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SECTION I 

FAILURE OF SIMPLE STRUCTURAL ELEMENTS SUBJECTED 

TO IMPULSIVE LOADS 

i : 

1.1 Introduction 

Failure of a structural element may be denned in manv 
ways thus giving a very wide range of choices .or defLSon 
fliit**^:    t  s*ructural element may be considered as having 
foÜ? H- ?r.-aV:Lng exceeded some load or stress level, some 
local distortion or some large deflection due to a buckling 
Sn^?*;  H0 fUrther comPlicate a failure definition various 
kinds of loads may produce the stress level or distortion 
necessary for failure.  Failure of a structural element ?s 
QUI?P ?nL?Jery>,br0^ te™and a g^en definition must be 
fanSrePshanChf Hn^eSSribing fai^^'     ^v  this discussion 
frii+nL *i K  defined as a condition when actual rupture, 
fracture, or breakage occurs at some point in the material 
and renders the structural element incapable of resisting anv 
further loading.  This discussion shal^be restricted Sgfail 
ure of very basic elements such as beams, pla^rods etc 
and will not be concerned with failure of a la?ge or comnli^ted 
structure comprising many of the basic elements     complicated 

ae ^
A resPonse mechanism of a structural element may be defined 

??n!? HgJneral Shape 0r manner of deformation leading tt  the 
fssoci^fd^th^f6.^ thJ  element-  Plate and beamgresponse associated with blast loading are usually one of two tvoes  (1) 

tilltTL^^i^r*  the initial deflection shape is con- 
tinued on through failure, or (2) a traveling plastic hinge 

someastSLWSfCthe
Chd^eS ^ deflected ^ape LStin^oSsl^for 

t^vL ««gK    5 deformation process. The response mechanism 
taken on by a structural element is not only dependent on the 
Sn^on^^r^ lhe  str<ucture but is als Strong Independ- 
ent on the magnitude of the peak overpressure and durltion of 
the blast or impulsive loading. uuicixion or 

M-!^ ^
fa^1U^ mode may then be defined in a manner associated 

ailsm  Tf0^lng PlaCed 0n the str,uoture by the response mech- 

K|iliÄSIBRIIS^*SWä*SÄ>'Sä: ■ ■ ■    '    ■     ■ 
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In order that a failure load may be predicted, it is 
necessary to know both the mechanism and mode of failure. 
The response mechanism determines the irreversible 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.  Us.ing the failure mode based _ on knowledge gained 
from the response mechanism a failure criteria based on a maxi- 
mum 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 anal.vsis 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  Flat Plates 

The response of flat plates when subjected to impulsive 
loads resulting from blast loadings, as mentioned previously, 
is usually divided into two types of 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 lb.  For plates with high short side 

\   \ \   \ \ \\  \   \ 

Traveling  Plastic 
Hinge 
sr.    - ;\.A A.:v „v 

\   \   \    r-TTT"^ \ \ \ \\\ \ \\ 

a)   Static  Mechanism b)   Plastic  Hinge  Mechanism 

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 s .age 
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 
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 
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 circular plates subjected 
to impulsive loadings is given by Cristescu^ and some later 
work is described by Johnson^) and Abrahamson^).  The response 
of square or rectangular flat plates is a much more complicated 
phenomena, and several computer studies such as those by Kay^) 
and Huffington^) are available.  Such preliminary results on 
response of flat plates subject to fuel-air explosive blast 
waves have been reported by the authors^ and a technical re- 
port concerned with this subject is in progress; therefore, 
further discussion on response of flat plates will be omitted 
from this report. 

