studied
by Menkes and Opat(l and a failure criterion based critical

particle velocity is given by Sewell and Kinney(1lu),
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three separate damage levels occur as the strength of the im-
pulsive load is increased. These damage modes listed in in-
creasing impulse intensity are:

1) Large inelastic deformation described by a residual
central deflection.

2) Tearing or tensile failure at the supports.

3) Transverse shear failure at the supports.

The threshold for mode 2 is taken as the impulse intensity
which first causes tearing. As the intensity of the impulse
increases, overlapping of modes 2 and 3 begins, until a well
defined shear failure occurs and is characterized by no sig-
nificant deformation prior tc failure.

Upon examination of results of this work(13)

Several main
points were observed.

1) The final deformed shape of the beams subjected to the
low impulse intensities indicates a static plastic
hinge mechanism was in operation during the final
deformation process.

2) The mode 2 failure may well be the result of tensile
loads caused by excessive deflection occurring while
mode 1 is operative. The authors of Reference 13
conclude that the mode ?2 threshold is dependent on
the same variables associated with prediction of cen-
tral deflection of mode 1. :

3) Mode 3 (shear failure) is dependent on the initial

velocity and not shear Stress and for a given material
the threshold velocity is a constant.

on to examine the new failure criterion presented by Sewell and

Kinny - They proposed that failure would occur if the initial
velocity, defined in the manner of %gyation (16), exceeded the
tensile critical particle velocity( of the material. This

new failure criterion was applied to plate and beam elements

when the positive pressure phase of the blast wave was less

than one-quarter of the characteristic period of the structural
element. However, it was found earlier by the authors(6) tnat

the shear critical Particle velocity, as defined in Reference
165 gave better predictions than that

23
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Figure 9. Impulse Required for Shear Failure Mode of Beams

critical impulse curve of Figure 9 is based on a shear critical
particle velocity(16) given as L
2

2
( ) = ( ) = -1 (29)
oR Ver)y, [(VCP)T :]

where (VCR)T is the tensile critical particle velocity,

o, is
the ultimate tensile stress and p is material density. The
corresponding critical impulse for shear failure is then

(Log) = (vog) mh (30)
S S

where h is the beam depth. The tensile critical particle
velocity fo? s?me aluminum alloys is approximately 220 ft/sec.
©y Rinehart(1%),

Based on the precedirg discussion of previous work it is
apparent a need exists for some analysis to predict gross de-
flections for mild impulse intensities found in fuel-air explo-
sions. The next subsection is devoted to a strength of materials
approach for predicting beam response in terms of plastic hinges
and axial restraint with large deflections.
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1.4 Response of Beams Subjected to a Fuel-~Air Explosion

For loading functions of fuel-air explosions the positive
pressure phase is rather long (millisecond range) and the shape
of the pressure time function becomes important. It is then
necessary to include the entire pressure time history and assume
an initial velocity of zero in analyzing beam response to fuel-
air explosions. The following discussion represents a develop-
ment of a beam response modei when subjected to a reflected
pressure time history of a fuel-air explosion. The pressure
is assumed to act uniformly over the width and length of the
beam and it is further assumed that the end points of the beams
are fixed against any movement toward each other. Both the
fixed end beam, allowing no rotation except by plastic hinge,
and the simple supported beam, allowing rotation by natural
hinges, will be discussed. It is also assumed that the plastic
energy is much larger than the elastic energy.

Plastic hinges form at the center and ends of the beam and,
using the diagrams of Figure 10, the energy ard force functions
needed for a Lagrangian formulation of the equation of motion
may be written. Use of the Lagrangian method is justified by

p(t)

IRR RN ARy
b

T c
< 2L ————

jal]
N

I

M § =Ltano
L P
\‘I% i Gyﬁ

Figure 10. Free Body Diagram for a Static
Analysis of a Beam Fixed at Both Ends

expressing the deformed beap shape in terms of the undeformed

coordinate system and by writing the dissipative functions in
terms of the plastic energy.
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The following symbols will be used in the derivation of
the equation of motion for the half span of Figure 6.

4 A cross section area of beam

ik half span length
Eé Mp plastic moment
,; My yield moment
'g Sa moment of inertia of half span about the end,
I(t) impulse-time function (psi-msec)
p(t) pressure-time loading function (psi)
v Velocity of midspan (in/sec)
W width of beam (in)
8 deflection of midspan (in)
A deflection along beam longitudinal axis (in)
oy yield stress (psi)
o mass density
@ angular rotation of beam (rad)
X,y coordinate axes along original beam position.

The kinetic energy KE may be written assuming a uniform
linear velocity variation in the direction of longitudinal
axlis of the half span and is expressed as

Sa e I .
KE = 2252 + lf (.AE) oAdx . (31)
2 2 0 L

Making use of the moment of inertia given above, Equation (31)
reduces to

KE = ﬂ‘;lli (0212 + a2y (32)
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Now A and A may be expressed as

> (>

(secO-1)L (33)
1 and

> e
1]

(LtanOsec0)0 . (34)

Using Equations (32) and 34) the kinetic energy becomes
3 L]
KE = E%%- (1+tan?0sec20)0? . (35)

The plastic energy PE is now written as
PE = 2MpO + AcyA (36)
and using Equation (33) the plastic energy may be written as
PE = 2Mp0 + (secO-1))oyAL . (37)

The generalized force determined from the applied pressure
4 force is expressed as

L
- 0 X
= <. 8 g t)wd . 38
Qo ae[fo()(L)p( )wx:l (38)

Assuming no shortening of the span then
§ = Ltan® , (39)

and the generalized force becomes

n = P(t)L2%

; secZ0 . (40) £

Defining the Lagrangian L and the Lagrange equation as

. 1
L = KE - PE (41) g
and
d AL a3l (42)
dt 3§ 99 ~ e

the equation of motion becomes
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3 (1)
B%%— (1+tan20sec?0)d

3 .
+ 9%%— (sec”@tan@+tan3®se02®)®2

_ p(t)uL?

+ 2Mp + oyAL(tan@sec®) sec?0 . (43)

Equation (43) is valid only for positive values of @. The
basic assumption is that a plastic hinge is in effect at the
beginning of the beam motion. This means that at t = 0 the
moment resulting from the initial blast loading must be large
enough to overcome the internal resisting force 2Mp. For Equa~
tion (43) a necessary condition to inspre positive initial
values of © is that initial values of © be positive. This
criterion may be met by the requirement that

Pmax < 4Mp/wL?2
or (4y)
Ppax < HfUYz/sz .

The assumption is also made that the maximum value of 0 is
reached in the interval 0 < t < 1. If this assumption is not
true then an equation with the right hand side or forcing
function equal to zero would hold for this case. This case
is omitted in that either maximum deflection or failure is
expected to occur within the interval 0 < t < T.

The strain induced in the beam due to this deflection is
composed of an average axial strain obtained from Equation (33)
and defined as

= (sec6-1) , (45)

ol N>

€a

and a strain €g at the outermost fiber at the plastic hinge

points. An estimate of the magnitude of eg will be made from
the following simple analysis.

In the preceding analysis a plastic hinge was assumed
to be concentrated at a point; however, in reality the hinge
point is the position where the yield stress first extends
over the entire depth of the cross section. Extending out
from either side of the hinge point is a plastic zone of total
length Lp as shown in Figure lla. This zone is essentially a
volume of the beam in which the internal stress is equal to
the yield stress.
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Plastic Hinge
Location
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SRk

Figure 11. Schematic of Plastic Zone

The plastic zone len

gth Lp as shown in Figure 10a is given in
Reference 9 as

S AR S SR R i

Lp = 2L(1-1/f) (46)

where 2L is the beam span and f is the beam shape factor.
Taking Lp as an arc length corresponding to the angle 20

and radius of curvature R of Figure 11b the strain may be
determined from ,

€g = 47)

The radius of curvature R is then

Lp (48)
20

and substituting Equations (46) and (48) into Equation (47)
gives the strain due to rotation as

By = R | (49)
L(1-1/f)
Defining strain ¢ as

= +
€ €a 86

o S A RTRET F
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the total strain at the outermost fiber of the midpoint and
fixed end of the beam may be expressed in terms of @ as

€€0) = e¢(L) = (secO-1) + —SO | (51)
L(1-1/f)

The basic assumption in this case is that the fixed end beam
is fixed against rotation and translation, whereas the simple
supported beam is fixed against translation only.

The equation of motion for the simple supported beam will ;
be the same as Equation (43) except the third term of the right- 1
hand side will be replaced by Mp. The resulting strain for the '
midpoint of a simple supported beam will be the same as Equation
(51); however, for the support point of a simple supported beam
the strain will be only (sec6-1), due to the operation of a
natural hinge at the support.

Solution of Equation (43) was obtained using a fourth order
Runge-Kutta analog simulation program. Solutions were determined
for 6061-T6 aluminum beams of the same size as those of Refer-
ence 13. Maximum strain values were determined using Equation
(51) and any strain exceeding 0.15 was assumed sufficient to
cause failure. Results of these calculations along with the
experimental and theoretical results of Reference 13 are listed
in Table 2. Experimentally determined pressure time functions
of Reference 6 were used as an applied load p(t) of Equation
(43).
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Applying the same general approach to that of a traveling
plastic hinge as shown in Figure 12, the kinetic energy may now

¢

p(t) ayhA

aE2x211%2

(a) (b)

Figure 12. Schematic of Traveling Plastic Hinge Mechanism
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§ TABLE 2. BEAM RESPONSE TO IMPULSIVE LOADS §
] g
| Beam . Central Deflection %

i Reference 13 4
Impulse Length Thickness Theo Exp Equation 43 %
Ktaps (Inches) (Inches) (Inches) (Inches) (Inchies) 8
10.9 8 0.187 0.99 0.94 +
. 15.32 8 0.187 + + 0.769 3
17.8 8 0.187 1.56 1.44 + i
; 10.9 8 0.250 0.54 0.50 + |
5 15.34 8 0.250 + + 0.475 g
1 17.8 8 0.250 1.07 1.50 + ]
| 15.34 8  0.375 + + 0.154
17.8 8 0.375 0.72 0.50 +
10.9 4 0.187 0.4y 0.25 +
15.34 4 0.187 + + *
17.8 4 0.187 0.77 0.69 +
: 10.9 4 0.250 0.32 0.31 +
15.34 4 0.250 + + %
g 17.8 4 0.250 0.53 0.4y +
15.34 4 0.375 + + *
17.8 4 0.375 0.48 0.18 +
i ) *No response
% *No calculation or value

aThis value calculated from experimentally determined pPressure
time curve for a fuel-airp explosion given by

p(t) = 830(1-t/.0015) ~t/-0015
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2
ggf be expressed in terms of the angle © and the plastic hinge posi-
gﬁ tion xp. Assuming that the central portion of the beam BC of
2 Figure 1l2a remains rigid and resists the loads oyA and Mp with- 4
a out deformation, the kinetic energy KE and the plastic energy PE
;-% may be defined in a manner similar to Equations (31), (32), (33),
gg (34), (35), (36) and (37). The plastic energy in this case is
- the same as Equation (37) except L is replaced with Xh. An ex- )
B pression for the kinetic energy must now include a term for the
- central portion of the beam as well as the portion of length
E Xp- The expressions for the energy terms are found to be -
g
- KB & prﬁ [xh(l+tan2@secze) + 3(L—xh)secl+@]é2
6
. .o
.: 2
g + pAxp [(L-xp)sec etanelxhe (52)
{ + pA [(L—xh)tanzeliﬁ
1 2
| and PE = 2Mp@ + (seco-1l)oyAx, - (53)
f Using the continuity of deflection at point B of Figure 12,
§ = xptan@, the force component expression for the two coord;-
nates and x; may be determined. Using the total work done by .
the pressure force the force components are i
;@ ¢ Qo = xp (L-%?) wp(t)sec?o
| and (54)
Qxp, = (L-xplwp(t)tane . ‘
Using Equations (41), (42), (52), (53) and (54) the equations L
3 of motion may be determined and are given as 3
] ; pA [(L—xh)tan26]§h + pAxy [(L-xp)sec20tan0lé f
+ 2pA [(L—xh)seczetaneléih i
X X . t g f
+ pAxp [(ZL—%xh) sec?0tan?e + 7;sec”®—??:]ez (55) ] 3
- pA 2 1x2 - i 3
%? [tan O]xh + oyA(seco-1) ]
= p(t)w(L-x;)tand r
) ’,’
and 3

32




DAxﬁ [%?(l+tan2esec26) + (L-xh)secug]é

t pAxy [(L-xh)éec29tan6]§h
* pAxp [xp(1+tan20sec20) + (2L-3% )sect016x,, (56)
. DAxﬁ [2(L+x )secotarn + %?(tanesecue+tan3esec20)]é2

- PAxy [sec20tan6]i§ + 2Mp + OyAxpsecOtan®

X
= p(t)wxp (L-jg) sec’e .

No attempt was made to obtain a solution to these equations.

1.5 Conclusions

Beam response mechanisms for failure ape well defined at
the extreme ends of the loading spectrum, with classical beam
deflection modes to failure occurring at the static case and
failure witho ring at th i
loading case.

ery dependent on the shape, pressure
magnitude, and duration of the loading. As the loading becomes
slowly time dependent the classical vibratory response becomes
evident until such a point when the positive pressure phase of
the loading is less than one-~quarter of the characteristic period
of the structure. When this happens the mechanism of response
becomes one of the traveling plastic hinges associated with
bPropagation of stress waves. As the impulse intensity continues
to increase, a point is reached i

rather distinct mechanisms are di Response
of beams and plates to fuel-~ he transition
region between vibratory response and stress wave response.

Small ductile beams subject to blasts of fuel-

fixed or pinned ends may not be modeled as pur
and tensile load due to the end constraint must be taken into
account in analytical calculations. A rigid-perfectly plastic

b B R Wi kg R ~W
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material constitutive relation may be used when the plastic
energy is very large in comparison to the elastic energy. For
rather flexible beams the static mechanism will be sufficient to
predict failure; however, a traveling hinge mechanism more than
likely is responsible for the initial deflection. Due to the
difficulty and complexity encountered in modeling beam response
to fuel-air explosions a program of testing and empirical analy-
sis may be in order. Tests of beams and plates stiffened with
beam elements subjected to actual fuel-air explosions (bag ex-
pPeriments) are recommended.
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SECTION II
FUEL-AIR EXPLOSION (FAE) IN CONFINED STRUCTURES

2.1 Introduction

Before considering the effects of fuel-air explosions in
large closed or confined areas a discussion of the fuel-air
explosion in unconfined areas is in order. For a given fuel-to-
air mixture many of the characteristics found in a fuel-air ex-
plosion are applicable whether the gas cloud is in a large
container or open to the atmosphere.

2.2 Fuel-Air-Explosion

A fuel-air explosion is a rather complicated phenomena;
however, in broad simple terms of explanation: given a proper
fuel-to-air mixture and a small high energy secondary explosion
at some point or line in the mixture, a detonation wave is
established and moves through the fuel-air mixture at some con-
stant velocity. Under the proper conditions the wave behaves
like a strong blast wave but later it may be described as a

Chapman-Jouguet(17) detonation wave. The velocity, pressure,
temperature, and density changes across the wave are all step
functions as in the case of a strong shock wave in air; however,
in the case of the detonation wave they are all constant with
time and depend only on the properties of the fuel-air medium
ahead of the shock. The basic difference between the detona-
tion wave and the regular shock is that the energy equation

for the detonation wave has a term which represents the heat
liberated in the reaction zone an? i§ added to the energy flux
passing through the reaction zone(l8), This heat addition com-
ing at the wave front causes a larger temperature jump than
that of a regular shock. In turn, this increased temperature
increases the acoustic velocity and decreases the particle
velocity behind the front.

The wave may be planar, cylindrical or spherical, depending
on the type of secondary detonation. The static or side-on
pressure jump across the wave is the same in all three and is
constant with time. Only the shape of the wave behind the front
is changed with time or distance from the secondary explosion
source and is highly dependent on distance to the nearest re-
lief surface. For a strong detonation wave the static or side-
on pressure ratio of pressure across the wave front is given

by

e
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p_l i poD2 i l+YoD2

(57)
Po 7Yo*l il

where
Pg - static pressure in medium ahead of the wave (psi)
P; - static pressure at wave front (psi)
pg - density in medium ahead of the wave (lb-sec?/in%)
D - wave front veloecity (in/sec)
Yo - ratio of specific heats in front of detonation wave
Y1 - ratio of specific heats behind detonation wave.
The reflected pressure p, exerted on a rigid wall given in
Reference 18 for a condensed exglosive and verified experimen-

tally by Ross and Strickland(19) for a fuel-air mixture may be
expressed in terms of the side-on pressure as

Pp _5yp*l + VITy1F2y771
P1 %Y1

. (58)

As shown in Equation (58) the ratio of reflected pressure to
the side-on pressure is dependent only on the ratio of specific
heats and is fairly insensitive to changes in values of Yy above

.unity. The value of Pr/p; is 2.6, 2.4 and 2.3 for y values of

1, 3 and », respectively. This indicates that the reflected
pressure will be about 2.4 times the static pressure for almost
any fo <air mixture. Further observations for fuel-air explo-
sions ) show that for most fuel-air mixtures the detonation
velocities are approximately 5000 to 6000 FPS. This means that
for almost any fuel-air explosion the reflected pressure is
nearly a constant and will be much lower than that of a reflect-
ed shock wave in air with the same static pressure rise.

The static presﬁﬁre rise and corresponding reflected pres-
sure ggxen by Equations (57) and (58) were verified experimen-
tally for a MAPP-Air system. Impulse calculations based

or. the experimental pressure time hist0f%8§ also check with
analytical predictions of Sichel and Hu . Analytical pre-
dictions of fuel-air explosions are given by Nicholls, et a1(21,22)
and the reader is referred to these documents for further dis-
cussion of unconfined fuel-air explosions in the atmosphere.
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2.3 Confined Fuel-Air Explosions

In the previous section a fuel-air explosion was defined
in terms of a detonation wave travaling through a fuel-air
medium. One of the major assumptions was that the fuel-air
cloud was of sufficient size and mixture to produce a strong
detonation shock. For ine confined case the assumption will
be that the limits of the confinement are large enough such
that the same conditions are satisfied to produce a detonation
wave, and the mechanism will be the same as the unconfined case.

In the case of unconfined fuel-air explosions the ground
impulse and the dynamic or reflected impulse are often the
parameters used to describe the damage capability of the ex-
plosion. It is assumed that this will also be true for the
confined fuel-air explosion. In _the analysis of an idealized
unconfined fuel-air explosion(22) jt was assumed that no side
or top relief occurred. This is essentially the same assump-
tions that would be used in the analysis of a confined fuel-
air explosion. This aralysis gives a typical side-on pressure
time history or shape as chown in Figure 13. The effect of
confinement on a FAE is to maintain some high pressure for
some finite time as evidenced by the plateau of the pressure
time curve shown in Figure 13. In the unconfined case a relief
wave moving at the acoustic speed in the burned gas quickly
reduces the pressure behind the detonation wave and the result-
ing pressure time curve is similiar to that of Figure 6. For
a confined FAE, the reflected pressure profile will be similar
in shape to that of Figure 13 except the peak overpressure will
be approximately 2.4 times that of p;. The ground impulse and
dynamic or reflected impulse as calculated in References 20 to
22 will be applicable to fuel-air explosions in buildings, air-
craft shelters, hangers, etc. In such cases a detonation wave
whose shape depends on location and size of the secondary ex-
plosion will move through the medium at a constant velocity
and be reflected from the walls and/or top.