1.3  Previous Analyses of Beams 

Some early work on beam response, resulting in plastic de- 
formation, is that of Duwez, et aiw) and is based on trans_ 
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 assumption makes use of the fact that 
when a large amount of kinetic energy is available to produce 

11 
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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 applications 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 stresses ex- 
ceed the proportional limit of the material the behavior of 
the beam in 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- 
plastic 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 moment is found to be 

f-K 
= ^ fe2) 

dA —ay 
c 1 (1) 

m* mmmm^^ "MutoM. 
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Stress 

Strain 'U 

Figure 2.  Idealized Stress-Strain Curv^ 

to the outfrmost ^ibeS.^Using rfgSe Sb^he^L^^ Centr0id may then be determined as plastic moment 

M p =  / ayydA 
(2) 

(a) 

Neutral 
Axis 

ay 

1 
y 

i 
c 

i 

0^ 

(b) 

Figure 3.  Bending Strecs Distribute on 
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The ratio of the plastic moment to the yield moment is Kol»i„ 

:hfpeC|aSor0! "^  ^^ ^  ^ ^ defi"^ theSbaäy 

Mp/My 
(3) 

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

TABLE  1.     BEAM  SHAPE  FACTOR 

Shape f 

^ 
2.00 

# 1.70 

m 1.50 

X 1.15 

™gehSei!rri!2^e?änLlaSf! ^ U ^^ in ^ 
as Using Equations (1) and (3) the plastic moment is written 

Mp = faY| = faYZ 

where Z is the section modulus defined as 

Z  = s 
(4) 

form ^ l^ S^reSS  ±n the beam is such that plastic hinEes form,   the beam is assumed to act as a set of  i4«Va««»  nxnges 

at the .idspan and ntltX^l^Z Ä^ifSf 
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the midpoint and the natural hinges at the ends as shown in 
rig^e I'     !0r ! beam fixed at both ends' Plastic hinges form 
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. 

p(t) 

HlUUlii LLLLLUiii m c 

2L 

^—-—"Natural Hinges   - 

b   " 
Plastic 
Hinge 

Figure  H.     Static Beam Failure Due to Plastic Hinge 

;, 

The dynamic response of a beam to impulsive loads may be 
described m terms of plastic hinges and for the case of low 
overpressure the mechanism may be the same as the static analy- 
M«;ö 

H^ev^r' f?r ^gh Peak overpressures a traveling plastic 
InTtknls      TL^JS^J*  

f0?mS and mOVeS away fr^ ^e beam end points.  The intersection of the two moving plastic hinees 
is dependent on the beam end fixity.  Once the traveling hinges 
intersect then the response is the same as that for the sta?ic 
case.  The sequence for this mechanism is shown in Figure 5 

0€farZ
hl  1???iDg conJition governing which mechanism is in 

^iSfni^™  0!J IK6 ^alUe of PeakfQVerpressure of the pressure 
time function, and Abrahamson, et al(3) show that if the ceak 
overpressure p < 3p0. where p0 is the static cSlLpse pressure, 
then the static mechanism is valid. Thus, for p > 3p0 a travel- 

Sg
mni?^ ^JTÜr!: 

A devel0Pment and discussion of equations 
of motion for both the traveling and static mechanism in a beaS 
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neglecting axial tension is given in Reference 3. A general 
discussion of the results of this reference follows. 

P(t) 

2L 

4 Traveling Plastic Hinges 
h 

astic Hinges  7 

Fixed Hinges 

♦Jtst5 

Figure 5. Moving Plastic Hinge Mechanism 

The analysis of beam response as given in Reference 3 is 
divided into the classical static and plastic hinge mechanisms. 
The condition governing which mechanism holds is based on the 
peak overpressure of the loading function and is specified in 
terms of the static collapse pressure ps. 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 < Pm < 3ps.  If pm > 3ps the traveling plastic 
hinge mechanism is assumed to operate. 

'm 

Pressure 
P 

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

For a fixed end beam where end rotation is by a plastic 
sgll  a!} f?dltlonal Plastic hinge also forms at the center 

and the deflected shape is the same as Figure H.    The veloc- 
ity of the midpoint is found to be 

V = 3(T-pst)/2m (7) 

where m is the mass per unit length and T is the impulse per 
unit length at the time t. The time ±2  where motion ceases 

17 
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may be determined by setting Equation (7) to zero and integrat- 
ing the resulting equation, 

r p(t)dt = pst2 (8) 

where I2  ^s  ^he  value of the impulse at t2 and for some cases 
may be determined by integration.  The value of ±2  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 t2, the final midpoint 
deflection may be determined from the integration of the veloc- 
ity expression over the time limits zero to t2. This integra- 
tion yields the maximum center point deflection 

y(L; t2) = 2m [L 
2Idt- Pst2/2 (9) 

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)J are given as 

and 

mv  =  p 

3 • 

x^  <  x £ L 

mxh
dcü/3   =  pxh  /2  -   2Mp     ,       0 £ x <  x^ 

(10) 

(11) 

where p is the general expression for pressure as a function of 
time, xjj 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 

wxh (12) 

With the use of Equations (11)#and (12) the position of the plas- 
tic hinge xjj and its velocity x^ are determined, respectively, as 

ln 12Mpt/T 

18 
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Fixed Plastic. Hinges 
p(t) 

M 
U) 
xh 
^ 

V 

i 

Figure 7. Traveling Plastic Hinge Mechanism 
and Free Body Diagram 

and 

xh = 6Mp(r-pt)/r2xh  . 
(14) 

The time ^ when the plastic hinges arrive at the center of 
the beam is determined by 0f 

^=/;: ■P(t)dt     =     SPgt-L 
(15) 

^tiSe^a^g^rbr111'velocity Vl and deflecti- y^i> 
1 (16) 

and 
•A. 

y(L,t1) = i f ijdt 1   m J0 ""^  ' (17) 

Motion,of the beam beyond this tin)« + ,• 

static mechanism and again if the v.li il ^^ ^ ^ 
set to zero,   the timet\iLjl0Clty exPression  (7)  is 
tion  (8).     The Jinafce^er noint ^f n Ce:SeS'  iS giVen ^ E^- the expression P01nt deflect1on is  then given by 

y(L,t2)   = y(L,t1)   + -1 
2m 
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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 lb-sec/in were 
applied to 20 24-TU 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 0.6 52 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^lO) and in a later paperd

1^ 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 Vn.  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,t2) and rotation ©(Ljto) along with support 
rotation 9(0^) are found to be 

YT *. ^  niL2V02 y(L,t2) =    0 

3(2Mp) 

i 

(19) 

e(L,t2) = 
mLV, 

6(2Mp) (20) 

0(0,tg) = 
MLVQ

2 

2(2Mp) 
(21) 

20 

lllgllü^l^l^^ii^i 



r^-^M»»*"»»^»^^^^ 
m^mmmmmämmmmm^ 

For the simply supported case without axial constraint the 

atT^T^clT. exoept 2Mp is replaoed by ^ '» ^ion. 

An axial constraint was applied by Symonds^D  bv adding 

^^fSefas in additi0n t0 the m°Ln? M-    A P^?Ä!l 
NT =   /', dA (22) 

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

tL^^ticitr^i?!^stress ^ us^ th^^Li^r 

Mp       Np2 (23) 

Mp  ^ 
2^ 

N 0 (2U) 

ä:4L
O
S t^si&ir^oT^&rtrfor anguiar 

inx^w = -2M - Ny 
(25) 

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

_N_ 
Np 

Np 
2M^ (26) 

Using a velocity continuity such as Equation (12) and Equations 
(23), (25), and (26), the values of M, N, w, and xh may be deter- 
mined.  Simultaneous solution of these equations yields a third 
degree equation in terms of the final center point deflection 
which can be given as 

11+  J_ 
L   12 

NpL -i2 

(2Mp) L 
1 mLVo' 
3 (2Mp) 

(27) 

where yf is the final center point deflection defined previously 
as yf = y(L,t2).  However, the final deformed shape, strain, and 
curvature functions require a numerical integration procedure. 
Again, 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^H' 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 well with results presented in a later 
paper by Symonds and Jones^2) 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 to say that intense 
impulsive 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 explosively loaded clamped beams were studied 
by Menkes and 0pat(13) and a failure criterion based critical 
particle velocity is given by Sewell and Kinneyd^^. 