The wave type, i.e., planar, cylindrical, spherical, will
depend on the general shape of the building and tvpe and loca-
tion of secondary explosion. For rather long buildings there
will be a tendency to form a planar wave as the detonation
front moves down the length of the structure. In this case
the major damage would be caused at one ernd due to the reflec-
tion of the wave. In most buildings roof lift may be the most
vulnerable mechanisms and in such cases an initiator or second
event charge on the floor would give wave reflection at the
roof or overhead. Due to the rather small speak overpressure
of FAE devices, it is essential tc try and direct the wave in




such a direction as to cause the most damage. Of course, this
may be impractical to do and in turn calculation of the exact
pressure or impulse at a point inside the structure may not be
possible even if the exact location of the secondary blast was
known.

250 F

200

Pressure 150 |

e 100 f /

F i "
-

\

d 0 5 10 15
Distance from Secondary Explosion, Ft.

Figure 13. Pressure of a Fuel-Air Explosion
Versus Distance from the Secondary Explosion

For point secondary explosions or initiators a spherical
wave will be established and if the geometry of the reflect-
ing surface is given a reasonable estimate of tte impulse may
be determined based on calculations of Reference 20.

2.4 Conclusions

Reflected pressures of fuel-air explosions from rigid
walls will reach a maximum of approximately 2.4 times the
static pressure rise of the detonation wave. The same detona-
tion wave mechanism of unconfined fuel-air explosions without
edge relief will be operative for fuel-air explosions in large
unpressurized containers. As in the case of unconfined fuel-
air explosions the main damage mechanism for large structures
will be the reflection of a detonation from the walls, top, or
end of the confining structure. For confined explosions where
failure occurs pressure relief will occur upon venting and the
effect of this pressure relief should be taken into account
when calculating the impulse intensity or positive pressure
Phase of the detonation wave.

38

I
i
e

e a-r-ntmﬂﬂm-m '!M'._.Wr.-"fu,;- oy -vnn-:' =

A W e B Mot syl

.r.i‘

Laa e

,.
;
i



SECTION III
STRUCTURAL DEGRADATION OF CONCRETE BY IMPULSIVE LOADS

3.1 Introduction

This phase of the research was intended to follow up
specific areas of interest to the sponsor. A briefing at
Eglin AFB on 3 and 4 January 1974 led to the suggestions that

finite concrete slabs, blocks and beams would be of value.
Alternatively to concrete studies, investigations of rock
aggregates were considered to be of interest to the Air Force.

In the following investigation, covering a period of
about six months, two areas received most of the attention:
(1) a literature survey and laboratory visits to compile in-
formation pPrimarily on cratering, and (2) an experimental
laborator¥2§§udy of dynamic tensile fracture of concrete bar

Specimens Some results of the experimental study are °
reported in Section 3.4,

A compilation of Places visited and conferences attended
is given in Appendix A.

The cratering process will be described in the remainder
of this introduction. Section 3.2 then considers empirical
¢ratering formulas. Section 3.3 refers briefly to some more
fundamental approaches seeking to obtain, for brittle materials

Figure 14 is a schematic half-crater profile from a near-
surface explosion in a rock medium. The figure indicates
regions of more or less violent deformation and defines the
symbols for height of burst (HOB), measured to the mass center
of the charge, and the apparent and true crater radii and
depths. The dissociated material (fallback and ejecta) con-
sists of some fine-grained material and some larger blocks or

defined, since some of the material in the rupture zone can
sometimes be removed with very little effort. Also the two
boundaries, separating the zone of slight rupture and fracture
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from the zone of significant rupture and shear and from the
elastic region below, are gradual transitions rather than
sharp boundaries. In softep rocks and soils the zones here
called rupture zones are often referred to as the plastic
region (to distinguish it from the elastic region below).

Broberg(25) has reported results of contact detonations
(with charge masses up to 1000 kg on granite slabs). He
characterized three regions somewhat differently:

(1) First is the powder zone or crushed zone directly
below the charge, where the compressive stress transmitted
greatly exceeds the compressive strength of the material.

(2) Between the powder zone and the initial position of
the true crater boundary lies the block zone, where failure
is due to tensile and shear stresses, producing blocks or
chips.

(3) Below the true crater boundary is the rupture and

shear zone of nonelastic action, and below that the elastic
region.

Broberg's data indicated that the final tr%e grater was
roughly conical with dy = 0.33ry. (M. P. White(26) i lolg
suggested the relation d = 0.U4r for the approximately conical
craters produced by contact explosions on concrete.)

Kaplan(27) has reported on the effect of material properties
on crater dimensions and shape. Lead azide charges (0.9 to 24
grams) were detonated in true surface-shot geometries on blocks
of grout of varying properties. Crater depths decreased sharp-
ly, due to a reduction in crushing and compacting, when the
compressive strength reached about 1000 to 1500 psi (6.89 to

10.3 MN/m2). he craters were almost hemi-
spherical. i

a flat conical shape. Both this study and that of Broberg on
granite point up the increasing importance of (front-face)
spalling in crater formation as the material strength increases.

The most extensive studies of cratering from explosives

been in connection with nuclear explosives and the attempts
Most of
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Section 3.2 considers the modeling of surface and near
surface shots in rock and concrete. Most of the information
given is for rock rather than concrete, because that is what
is available. It is believed that the same procedures can
be applied to concrete if sufficient experimental data can
be obtained.

3.2 Empirical Cratering Formulas for Surface and Near Surface
Shots

3.21 Preliminary Comments

This part of the investigation addressed the question of
whether it is possible to predict the crater volumes and dimen-
sions produced by surface explosions on massive concrete blocks
or slabs by the use of simple empirical formulas. Not enough
experimental data on concrete was found to test the empirical
formulas, but there are several reports on cratering in rock
by HE, both from blasting research related to mining and ex-
cavation and from extensive studies of the modeling of nuclear
explosive loading by HE experiments. These results lead to
the conclusion that cratering in concrete could be modeled in
the same manner.

The empirical formulas have quite successfully represented
true crater dimensions as a function of charge weight over a
range of one pound to 100 tons, provided that the material was
reasonably homogeneous (no large faults or layers of different
material) and that the surface contact conditions and charge
shape and detonation initiation position were maintained the
same. The nuclear explosive modeling encountered difficulties
with extension up to the megaton range(33), but the model
studies themselves showed remarkable consistency.

It is recognized that successful empirical representation
of controlled-contact-condition surface-burst loadings will be
of limited value for practical prediction of damage from bombs.
Surface explosive attack is not an efficient way to remove
material. A buried charge is much more effective, and there
is an optimum depth of burial for a given charge and a given
material. To maximize material removal by cratering one would
seek to have the bomb penetrate to the optimum depth before
exploding. This introduces a host of problems concerned with
projectile design and fuzing and shaped charge design for effec-
tive penetration which are not considered in this report.
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The 1974 Waterways Experiment Station compendium(33) com-
ments, "It does not appear sufficient to predict bomb/shell
crater dimensions from those formed by bare charges equivalent
in yield to the bomb or shell fillep material, even though it
may be argued that explosive energy lost in rupturing the case
is regained in the kinetic energy of the fragments. The explo-
sive filler is usually cast in a cylindrical configuration, and
detonation is usually initiated in the nose or tail of the war-
head; these considerations also fail to answer completely the
questions raised over differences in craters.

"The limited study which has been done on this subject
indicates that deeply buried bombs produce craters smaller in
radius but larger in depth than do comparable bare charges.
There do not seem to be sufficient data on shallowly buried
bombs to permit conclusions. Experience with mortar and artil-
lery shells, which contain a proportionately heavier casing,
indicates that near surface (fuze quick) bursts form craters
which are somewhat larger than those of bare charges. Unfor-

tunately, a complete resolution of this problem is hampered by
a lack of definitive test data..."

The importance of the surface contact conditions and de-
tonation initiation conditions has been well documented. For
example, White (Reference 26, Chapter 15) mentions tests on
concrete plates using demolition blocks on end and detonated
either at the top or at the bottom. The total impulse trans-
mitted to the plate was only about 4 percent greater for detona-
tion at the top, but the crater volumes in concrete were nearly
quadrupled over those for base initiation. The same report
progosed the relationship V=1.5 between crater volume V
(in3) and total impulse J (1lb-sec) for normal concrete (com-
Pressive strength about 4000 psi) for charges on end detonated
at the end away from the slab, but warned that the serious
scattering of the data indicates that other effects are import-
ant. The scatter mentioned was even for fairly well controlled

conditions. Bomb drop contact conditions would not be known
so well.

More recent studies have further emphasized the imgo§tance
of contact conditions. For example, Haas and Rinehart (39 report
laboratory studies of the coupling from small unconfined and
partially confined cylindrical charges (several grams) to uni-

form blocks cut from slabs of Yule marble. They explored the
effects of

(a) Length and diameter of the charge

(b) Obliquely oriented charge
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(c) Partial confinement (i.e., partial insertion into a
hole drilled in the rock) i

(d) Attenuation with distance in the rock, and

(e) Coupling through layers of water, drilling mud, rock,
aluminum, plexiglass, vermiculite, sand, foam rubber,
or air.

The effects of diameter (or contact area), confinement and coup~- y
ling material were especially noteworthy. The cylindrical charges
were formed by stacking discs of DuPont EL-506A.