22 
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1) Large inelastic deformation described by a residual 

central deflection. y      resiaual 
2) Tearing or tensile failure at the supports 
3) Transverse shear failure at the  supports! 

wSch^Sfcau^sMlrLr ^t* ^ ^^ ^^ 
increases    oveS^p^?^,^5    ^rs^g^L^uSil'^K 
defined shear failure oonn-no  =«^  ,•„    T.     wegxns,  until a well 

nifieant deformation p?iorio?ailur|aCteriZed by n° si«- 

points^rJ^s^ved? 0f reSUltS 0f thiS WOTka3)  s-eral „ain 

2) ?!!Lrde 2 !ajlure ««V "ell be the result of tensile 

dl yf-^r8^ ÄÄ geS   "" 
?he s^ va?LMe,m0de 2.thr-h°" is dependent on 

, täl^IJS1!! ^de""^ Kith ^edic"°n "f cen- 
v^I ?J.(she^ failure) is dependent on the initial 

^h^Lh^d^l^ irrLn^t- ^ ^ -eW 

veJo^ity/definL'in^hf^/S1^6 ^uld °— ^ the initial 
tensile^riticafpartlcL ^ociJvCSrof;/16^ e3CC?eded the 

new failure criterion was  IppHedto DlaL ^T^^'     This 

when the positive DresanL SJÜ!    I <.l    $f and beam elements 
than one-quarter of ?hechaS^L-f+-he bl^St wave was  ^s 
element.     Howeverf it Sas  ?ouSd ^?tC K^t 0f the  s^Vctural 

the shear critical nL^i ? efrller by the authorsCSJ that 
16,  gave be?teJ pred?ctions  tZlTltll ^ ^fined in ^ference 
particle velocity in exDerimpn?J ff*-,0^ th! tensile critical 
panels.    A comparison of ?heshLrrS-Tlng Silure of aluminum 
reported in Reference  13 and J£!J    ^ilure threshold impulse 

critical particle^^ooltns^Kenlnl^el^^^Jr 
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0.2   0.4    0.6    0.8 

Impulse, psi-sec 
1.0 1.2 

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 

1 
-.   2 

(vCR)  = (vCR) 
S X (vcr) 

'U 

- ■■:! 

(29) 

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

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

(ICR) (vCR> mh (30) 

where h is the beam depth.  The tensile critical particle 
velocity for some aluminum alloys is approximately 220 ft/sec. 
by Rinehart,•l;:,'' t 

Based on the precedir6 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 la??ge deflections. 
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1.4 Response of Beams Subjected to a Fuel-^Air Explosion 

il«i-£r£L#ii#Mir 

hinges, will be discusspd       T+ fi°1ng rotatxon ^y natural 
enerVis .uch^l^8^ the" elastic energy' ^ the PlaStic 

Plastlrhinges'^orm a^^h^cent^ T* f^? againSt station. 
using the dKgraSs  of rSure ?0     tSd endS  0f the heam and' 
needld for a LagrlngLn formulation oJ^hf ardJorce/unctions may be written      USP nf ^°™±at:LOn.of the  equation of motion y        wrirren.     Use of the Lagrangian method is  justified by 

p(t) 

I 1       L ■ JK 

 1=1 

6 =Ltan0 

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

cSrdlnSe6 sys%ef anrbv^tln^^H^^8  0f the -^formed 
terms of the^iSst^c energy      ^ ^ älss^^ functions  in 
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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. 