The peak stress at 2-inch depth for 0.5-inch-diameter charges
increased from 26,500 psi for a 0.25-inch~long charge to 34,000
psi for 1.5-inch-long charges, with no further increase for 3-
inch lengths. This is not a large increase, considering that the
1.5-inch-long charge weighed six times as much as the 0.25-inch-
long charge. The constancy of the peak stress for charge lengths
greater than 1l.5-inch was explained by Haas and Rinehart from
considerations of detonation head theory. For an unconfined
cylindrical charge detonated from one end, a stable detonation
head is formed by the time the detonation front has propagated
approximately three charge diameters. Making the charge longer
(for a fixed diameter) does not increase the peak stress ;
propagated. [

A measure of the attenuation of the peak stress with distance
of travel was obtained by varying the slab thickness and measuring
the momentum per unit area transmitted to a small pellet at the i
back face of the slab. For the 0.5 x l.5-inch charge the peak 3
stress in the rock dropped from 271,000 psi at 0.5-inch-depth to A
about 80,000 psi at 1 inch, 34,000 psi at 2 inches and 15,200 psi 4
at 4 inches. This decay is considerably faster than the 1/r decay ]
curve that would be predicted for a spherical elastic wave from
a point source, especially between 0.5 inch and 1 inch.

The peak stress transmitted to a given distance of 2 inches :
(from a l-inch-long charge) was strongly dependent on the charge
diameter, increasing from 8010 psi for a 0.27-inch diameter to .
61,700 for a 0.75-inch diameter. This was attributed to two
factors. The duration of the applied pressure is greater for
the larger diameter (1.4 microseconds for 0.75 inch compared to
0.5 microsecond for 0.27 inch). The longer pulse increases the
extent of crushing near the charge. The shock wave peak stress
emerging from the crushed region was said by Haas and Rinehart 3
to be equal to the dynamic compressive strength of the rock. For
a larger crushed region there is a shorter attenuation distance
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ing strength to the Measurement point at 2 inches from the
charge. The second factop involved in the dependence on
diameter is that the larger diameter charge behaves less like

a point source, so that the propagatinz wave front is flattened

and shows less effect of spherical divergence at the 2-inch
distance.

of the rock. If there is in fact a reasonably well-defined
dynamic crushing strength expressed in terms of the radial
Stress in a spherical wave, then no higher stress will propa-
gate out of the crushed zone, since, by definition, any higher

Stress would produce further crushing. The question is import-
ant because, if:

(1) the extent of the crushed region can be predicted by
simple scaling laws, and

crushed region is known without detailed knowledge of
the constitutive equation governing the crushing,

then there is a possibility of estimating the stress level that
will arrive at the back face of a slab an

ing back-face scabbing without a complete analysis of the wave

Propagation from front face to back face. (It should be noted,
however, that the crushed region is not in general identical to
the true crater estimated by the empirical laws to be discussed

An air gap between the end of the 0.5 x 1.5-inch charge
and the marble decreased the Peak stress transmitted to the 2-
inch depth from 33,800 psi for direct contact to about 24
psi for a 1/8-inch gap, 21,600 psi for a 1/4-inch gap and 12,200
psi for a 1-inch gap. Partial confinement by inse?tion of the

end of the charge. These controlled-condition observations
emphasize the problem of Predicting the effect of bomb explo-

sions when the contact conditions are not accurately known.
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The importance of the contact conditions is also shown

in the scaling of the surface bursts reported in Section 3.2-2.
It is necessary to distinguish between so-called true surface
bursts, where the charge is half buried with the mass center
of the charge at ground level, requiring a prior hemispherical
excavation for emplacement of spherical charge, and the surface- .
tangent charge configuration, where the mass center of a spher-
ical charge is at a height of burst (HOB) equal to one charge
radius rg.

3.2-2 Scaling Laws and Empirical Formulas for Cratering

If geometric similarity is maintained by the craters pro-
duced in a given material by charges of varying size, then each
linear dimension of the crater is proportional to the cube root
of the volume. If in addition the crater volume is proportional
to the charge weight W, then the crater dimensions will be pro-

portional to W1/3, This cube root scaling law, predicted by
dimensional analysis on the basis of certain simplifying assump-
tions, has been widely used (see, e.g., Lampson, Reference 26,
page 1l14).

An extensive stu?x ?f craters from surface explosions_ and
scaling laws, Vortman(%0 » indicated departures from the Wl/3
scaling. Much more data were available from buried charge ex-
pPlosions in earth and rock than from surface bursts, and, accord-
ing to Vortman, the available experimental surface-burst data
(from a variety of chemical and nuclear explosions) were occas-
ionally contradictory. If empirical laws of the form

nl n2 - n3
rg = ClW L,  dg=CW 2, T, =cCu (59)

are fitted to the data for apparent crater radius ry, depth dg,

and volume V,, the data from nuclear and chemical explosions are
consistent in indicating that n; is larger than one-third.
Departures from cube-root scaling in large events are sometimes
attributed to the importance of gravity forces. For surface
bursts, however, departures from cube-root scaling have also
been observed with small charges where the gravity forces are
negligible compared to the material strength. The apparent
crater data seem to require a value for ny different from nj,
which would violate geometric similarity.

B¥ contrast, more recent studies in the Mine Shaft series
(24,41)have indicated that true crater dimensions for surface
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explosions in rock scale fairly consistently for charge weights
ranging over five orders of magnitude, but not by cube-root
scaling. The best correlation was obtained by scaling the true
crater dimensions by Wl/2.7 and the height of burst by wl/3,
Figure 15 shows true crater dimensions as a function of charge
weight for true surface shots (dashed curves) and HOB = 0.9 r
shots_(solid curves), showing remarkable agreement with the
wi/2.7 scaling.

S A O o A i g S R

The 1974 Waterways Experiment Station compendium (Reference
11, p. 100 and pp. 132 to 135) Presents graphs and tables in-
cluding some of the same data in a different fashion. A best
fit to eight rather scattered available data points for basalt
and granite (based on two charge sizes) for scaled HOB between
0.05 and 0.20 £t/1b1/3 was represented by r+ = 0.195 wo.418

and dy = 0.023 W0.518 yhile eight points (seven charge sizes)
for scaled HOB between -0.05 and +0.05 £ft/1b1/3 wepe well pe-
presented by ry = 1.211 W0.315 and dy = 0.588 W0+271, Cpater

dimensions are in feet for W in pounds of TNT. Hence the ex-
ponent 1/2.7 = 0.37 suggested by Figure 15 is by no means universal.

SR B, SSRGS

For the purposes of the present study the two calibration
series marked CCS in Figure 15 are more useful than the larger
charges. The calibration series consisted of one-pound spheri-
cal charges on one-yard cubical blocks of cement grout an? 1900-
pound spherical charges in a natural granitic rock medium‘4*1l), . 4
Figure 15 is taken from Reference 24 reporting on the Mine Ore f
event, two 100-ton spherical charges. The figure also includes
data from two comparable series of'previogs true-surface-shot i
cratering tests. The Flat Top I event(%#2) nag 20-ton T?T §pheres
in limestone. The Multiple Threat Cratering Experiment(%3) ,
marked MTCE in Figure 15, had 4000~ and 16,000-pound TNT detona- i 1

tions in basalt, four of which were spherical charges in geomet-
ries comparable to those of Mine Ore.

The 19 one-pound calibration shots were especially inter- 5

.
esting, since the cement grout had compressive strength and 48
- Pulse velocity comparable to those of normal concrete. The i
average static compressive strength was about 4500 psi. $?ble ¢
3 summarizes the properties of the grout. This series (Y

specifically studied the effect of varying the height of burst
from HOB = 0 (half buried) to HOB = 2ro with the results shown

in Table 4. Consistency of the results is quite good except
for shots 13 and 18.
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The ten 1000-pound calibration shots(41) (cast spheres of
‘ INT) were fired over a granite medium at HOB ranging from 2rq
: t0 -0.3rc. For those events in which the bottom of the charge
. was below the rock surface (HOB < 1.0ry), a charge emplacement

“ hole was excavated roughly conforming to the charge shape. A

. layer of high-early-strength cement grout was plastered around
3 . the hole, shaped with a template to fit the charge, and allowed
: to harden. Hydrostone cement was finally used to provide inti-
9 g mate coupling from the charge to the granite. Nylon slings

i . Supported the charges for HOB > 1.0rc. For the surface-tangent
0 shot, the charge was merely placed on the surface and held in

Position with small wooden wedges.

Because of the natural jointing patterns in the granite
the true craters were not as symmetrical as for the l-pound
shots in grout. Crater radii along a joint through ground
zero (GZ) are considerably longer than those perpendicular to
the joint. Some parts of the true crater boundaries were
Planes due to the jointing. Despite these facts, average true
crater dimensions varied in a consistent fashion with HOB ex-
cept for one shot. The combined results of the two calibration

Figure 17 shows a similar representation of the true crater
radius reWl/2.7 yepgus HOB/WL/3, payig(41) commented as follows:
"Since the position of the bottom of a spherical charge with
respect to the medium surface is so critical fopr this range of
HOB's, the HOB must 8tiil be scaled by Wl/3 in order to preserve

addition, the curve drawn through the data points (Figure 17)
acquires an 'S! shaped bend where the HOB's are very close to
the surface tangent geometry. This, of course, indicates that
the cratering pPotential of an HE charge is much more sensitive

charge."

E The last sentence quoted was intended, of course, to apply
3 only to the near surface range of HOB's. These observations
also suggest the need for studying the effects of charge shapes
other than spherical in order to draw practical conclusions

49
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TABLE 4. TRUE CRATER DIMENSIONS

All charges were 1-pcund TNT spheres with a radius (r.) of 1.63 inches.