A 

L 

Mp 

Kt) 

p(t) 

V 

w 

6 

A 

ay 

p 

e 

x,y 

cross section area of beam 

half span length 

plastic moment 

yield moment 

moment of inertia of half span about the end, 

ba "  3 

impulse-time function (psi-msec) 

pressure-time loading function (psi) 

Velocity of midspan (in/sec) 

width of beam (in) 

deflection of midspan (in) 

deflection along beam longitudinal axis (in) 

yield stress (psi) 

mass density 

angular rotation of beam (rad) 

coordinate axes along original beam position. 

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

KE = ^E)2 + I f  (k*) 
2     2 J0     \L} 

pAdx (31) 

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

KE = £^ (02L2 + A2)  . 
6 
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I Now A and A may be expressed as 

A = (secG-DL (33) 
and 

A = (LtanOsec0)0  . (34j 

Using Equations (32) and 34) the kinetic energy becomes 

KE = ß^i- (l+tan20sec20)02  . 
6 (35) 

The plastic energy PE is now written as 

PE = 2Mp0 + AaYA  , (36) 

and using Equation (33) the plastic energy may be written as 

PE = 2Mp0 + (sec0-l))aYAL  . (37) 

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

%~-ie[C(6)  (*)^>w<* 30 Ui 

Assuming no shortening of the span then 

6 = Ltan0  , 

and the generalized force becomes 

Q = P(t^2w sec20  . 

Defining the Lagrangian i. and the Lagrange equation as 

i. = KE - PE 

and 

d  31 
90  ^0  » 

(38) 

(39) 

(40) 

(HI) 

(42) 

the equation of motion becomes 
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SO- (l+tan20sec20)e 
3 

+    ^^  (seclf0tan0+tan30sec20)02 

+     2Mp +  ayAL(tan0sec0)  sec^0 

Equation (43) is valid only for positive values of e.  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 insyre positive initial 
values of 0 is that initial values of 0 be positive. This 
criterion may be met by the requirement that 

or 
Pmax 1 ^Mp/wL2 

max < 4favz/wL2 
(44) 

The assumption is also made that the maximum value of 0 is 
reached in the interval 0 < t < T.  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 

~  = (sec0-l) 
L (45) 

and a strain EQ at the outermost fiber at the plastic hinge 
points. An estimate of the magnitude of CQ  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 11a. This zone is essentially a 
volume of the beam in which the internal stress is equal to 
the yield stress. 

28 
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Plastic Hinge 
Location 

(a) 

Figure 11.  Schematic of Plastic Zone 

Relerence1? as^ ^^ ^ **  ShOWn in FigUre 10a is given in 

Lp = 2L(l-l/f)  , 

?JWL
2
T
L
 
iS the beam1

sPan and f is the beam shape factor, 
iaking Lp as an arc length corresponding to the angle 20 

"?eÄ ?rorVatUre R 0f FlgUre Ub the •tr.inV be 

The radius of curvature R is then 

R = bt 
20 

(46) 

(47) 

(48) 
m 

and substituting Equations (46) and (48) into Equation (47) 
gjves the strain due to rotation as 4^xion VH/; 

e0 C0 
L(l-l/f) 

Defining strain e as 

:a + e0 e = e, + e« 

(49) 

(50) 

29 

tmm^^ 

.i ,;,:,,.,■;.;, . . : . . 

^^jga^ffi^tofl^i'^fe^^^ 



m^m^mmmwf^mii^m^'mSfHKmm^ i ■.■nun •f.wiii». i.«     .      i luuuiniMpiw 

the total strain at the outermost fiber of the midpoint and 
fixed end of the beam may be expressed in terms of 0 as 

e(0) = £(L) = (sec0-l) + C0 

L(l-l/f) 
(51) 

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- 
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 (sec0-l), 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). 