True “True
Charge Crater True Crater Radius, ry Crater
Position@ Depth Volume
HOB d¢ Maximum Minimum Average® vy
Te. (Feet) (Feet) (Feet) (Feet) «(In3)

0 0.23 0.74 0.59 0.68 ¢o240

1

0 0.23 0.74 0.61 0.65 " 200
0.23 0.74 0.60 Avg 0.67 Avg 220

0.60
0.60

T s B TS AT T

%

Avg
12

Avg'“
11 1.5

?’ ¥

% -k

| ¥
13

Avg

pema

il S e e

19 2.0

3Distance from grout-air interface to center of gravity of charge.

bAverage of eight radii at 45-degree intervals for Shots 1-103 average of four
radii at 90-degree invervals for Shots 11-19.

CNo crater was formed.
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about cratering from surface bursts of HE.

results presented establish the fact that cr
face bursts can be predicte
surface contact conditions.

Nevertheless, the
atering from sur-
d reasonably well under controlled

Both Figure 16 and Figure 17 exhibit discrepancies between
the scaled crater dimensions for the l-pound charges and those
for the 1000-pound charges in the HOB range above the surface
tangent configuration. The craters formed from the 1-pound
shots in this HOB range appeared to be spall craters resulting
from airblast-induced shock stresses. Two possible explanations
for the discrepancies were suggested: (1) the possible exist-
ence of still another scaiing relation for these HOB's, or (2)
that the unit strength (as opposed to en masse strength) of the
granite was so much higher than that of the grout. Although
the en masse strength of the granite is usually low due to
joints, cracks, weathering, etc., care was taken in the selec-
tion of the calibration series test areas to provide competent,
unweathered rock bodies for testing. Thus, the smaller craters
formed by airblast-induced stresses in the 1000-pound shots may
simply be a result of higher medium strength.

€ accurately
than those in the field tests over granite. Small-scale tests,

€.g., with charge masses in the ratios 1:8:27, could be used
for studies of charge: shape and placement and some assessment
of the scale effects. A follow-up program should then check
on extending the model to larger charges (and more costly ex-

periments). Extrapolation is a much more risky estimation pro-
cedure than interpolation.

It has been suggested(4%) that the complex behavior of con-
crete does not lend itself to scaling procedures. One possible
reason for the suggestion is that concrete exhibits rate depend-
ence. The modulus of elasticity can increase by 50 percent and
the ultimate strength by 30 to 80 percent as the strain rate
increases from abcut 10-3 to 103 sec-1, Nevertheless, in view
of the success of scaling in soils and in rock media that are
at least as complex as concrete in their behavior, there is a
probability of reasonable success with a moderate effort.

The following secction will survey briefl
to the prediction of dynamic deformation,
tering in concrete that are of a more fund
than the empirical scaling formulas.

y some approaches
pPenetration, and cra-
amental character
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3.3 More Fundamental Approaches

3.3-1 Introduction

When the entire range of effects on finite concrete
blocks and slabs (including penetration by shaped charges
followed by explosive cratering, spall and corner fractures)
is to be treated, a complete analysis may be needed of some
typical cases in order to establish practical guidelires.
This section sketches the state-of-the-art as revealed by
the literature survey and laboratory visits. A great deal
has already been accomplished in this difficult area, but
much more fundamental research is needed before it will be

for example to the

Lawrence Livermore Laboratory's Aids for Estimating Effects

of Underground Nuclear Explosions(O57Yy,

The fundamenta

1 studies involve three interrelated types
of investigation:

1. Computational (Code development)

2. Theoretical (Constitutive equation formulation)

3. Experimental (Determination of properties and
verification of predictions).
Code development is continuing at a rapid bace, but :t has
already outstripped the other areas. There are in existence
several one-and two-dimensional codes
analyses of the problems if sufficient
of the material response and of the co
made. The code developments will not %ze?
since they are quite well known. A recent book(U46
chapters surveying characteristics methods as w
Lagrangian, and Particle in Cell numerical methode. There are
liany one-dimensional codes. Many of the two-dimensional La-
grangian calculations are done with either HEMP(47) op TOOD (28)’
both of which use differcnee eyuationes developed by Wilkins{%#77,

TENSOR(BY) | ap earlier Lagrangian code, has been used fop many
nuclear cratering calculations(32)

at length,
includes
ell as Eulerian,

Read and Maiden(50) syrveyed the current knowledge in 1971
on the dynamic behavior of concrete. At the higher stress levels
the most extensive experimental wave propagation data then
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] available was by Gregson(Sl), who used a gas gun to determine

3 uniaxial strain response of thin plate specimens to flyer

Plate impacts (stresses from 40,000 psi to 8,000,000 psi) and

attempted to define the shock Hugoniot. Below 360,000 psi

1 a two-wave structure was confirmed and a relatively dispersive

1 elastic precursor was observed. Read and Maiden compared cal- .
9 Culations based on two constitutive models (a simple elastic-

i Plastic model and a porous medium model) with Gregson's ex-

K pPerimental results; neither gave good agreement. They concluded

that additional experiments are needed to characterize the :
Hugoniot in the 0 to 720,000 psi range which is of the great-

est practical importance. Moreover, since there was a complete

absence of data on attenuation of thin stress pulses, they con-

cluded that systematic studies of release wave propagation and

attenuation are required before a realistic constitutive model
can be developed.

The situation appears not to have changed much since 1971.
There is still a lack of the kind of experimental data needed
to characterize even the uniaxial strain response of concrete
to short duration pulses, despite the great importance of such
information in the area of defense analysis and design.

Approximately uniaxial strain conditions prevail irn blast
loadings that act over a large surface area and also in the
loading spherical wave front at large distances from a point
charge. Because the equipment and expertise for the uniaxial
strain experimertation feither by gas gun or explosively driven
flyer plates) are so well developed, it should be used to obtain
the needed data for a number of well-defined concrete materials.

For application to near-surface shot explosive loading and

Penetration problems it will be necessary to go beyond the

uniaxial strain studies. The next step will be to consider

spherical waves. Because of the divergent nature of the waves

there is less tendency to shock up and consequently greater

effect of material shear Strength than in the uniaxial case.

Spherical wave studies would give important additional informa- N
tion about the kind of materiail response that governs a signi-

ficant part of the penetration behavior and also the response

to surface contact explosive loading over a small area. These .
applications do not have spherical symmetry but, at best, axial
symmetry.

Three configurations for experimental and analytical re-
search may be distinguished:
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(1) Uniaxial strain waves
(2) Spherical waves
(3) Axially symmetric problems.

A great deal of work has been done in the first configuration

. with other materials but very little with concrete. The
spherically symmetric case has recently been the subject of
some studies in cement grout, primarily for testing in material

A gage recording techniques to be used later in rock media. The
axially symmetric case presents additional problems both experi- ;
mentally and computationally. It involves two space dimensions, %
greatly increasing the number of experimental recording positions ;
needed to describe the wave, and it admits shear cleavages or
sliding surfaces that complicate the computation. The axially h
symmetric geometry will eventually have to be treated for prac- f
tical applications, but it would seem more profitable at this :
stage of knowledge to pursue the spherical case first. Section 4
3.3-2 discusses some approaches to this case that have been made .
or proposed. Then Section 3.3-3 considers constitutive equations.

3.3-2 Spherical Wave Experiments

R. P. swift(52) of Physics International has proposed an
experimental procedure for spherical wave loading of large -
concrete blocks by buried charges, using in-material piezo- . o
resistive stress gages and/or electromagnetic particle-velocity i
gages to record the wave. TFigure 18 shows one of the several =
configurations that Swift suggested. By placing the explosive 3
sphere off-center in the block, the response at several differ- 5
ent radii can be monitored. Physics International has applied E
the technique to a variety of geologic medi',?d including gran- i
ite(53), tuff, basalt, clay, and sandstone(dH). Application to
concrete would be straightforward and would yield important i
information if the concrete mix, cure, etc., are well defined E
and controlled. Figures 19 and 20 show some of the records in
granite and sandstone. The particle velocity gages are believed
to be somewhat better than the stress gages, but both are good
enough to provide useful results.

O
S

At Stanford Research Institute a preliminary program used P
concrete blocks for testing in-material gage measurement tech- [
niques for later use in soft rock(55)., Concrete was selected
because it provided an inexpensive and convenient experimental
medium. Figure 21 shows the test geometry. The liquid explo-
sive (nitromethane) was introduced into the aluminum sphere
through the 2-inch access tube about 15 minutes before the shot.
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Figure 21. Top and Side View of Concrete Block Assembly
(Gage Geometry in this Drawing Corresponds to Experiment
11-A of Reference 55.)
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The particle velocity gages were of a different type (mutual
inductance gages, introduced by Engineering Physics Company (56)
and adaptable for use in the field). Figure 21 shows an assembly
with three stress gages and three velocity gages. Six blocks
were tested in the series reported in Reference 56.

Some of the gages were actually cast into the material,
while others were inserted into holes that were then filled
with grout. In all six experiments, concrete cure was about
two weeks. Drill hole gages were installed seven days after
the pour, and the grout in the holes cured for about a week be-
fore the shot. Considerable difference was noted between the
in-material gages and the grouted gages in the measured impulse.
The stress from the in-material gages decayed shortly after the
peak (e.g., 20 to 30 microseconds) but remained large for the
grouted gages for 100 ‘o 200 microseconds. There was some
difference in the grcut mix and that of the parent concrete,
and possibly the surrounding porous concrete drew moisture out
of the grout during its cure. Possibly a better matching grout
can be found, but the experiments show the necessity for care-
ful validation of any proposed in-material gage technique.

With metals and some other materials in hypervelocity im-
pacts a considerable amount of information is obtainable by
measurements of back-face velocities and stresses by various
techniques on specimen:s of different thicknesses. Classic
techniques using fly-off pellets of the same material as the
specimen can be used, and should in particular by advantageous
in validating the results from in-material gages.