Applying the same general approach to that of a traveling 
plastic hinge as shown in Figure 12, the kinetic energy may now 

p(t) 

(a) (b) 

Figure 12.  Schematic of Traveling Plastic Hinge Mechanism 
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TABLE 2,  BEAM RESPONSE TO IMPULSIVE LOADS 

Beam 

Impulse 
Ktaps 

Length  Thickness 
(Inches)  (Inches) 

Central uetlectio 
Reference 13 

"""Txp 
(Inches)   (Inches) 

Equation 43 
(Inches) 

10.9 8 0.187 0.99 0.94 + 
15. 3a 

8 0.187 + + 0.769 
17.8 8 0.187 1.56 1.44 + 
10.9 8 0.250 0.54 0.50 + 
15.3a 

8 0.250 + + 0.475 
17.8 8 0.250 1.07 1.50 + 
15.3a 

8 0.375 + + 0.154 
17.8 8 0.375 0.72 0.50 + 
10.9 4 0.187 0.44 0.25 + 
15.3a 

4 0.187 + + * 

17.8 4 0.187 0.77 0.69 + 
10.9 4 0.250 0.32 0.31 + 
15. 3a 

4 0.250 + + * 

17.8 4 0.250 0.53 0.44 + 
15. 3a 

4 0.375 + + ft 

17.8 4 0.375 0.48 0.18 + 

»i_  . 
•nu x-esponse 

+No calculation or value 

)(t)   =  830(l-t/.0015)   -t/.0015 e 
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be expressed in terms of the angle 0 and the plastic hinge posi- 
tion xh- Assuming that the central portion of the beam BC of 
Figure 12a remains rigid and resists the loads ayA and Mp with- 
out deformation, the kinetic energy KE and the plastic energy PE 
may be defined in a manner similar to Equations (31), (32), (33), 
(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- 
pression for the kinetic energy must now include a term for the 
central portion of the beam as well as the portion of length 
xh.  The expressions for the energy terms are found to be 

KE = £M [xh(l+tan2esec
20) + 3(L-xh)sec

4e]02 

+ pAx^ [(L-xj1)sec
20tan0]xh0 

+ fi£ [(L-xh)tan
20]x2 

(52) 

and PE = 2Mp0 + (sec0-l)aYAxh  . (53) 

Using the continuity of deflection at point B of Figure 12, 
6 = xi1tan0, the force component expression for the two coordi- 
nates  and xh may be determined. Using the total work done by 
the pressure force the force components are 

and 
Qe = xh (L-^) wp(t)sec

20 

Qxh = (L-xh)wp(t)tan0  . • 
(54) 

Using Equations (41), (42), (52), (53) and (54) the equations 
of motion may be determined and are given as 

pA [(L-xh)tan
z0]xh + pAxh C(L-xh)sec

20tan0]0 

+ 2pA [(L-xh)sec
20tan0]0xh 

+ pAxh [(2L-|xh) sec
20tan20 + ^secV^lÖ2 

- fi£ [tan20]^ + ayAUece-l) 

=  p(t)w(L-Xj1)tan0 

and 

(55) 

•i    a 
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pAxh [Y(l+tan20sec2e) +  (L-x^sec^eje 

+ pAxh [(L-xh)sec2etan0]xh 

+ pAxh [xh(l+tan2esec2e)  +   (2L-3xh)sec,*e]0xh (56) 

+  pAxg  [2(L+xh)seo^tar9 + f (tan0sec^0+tan3GSec20)]e2 

- PAxh [sec20tan0]x
2 + 2Mp + aYAxhsec0tan0 

= P(t)wxh (L-^IJ sec
20  . 