Prater(57) has used a target whose basic configuration
is a half cylinder impacted normally at the center of the flat
face. When the cylinder radii became large enough so that peak
stresses fell below values where the target strength could be
ignored (i.e., below the hydrodynamic shock-wave region), the
shape of the target was changed so that the curved surface was
replaced by several flat surfaces each perpendicular to the
radius drawn from the impact point and all at the same distance.
Fly-off pellets were mounted on these surfaces as well as piezo-
electric pressure sensors. A modified larger concrete version
of such a target, loaded by a surface explosive, could be used
to measure the waves emanating from the crushed and cratered
region near the loaded face. This gives a situation more like
the surface shots considered in Preceding parts of this section
than the spherical wave geometries. Apparently no such experi-
ments have been made or proposed to be made in concrete, but
they appear to be feasible. Preliminary experiments without in-
material gages, using only the fly-off pellets, would be very
easy to perform. With the preliminary results available to
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guide experimental design it might be worthwhile to use in-
material stress and/or velocity gages in a subsequent series
of tests.

Section 3.3-3 considers the formulation of constitutive
equations.

3.3-3 Constitutive Equations

In the immediate vicinity of the explosively loaded area,
during the loading phase, the hydrostatic pressure is so large
that the pressure-volume equation of state governs and material
Strength parameters are negligible. The study of many other
solids in this hydrodynamic regime is well advanced. For sur-
veys see References 46, 58 and 59. As Read and Maiden(50)

pointed out, however, the needed data on concrete is still not
available.

In the unloading phase, even for the regions adequately
described by the hydrodynamic theory during loading, the situa-
tion is more complicated. Because of attenuation by overtaking
rarefaction waves and spherical divergence, shock-wave ampli-
tudes quickly drop to levels where material strength properties
are important. The dynamic strength properties cannot be ade-
quately measured in laboratory experiments with homogeneous
stress states, but must be determined in situations where wave
propagation is occurring. As a result, these properties are

largely unknown for most materials and certainly unknown for
concrete.

Various kinds of constitutive equations have been postu-
lated, with some unknown parameters characterizing the material
properties. Predicted wave propagation response for specific
casess is then compared with experimental records. The computa-
tions can be made with assumed values of the parameters and then
repeated with more-or-less sophisticated parameter identification
techniques(60), adjusting the parameters to get a best fit to the
experiments. This iterative procedure can become very expensive
when each iteration involves a large computer solution of a wave-
propagation problem. Lagrangi?n analysis based on multiple in-
material gage records(61,62,63 may avoid the iterations. One
version of this will be discussed briefly in Section 3.3-4. Some
of the constitutive formulations which have been proposed are
discussed in the following paragraphs.

A 1971 survey(su) listed four inviscid and isothermal mathe-

matical models for geologic materials, representing the then
current state of the art: (1) an ideal elastic-plastic material
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model with different constants in loading and unloading; (2)

a variable moduli material with different material constants

in loading and unloading; (3) a capped elastic-plastic material
for soils in which the cap on the yield condition is made a
function of the plastic volumetric strain; and (4) a capped
elastic-plastic model for rock in which the cap is a function
of a strain parameter (strain hardening). The advanced elastic-
plastic material models were developed from the Drucker-

Prager soil mechanics model, with deviatoric yield stress a
function of the mean stress. This led to a nonlinear yield
envelope in stress space, whose normal had a component such
that (by the associated flow rule) a volume increase op
dilatancy always accompanied shear deformation. These models
can approximate much of the experimental data and are the
easiest to fit, but they cannot match standard triaxial tests,
which lead to compaction instead of dilatation.

The variable moduli equations resemble differentiated
isotropic elastic equations: Sij = Geij for the deviators

and p = Kékk for volume, but G and K are functions of the dilata-
tion (or of the pressure) and G may also depend on the deviatoric
stress invariants, with different dependences in loading and un-
loading. The variable moduli models are relatively easy to fit
and have given the best fit to most of the data available. Be-
cause they do not incorporate a yield transition, they are simple
to use in a computer program. As in deformation theories of
pPlasticity their use is appropriate only for proportional or near
proportional loading. They can be used for spherically symmetric
waves.

The cap models represent a further development of the ad-
vanced elastic-plastic models, closing the yield surface on the
compressior side with a cap whose normal direction (over most
or possibly all of the cap) leads to cempaction instead of dila-
tation. An indirect approach is required to fit experimental
data. Most applications so far appear to have assumed an ellip-

tic shape for the cap in the Jy, /J§ - plane. (Jj is the first
invariant of the stress and J4 is the second invariant of the
stress deviator). The elliptic cap has been taken with center
on the J1 axis and with horizontal and vertical semiaxes in a
constant ratio. Further requirement as to how it meets the yield
envelope (e.g., tangent) then leaves only one parameter to fit
to hardening data. The selection of the elliptic shape for the
cap is purely arbitrary, but it was reasonably simple to fit and
seemed to give the right kind of shape. A more general shape
could be used, depending on more than one hardening parameter.
The cap models appear to be capable of matching all the stand-
ard test data and much of the wave propagation data.
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~.? The models discussed above are all rate independent. Ex-

'8 perimental evidence suggests that material response is rate
dependent. The models are fitted when possible from experi-
mental data corresponding to loading rates comparable to those
in the problem of interest. Viscoplastic models can also be
developed when enough data is available. The most primitive
version of an elastic-plastic material was one of the two con-
stitutive equations used by Read and Maiden(60) to try to model
the dynamic uniaxial strain data of Gregson(6l) for concrete.
This model assumed no hardening and no plastic volume change

- and gave poor agreement with the experimental results. The
other model used was a porous medium model, which also gave
poor agreement. S. J. Green, et al, at Terra Tek, Inc. have
recently completed a programcss) investigating the low strain
rate and moderate stress level of behavior of concrete, includ-
ing a systematic experimental study of hydrostatic and multi-
axial stress behavior. More advanced elastic-plastic models
thar. those used by Read and Maiden, including the cap models,
have been more successful in rock media6%) and should also be
suitable for concrete. Although it appears that concrete data
have not yet actually been fitted to any of these advanced
elastic-plastic or cap models, Swift(52) in 1972 suggested a
cap model as appropriate for modeling the data he proposed to
obtain from spherical wave experiments.

It is known that rock and concrete both flow when subjected
to deviatoric stresses under high hydrostatic pressures. Thus,
plastic models for these materials, usually considered brittle,
are not unreasonable under high hydrostatic pressures. Near the
surface of the target and in the later stages of unloading, where
cracks and voids begin to open up, these models might not seem
so appropriate. Nevertheless they have been used in soils and
rock media with some success.

A different approach to modeling both ductile and brittle
fracture in metals under hy%ervelocity impact has been used by
Stanford Research Institute(66,6 It has been observed that
in the incipient fracture phase of the deformation (e.g., back-
face spall of a thin plate) where voids (in ductile materials)
or cracks (in brittle material) form and grow, propagate and
coalesce, the usual assumptions about metals no longer hold.
The behavior of metals in this regime is not unlike that of
granular soils or fracturing rock, exhibiting dilatancy, for
example, and other types of behavior rot usually associated
with metals. They have modeled this regime in metals, both
under uniaxial plate slap loading leading to back-face spall
and under hypervelocity impact of a steel plate by a nylon
sphere(68) " the last using sophisticated two-dimensional computa-
tions, giving remarkable agreement with experiments. The nylon
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sphere impact led to cratering, subcrater fractures, a phase-
change zone, and back surface fractures.

The modeling of the nucleation and growth of the voids op
cracks as rate processes is described in References 66 and 67.
Modifications to the procedure used there for Armco Iron are
described in Reference 69. One modification was to assume the
nucleation of an exponential distribution of crack sizes at each
time step. The form assumed for the distribution w?§ C9T§idered
reasonable in light of actual measurements in rocks(70s . This
modeling technique could also be applied to penetration and ex-
plosive loading of concrete. It appears to be the most advanced
modeling technique available. A major research program might
lead to the design of a set of computer simulations, with ex-
perimental input of data and some verifications of predictions,
that would permit construction of a set of graphs and tables for
design guidance.

3.3-4 Lagrangian Analysis

In the introduction three interrelated types of investiga-
tion were identified: computational, theoretical and experi-
mental. The interaction of the three is most evident in the
relativelg new approach based on multiple in-material gage re-
cords(61,62,63) yhich is known as Lagrangian analysis. This
approach was originally developed for Plane waves, but has been
eXtended to spherical symmetry. It involves multiple gage mea-
surements of both stress and particle velocity at stations in-
side the medium, and subsequent divect deduction of the operative
constitutive relation without iterative computations. The version
of this method that is being developed at Stanford Research In-
stitute(72,55) does not make use of the two different phase veloc-
ities (one for stress and one tur particle velocity) used in
previous methods(63

To illustrate the ideas, consider a spherically symmetric
wave propagation. The Lairangian (initial) and Eulerian radial
distances are denoted by h and r, respectively. Initial and
current densities are py and p. Radial particle velocity and
stresses are up and gp, while ¢ = gp = denotes the difference
between radial and tangential stress. (For spherical symmetry
the value of ¢ characterizes the deviatoric stress.) The con-
servation laws of mass and momentum and the definition of particle
velocity furnish three equations:
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P h2 \3
£
aur) ) (aar)
p(_ﬁh- _é?t+zg , (61)
Uy, = (g%)h (62)

among the five unknown functions (ps up, Op, T and ¢) of the two
independent variables h and t. This system is incomplete because
it lacks the (unknown) constitutive equations.

From the multiple in-material gage data, portions of the
solution surfaces Oop = oplh,t) and Up = up(h,t) are constructed
numerically (Figure 22).

The known equations furnish

Mgty .