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

1'S    Conclusions 

^ B!am resPonse mechanisms for failure are w*n H^P-  ^ the extreme ends of thp in^^i-Jr,^ „ *«J-J.ure are well defined at 
deflection modes to Sfi™ i g sP?ctrum» with classical beam 
failure withou? de?lfntinn o CUr-lng at the static ^^e and 
loading case.^Me'cha'nis^ass^ciate^8 vitTlolSLiTT ^ two extreme cases are v^rv Ho^^ 2 with loadings between the 
magnitude, and duration of ^J ? ^ 0n the ShaPe' Pressure 
slowly time dependent ?hecSL}n^ln^ t*  the loading bec^es 
evident until suchfpoint whfn ?? vibratory response becomes 
the loadins is IPCL -hKi     n the Pos:Ltlve pressure phase of 
of the sSScture! wJen tSr2annter ^ the c^acteri?tic period 
becomes one of ?he Sa5eliM n^-S l^  mechanism °f  response 
propagation of stress wlve^ ^It   •lng?S a?sociated with 
to increase, a poiSt is r^ched wh^/Jr186.1^61181^ ^ntinues 
respond to the SelScity olSe imnSa.-n  ^t^1 ^^ can^ 
at the boundaries occurs „ithnni 5 ?ggJh0ck front and ^ilure 
portion.  The relponse in Jb. W de^ma^^,of  the central 

rather distinct^c^nis^s^e^iciu tXl^T**  theSe of beams and plates to fn^i aT«   n  •    model.  Response 
region between vi^atSryS^ponsf^81^8 fal1 in the transition ^axory response and stress wave response. 

with lixed or0pi^edeSS.8^9" ^ bla.St? °f f^-^ explosion 
and tensile load due ?o ?he LS ! beH.

,"0?eled « Pure bending, 

account In analyt^l^^l^oS^^A^J^^e^e^t^^Ä 
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material constitutive relation may be used when the Dlastir 
energy xs very large in comparison to the e!as?ic energy  For 
nSS?!/Je?fU b^m  the static ^chanism will be suffLien? to 
predict failure; however, a traveling hinge mechanism more ?Ln 
likely is responsible for the initial deflection.  DSe?o the 
to lu«^? and ?omPlexity encountered in modeling be^ response 

■ 
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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 and is added to the energy flux 
passing through the reaction zone^18^.  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 
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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 

200 

Pressure 150 
PSI 

100 - 

50 - 

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 the impulse may 
be determined based on calculations of Reference 20. 

2.1+  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 
unpressunzed 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 

mmm mmmk PM^^ß^^a^ääSiä^^. -1 i^iiü AtfiiiirAfti W i! irt 



"' 

SECTION III 

STRUCTURAL DEGRADATION OF CONCRETE BY IMPULSIVE LOADS 

3.1  Introduction 

This phase of the research was intended to follow nn 
K?-lfArn

areaS 0f interest to the sponsor.  A briefing at 

negates „Lrcr^/r^^^^^ff^hf^^ce. 

reported in Section  3^ the exPerimental  study are   ' 

is  JeTTn^iT^A'.1^5  ViSited ^ Terences  attended 

of tÄ^ToZ^iorreitt^t ?hrLbed-.in the ^^ 

culate the detaU? If  ^eJLg^^^on?^8 t0 Cal- 

surface1^^^^ LSfrScfLSi^^hTf?^0^^ ^0m a — 
regions of more or less viol «n?^ The figure mdicates 
symbols for heigh? ofburs? (S5B? ^^^ and defines the 

of the charge, fnd ?he aDDarent inH rSUred t0 the mass center 

depths.  Thf dissocIa?edPmSe?iar?fallbacr?H ^^ ^d 

sxsts of some fine-erained m^^tJ  ^ Ck and e3ecta) con- ohinc  •?!-,„ K  I    grained material and some larger blonk-Q nr, cnips.  The boundary of the trn^ nv^+^v, ^   ^aj-feex DXOCKS or 
sociated material from th2 r>«^r,     ' separating this dis- 
defined, since some o? the material^V8 n0t alWayS P^cisely 
sometimes be removed with vervli?ilfp^ T^lf^ 20ne can 
boundaries, separating thV^L^ffi^^ 
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elast^er^?on0h fgnificant ™^™  and shear and from the 
e±astxc region below, are gradual transitions rather than 
sharp boundaries.  In softer rocks and soils the zones here 
called rupture zones are often referred to as the Elastic 
regxon (to distinguish it from the elastic reglol heTol). 