E

r(h,t) = h + f u,dt (63) :
(h,t) = gy(h,tg) - L ft 9 (r2u) | at (64)
Ev ) Evy s L0 h2 to Fh_ e . E

where g, = 1 - (pg/p) is volume strain, and

_.r 3ur) _r?2 1 (30r) ]
¢'°7[(_at-h RATASTYA Vo
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The time derivatives needed in Equations (64) and (65) can be
evaluated directly from gage profiles, but the spatial deriva-
tives require evaluation of directional derivatives alon F
suitable paths £(t) in Figure 22 (e.g., paths parallel to the :
shock-wave front). The analysis then gives values of the re- i
maining unknown functions of h and t, from which various stress- i
strain histories can be constructed. Suitable assumed forms 3
for the constitutive equations are then fitted to this data.
Note that iterated computations over the whole field ape not

required to determine the parameters in the assumed constitu-
tive equations.
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Figure 22. Stress or Particle Velocity Histories from Multiple
Gages are Combined to Form a Surface in the Space-Time Plane

It may be noted from Equation (65) that in experimental
profiles where the stress and particle velocity derivatives
are large compared to their difference (e.g., in the rapid
loading region) it will be difficult to determine ¢ accurately.
The flow field in this region is also insensitive to the choice
of the constitutive equation for the deviatoric stress. In the
unloading regions, where the derivatives are smaller, the flow
1s more sensitive to the deviatoric stress, and the analysis
provides better values for ¢ where ¢ is more important.

The SRI group has applied this procedure to laboratory
experimental spherical wave data obtained b¥ Swift of Physics
Inter?ational in blocks of Westerly granite(53) and of sand-
stone(5%) with some success. The procedure is being developed
for in situ studies of rock media sponsored by the Defense
Nuclear Agency(72,55), Foy such in situ field measurements,
with gages grouted into boreholes in large expanses of rock
media, the procedure will be subject to some uncertainties,

68




both from the individual measurement difficulties and from 4
inhomogeneity. Much less uncertainty would be associated 4
with the application of the method to studies in concrete
under controlled conditions.

For spherically symmetric waves a variable moduli con- i
stitutive equation is easy to determine by this method, but for
later use in two-dimensional geometries with nonproportional
loading, a capped elastic-plastic (or possibly viscoplastic)
model is more appropriate. For the tensile fracture regions
more sophisticated rate-process void and crack nucleation and
growth models like those that have been used for hypervelocity
impact on metal plates(66,69 may be needed. The use of La-
grangian analysis for any of these is limited mainly by the

S A e e A

3.4 Experimental Laboratory Study of Dynamic Tensile Fracture
of Concrete Bars

|
b
3.4-1 Introduction 1
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Because concrete is so weak in tension, spall and corner
fractures may occur in the low-stress elastic regions far from
the high-deformation cratering region of Figure 14 (Section
3.0). Since such damage in protective or containment struc-
tures is caused by wave propagation through the impacted medium
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At the present time, only a limited amount of data on the
dynamic properties of concrete is available. This makes it
difficult to use sound engineering judgment in the design of
Protective and containment structures. For example, in design
of such structures to resist impact and blast loadings, the
design dynamic tensile strength is arbitraril¥ selected as
twice the static ultimate tensile s?rength(73 . Some addi-

concrete have been reported in Reference 74. Results from

those studies indicated that the compressive strength of con-
crete increased with the rate of loading, being about twice

the static value at an intermediate strain rate of 10 in/in/sec.
Furthermore, the dynamic elastic modulus was found to be approx-
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conducted on impacted laboratory-scaled long bar specimens,
of varying cure time and properties, have shown that the wave
propagation velocity is similar to that of igneous rocks,
that the dynamic elastic modulus iz considerably greater than
its static value, and that pulses of short duration and high
rise time propagate with little dispersion and some attenu

ion
depending upon the indicated strain level. Recent studies?yg?

indicate that a fracture strain energy criterion may provide
a meaningful criterion for design against spall and corner
fracture phenomena. In addition, some r?g?yt data reported
on brittle materials other than concrete indicate that a
statistical correlation between static tensile fracture and

compressive pulse fracture in long bar specimens may be possible.

At the back-face of a flat slab, the arriving compressive

wave may be approximately a plane wave of uniaxial strain,
which is reflected at a free back surface as a tensile wave,
leading to tensile fracture under conditions of approximately
uniaxial strain. Corner fractures occur under more compli-
cated combined-stress conditions, but in the low-stress elas-
tic regimes brittle fracture is often assumed to be governed
by the maximum tensile stress and to be independent of the
other stresses. The range of stresses and rates for which
this maximum-stress failure criterion is valid has not been
established. In the range for which it is valid, strength

determination by bar tests, which are relatively easy to per-
form, should be useful.

In such tests an impulsive axial load is applied to the
end of a long bar by a longitudinal impact. The compressive
wave arriving at the far end is approximately a plane wave of
uniaxial stress, which is reflected as a tensile wave. This
reflected tensile wave is superposed on the oncoming compres-
sive pulse. For exactly square waves and perfect reflection,
the superposed waves would give zero stress for some distance
from the reflecting end, until the tail of the oncoming com-
pressive wave arrived, when a sharp tensile loading would
produce fracture. In general the pulses are not square, and
the excess of the tensile wave over the compressive wave

builds up gradually until it exceeds the dynamic tensile
strength at some section of the bar.

In the present investigation, information on the thres-
hold tensile fracture stress of concrete bar specimens has
been sought. Included in the results are data on the static
tensile and compressive strength, and the influence of the
geometrical size effects on impact fracture characterization.
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3.4-2 Specimen Preparation

Long bar cylindrical specimens were prepared from high-
early-strength cement (Portland III). Specimen composition
and static properties are shown in Tables 5 and 6. The aggre-
gates A-3 and A-4, supplied by NL Industries of Edgar, Florida,
had the properties shown in Table 6. (Dgg is the mean diameter

of the sieve size that passes 50 percent of the sample. The
uniformity ratio is C, = Dgg/Dig.)

Concrete was mixed in quantities sufficient to produce
static tensile and compressive test specimens as well as the
long dynamic tensile fracture specimens. Nominal dimensions
of the bar specimens used in the test program were 0.75 and
1.5 inches in diameter by 18 inches long. Some photographs of
typical specimens used for the static tension-compression tests
as well as the long-bar specimens used in the dynamic impact
studies are shown in Figures 23 and 24.

PVC tubes were used as molds for fabricating the cylin-
drical bar specimens. Spraying the interior surface with a
: mold release agent insured a smooth surface. For casting the
i specimens, the PVC tubes were held in a vertical position in
! a special jig fixture with the lower end sealed with a rubber

stopper. The concrete mixture was added in 2-inch layers and

consolidated by tamping. A second stopper was then used to
seal the top end of the tube and the sides of the split PVC
‘ tubing sealed with waterproof tape. During the initial set-
| ting period, the tubes were placed in a norizontal position and
E | allowed to set for three days in a moist cure environment. The
E samples were then moist-cured for an additional period of four
E 1 days at which time the specimens were removed from the holds
and air dried in a low humidity room.

E 3.4-3. Test Procedure and Results

R

E | Static tensile and ccmpressive tests were run on the prin-
5 cipal material types with test data reported in Table 6. The

i tensile test specimens used had a nominal diameter of 0.75 in.

; by 3 in. long. Steel disks 0.25 in. thick were epoxied to the

top and bottom surfaces of the specimen and eye bolts inserted 1

into the disks for attachment to the loading machine as shown |

in Figure 23a. For the compression specimens, nominally 0.75 !

in. diameter were 0.5 in. long Teflon® sheets were used at the

loading surfaces to minimize friction effects.
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a) Tensile Specimens

b) Compression Specimens

Figure 23.

Typical Specimens for Static Tests
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Figure 24. Dynamic Impact Bar Specimens

The tensile fracture studies were performed using an air
gun assembly described in Reference 78 and shown in Figure 25.
Some typical dynamically fractured tensile specimens are shown
in Figure 26, and typical strain profiles for impacted concrete
bars are shown in Figure 27. For the present tests, 1.0 in.
and 2.0 in. long cylindrical steel impactors 0.485 in. in
diameter with hemispherical noses were fired at capped and un-
capped concrete bars with varying velocities so as to bracket
the threshold tensile fracture stress.

The approximate values of the threshold fracture stresses
were estimated by the following procedure. After the tests had
been made on uninstrumented bars of various sizes with differ-
ent aggregate sizes, several strain-gage instrumented bars were
tested. The dynamic elastic modulus E = pC?2 was determined
from measurements of wave speed C and the known density p. The
instrumented bars were impacted first at very low velocities to
measure wave speeds and then to higher velocities approaching
the previously determined threshold impact velocity for tensile
fracture. From the maximum strain recorded at the gage nearest
the first observed fracture location the incipient fracture
strain was estimated. The stress was then calculated by Hooke's
Law with this strain and the previously determined dynamic
modulus. The incipient tensile fracture stresses estimated by
this procedure were on the order of 1.3 to 1.5 times the static
tensile strengths given in Table 6. This is smaller than the
factor of two customarily assumed(73) to relate the dynamic ten-
sile strength of reinforced concrete to the static ultimate ten-
sile strength.

4




Figure 25. Dynamic Impact Test Assembly

Figure 26. Typical Dynamic Tensile Fractures

75




a) Strain pulse propagating in a 1.50 inch
diameter concrete bar, Bar 9, 1", 195 in/sec,
Cc, A-3, 7, 20u sec/cm, 0.5 m volt/cm

b) Strain pulse propagating in a 1.50 inzh
diameter concrete bar, Bar 9, 2", 167 in/sec,
C, A-3, 7, 20u sec/cm, 0.5m volt/cm

Figure 27. Typical Strain Profiles for
Impacted Concrete Bars
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The bars tested were of two different diameters and, in
the case of the 1.5 in. diameter bars, of different aggregate
composition. Sinne the input velocity required to produce
tensile fracture was initially unknown, a range of impact
velocities were used to establish the threshold limit. In

ture stress studies. 1In Table 7, for non-fractured Specimens,
repeated impact studies were conducted to locate incipient
fracture. These specimens have been denoted by a prime in the
column of bar numbers. Repeated impact tests are useful in

The experimental laboratory studies on tensile fracture
in axially impacted concrete bars conducted at the University
of Florida (Section 3.4) indicate that:

(1) With longer impactors, tensile fractures tend to

occur farther from the reflecting (free) end of the
bar.

(2) Tensile fracture locations in capped bars were re-

Producible. Those in uncapped bars were lessg
consistent.

(3) Uncapprd bar specimens tend to give fractures farthep
from tue free end than capped specimens.

(4) Repeated impact tests on specimens that were re-glued

after fracture tend to produce fractures at random
pPositions.

(5) Fracture locations occuring for comparable impact
velocities in specimens of aggregate sizes A-3 and

-4 were similapr as measured from the free end of
the bar.

(6) For the controlled aggregate sizes studied in this
test series, tcaling, as related to the tensile frac-
ture locations for the bar geometries tested, was
found to be relatively unimportant.

(7) The dynamic threshold stress fop incipient tensile
fracture was estimated to be approximately 1.3 to
1.5 times the static ultimate tensiie strength.
77

R e T e R e e

&

S

e B sl

i oy




i - - e L e S I B e N T

*JBq JO PUS 99dJ WOLF POJINSEIxy

L SL ¢ n hs°¢C 008 A
L aJan3joeay oN Q hG°¢g 694 T ~
BuoT ut 81 Aq JI93ISWETp UT 0G'T 3
938a0uo) #-y =adAL

L 05°9°0°T n 0°T 0eqT 0T
L sdanioeay oN n 0°T 000T 6
L aJanjoeay oN n 0°T 606 8 .
L aanioeay oN n 0°T 688 L ¢
L aanioedaz oN n 0°T 69L 9 E
L 00°H*SL"T o) 0°T 909 'S “
L sanioeay oN o) 0°T 00s S 1
L 88°T 2 0°T 69L f P
L €T°C°88°T 9] 0°'T L86 £ i3
L 88°T 0 0°T 09TT < A

_ 4L GL°ZET" 2 o) 0°T 0STT T

SuoT Ut 8T Aq J°3SWETp UT 051
93aaouo) g-y 244

8¢ 0S°0T°0°T n 0°T 062 ¢t
8¢ gzeefo 1 n 0°T ZB8e W TT
8¢ aanioedy oN n 0°T eTe 1T
8¢ £€9°T 10 0°T GEC 10T
8¢ sanioedy ON ] 0°T S8T 0T
8¢ TARA o) 0°T 9s¢ 6
L TA ] n 0°T 9T1e 8
L £9°¢ n 0°T 1¢c L
L 15 n 0°T 8s¢ 9
L adanioedy oN 1 0°T S6T S
L S¢°¢€ 0 0°'T ChT oh
L 2Janloedy oN ] 0°T £eT h
L G8e°¢C o] 0°T 0ST £
L aJanioeay ON 0 0°T 17T c
L 0S°T o) 0°T 00¢ T

(sAep) (ut) paddesup (ut) (o9s/uT) *ON aeg

9124y aan) ¥SUOTIEDO aanioedj -padde) ya3us JaRdale) TN

oTT109l0ag yoedur
BUOT UT 8T Aq d93I9WBTP UT GL°0
81aaouo) g-y adAg
DINLOVYI TAGISNAL OIWVNAQA °L J14VL




, 3.% Conclusion

Nct enough actual data on cratering in concrete was found
to permit the deduction of any specific formulas or graphs for
conerete similar to those presented in Section 3.2 For ceptain
rock media. Because of the similarities between the material
properties of concrete and of some of the rock media, it is Lbe-
lieved that the same methods that have been successful in rock
media could also be used for concrete if enough experimental
data can be obtained under controlled conditions.

Empirical scaling methods similar to those represented in
Figures 15 to 17 for spherical charge true surface shots (i.e.,
half buried) or near surface shots, with charges in intimate
contact with the concrete, could certainly be applied. Because
controlled tests on concrete would have fewer randc.. variations
in the medium than those in geclogic materials, the mode.ling
should be even better in the lower part of the charge weight

range than the very good agreement shown by the Mine Shaft cal-
ibration series of Figures 15 to 17. '

i s B e i ko o T R

Small scale tests with charge weights varying over a range
3 of the order of one pound to 27 pounds could be used to deter-

1 mine parameters in such empirical models. The oiie-pound charges
in cement grout, reported in Table 4 of Section 3.2, were placed
on cubical target blocks one yard on a side.

The largest crater formed had a radius about one-fourth %
of the block width and a depth about a third of the radius. |
This suggests that blocks of smaller depth than width could 4
be used in the program if they were set in a dense soil or i
rock bed to minimize backface reflection and scabbing. This {
should be verified by comparison shots with the smaller charges. 4
Geometric scaling would require a block three yards on a side §
for the 27-pound charges. A follow-up program chould test the %

3

empirical formulas determined by the small-scale tests with a
limited number of larger charges.

Ll antaiy SRy 58 Fal ke o

Effects of charge shape and contact conditions woulc also
have to be studied. It was recognized at the beginning of Sec-
tion 3.2 that successful empirical representation of controlled-
condition surface-burst loadings, will, however, be of limited
value for practical prediction of bomb damage after partial
penetration. The importance of the contact conditions und the
depth of surst cannot be overemphasized. Reinforcement and
finite target thickness will alsc be important.
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More advanced methods usi
ccmplete event (including Penetration by a shaped charge follow-
ed by explosive cratering, spall and corner fractures) are

ng numerical computation of a

certainly possible. But the development of constitutive models
for use in such computations ie 8t11l in the fundanental re-
search phase. This fundamental research has made promising ad-
vances in other materials, including geologic materials with

some similarities to concrete, but very little effort has been
funded for concrete.

Much more fund.mental research, especially experimental and
theoretical work on materiail characterization (Section 3.3), is
needed before a specific series of computer simulations of typi-
cal cases to obtain sets of tables and graphs for practical
damage estimation can be Prescribed. Such useful design aids
can and should be developed when material characterizations

sufficiently good to use in the computer simulations are avail-
able.

Two experimental lines o

f investigation are recommended to
obtain dynamic mat.rial prope

rties for these more fundamental
approaches. These are uniaxial Plane strain studies by plate-

slap impact loading, and spherical wave studies similar to those
described in Section 3.3-2 using multiple in-material gage re-
coras. With these experimental records available, one of the
advanced constitutive models discussed in Section 3.3-3 could

be fitted to the spherical wave data (for example, a capped elas-
tic-plastic model) by using the Lagrangian analysis method of
Section 3.3-U4. After successful modeling of the spherical

cavity expansion problems, the more difficult axisymmetric
penetration an-: cratering problems could be attempted.
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APPENDLX

LITERATURE SEARCH, LABORATORY VISITS, TECHNICAL MEETINGS

In conjunction with the specific areas of investigation
noted in the introductory remarks, several literature search
Strategies and research information sources were used for per-
tinent unclassified subject references. The table below identi-
fies the source agency and search title used for this purpose.

TABLE A~1. LIST OF LITERATURE SEARCHES

Agency Search Title

North Carolina Science Effects of Pressure Blast Loading
and Technology Research in Brittle Structural Materials
Center

North Carolina Science Dynamic Behavior of Concrete-

and Technology Research

Center

Defense Documentation Blast Response of Concrete and
Center - Literature Survey Brittle Materials

Defense Documentation Dynamic Behavior of Concrete

Center - Work Unit
Summary Current Programs

Smithsonian Science Dynamic Properties of Concrete
Information Exchange, Inc.

In addition to the above literature searches, trips to
active centers of research dealing with material removal and
tensile fracture of concrete have been made. Also, several
pertinent conferences dealing with dynamic effects in concrete,
rock, and soil media have been attended and contacts with
active investigators in these areas pursued.

A summary of places visited and pertinent meetings attend-
ed is included below.
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3 TABLE A-2. PLACES AND LABORATORIES VISITED
q AND CONFERENCES ATTENDED

Research Laboratories Conferences

3 Waterways Experiment Station Accoustical Society of America
: Meeting, 29 Oct~-2 Nov, 1973
(Wave Propagation Section)

Lawrence Livermore Lab Mechanisms of Explosion and
Blast Waves, 12-16 Nov, 1973

U. S. Army Corps of Engineers American Society of Mechanical
(Livermore) Engineers, 11~-15 Nov, 1973
(Rock mechanics)

Stanford Research Institute Shock and Vibration Symposium
. 3-7 Dec, 1973 (Impact and Shock
loading section)

Physics International Seventh U.S. National Congress
of Applied Mechanics, 3-9 June
1974

The computer searches produced little information directly
applicable to the cratering/material removal problem. They did
3 produce abstracts of papers in related areas as listed below in
. three categories.

TABLE A~-3. CATEGORIES OF ABSTRACTS FROM LITERATURE SEARCH

Area Number of Abstracts
Blast Loading | 65
Fracture 23
Material Properties 15
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Many of the abstracts in the blast loading category pertained
to response characterization of concret. structural configura-
tions such as arches, frames, slabs, and beam elements, while
those categorized under fracture were associated with the topic
of brittle fracture of materials, including concrete. The ab-

stracts listed under material properties were concerned mainly
with uniaxial and multiaxial testing, including the effects on

material strength of such variables as aging, aggregate particle
slze, and water-cement ratio.

References cited in the text are listed in the following
subsection. Most of these were not located by the computer
searches, but were suggested by personal contacts with active

investigators or discovered by scanning library copies of cer-
tain journals.
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