rw-j^BrSberg(25) haS rePorted results of contact detonations 
(with charge masses up to 1000 kg on granite slabs)  H* 
characterized three regions somewhat S??eren?ly: 

K 1 ^H F-Lrst is the powder zone or crushed zone dirpr-Mv 
below the charge, where the compressive stress ?ransmi??edy 

greatly exceeds the compressive strength of the ma?Irial! 

(2)  Between the powder zone and thp im'-t-nai T^«O-:4--    ^ 
the true crater boundary lies the Wock zonef JherrianuSe 

Sips!   tenSlle and Shear "^^s. producing bllckf or 

-~Bo^Ä a^.-Äi8^ SfeiasS 

roushÄÄt^^r  «! ^StWmjr 

on craSr^ÜInsiSns^rS' e0n 'nLf f^J of,-terial properties 

spherica! ' As Jhe1^8^."8*8 ^ craters "-e'aLost LS- 

granite DoinJnn SI'• this  study and that of Broberg on 
granite pomt up the increasing importance of  (front-fan^ 
spallmg m crater formation as  th^ material strength'iScreases. 

have been^fcSne^tion with168  ?' Cratering ^m explosives 
to model their e?ISctsbvPh^r?ar ^P1?8^68 ^nd the attempts 
these  studies^Üfefhave ttn^l e^lo

A
slYes   ^-     Most of 

Any further study concerned StrSr^erL:1^^^1^ ^^^ns. 
tration in concrete could rL^I* cratenng after partial pene- 

and also thre^nsierbLSf ^8^0^^^? ^  lit*™*™* 
tion with mining and excavation ?echnolSgyH?rt|^e ln ^nnec- 

Ul 
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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 ranged) j 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. 

'i? 
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man+      »rl I    Waterways Experiment Station compendium(33) com_ 
ments, It does not appear sufficient to predict bomb/shell 
crater dxmensions from those formed by bare charges eauivalent 
xn yield to the bomb or shell filler material.e^en ?hoigh !? 
may be argued that explosive energy lost in rapturing thicase 

slv«ef?i?^ •" the ^netic enerey of the ^agments. gThe exp?o- 
H^or, i'ler,-1S usufl1y.c!lst in a cylindrical configuration^ and 
h^H +i0n 1S US^lly Vitiated in the nose or tail of the war- 
nnS;-theSe ?on^derations also fail to answer completely the 
questions raised over differences in craters.    ^■Lei-e-Ly ™ 

• *-   "lhe limite<i  study which has been done on this subnect 
ÄfSV^ dee?ly bUr:Led bombs Produce craters smallefin 
?hP^ ^Ut iarger in ^epth than do c^Parable bare charges. 
There do not seem to be sufficient data on shallowly buried 
ll^y^^^l^onclusions.     Experience with mo^ir and artil- 
lery shells, which contain a proportionately heavier casine 
indicates that near surface (fuze quick) bursts fom c^tSre 
Innlti^  8omewhf l^ger than those of bare charges.  Ünlo?- 

i-n«a+.T!!! i"
1?^^06 of ^e surface contact conditions and de- 

ex^nle" ^itf^0? conditi°ns ^  been well documented  ?or 
example, White (Reference 26, Chapter 15) mentions tests on 
concrete plates using demolition blocks on end and de?ona?ed 
either at the top or at the bottom.  The total impulse ??ans- 

Sonlt Jhe^oS1^6.^ 0nly abOUt k  Percent g^er lorrde?;na- 

projosed the relationship 7 ^l^f J^^ crater^ol^rf 
(in3) and total impulse J (lb-sec) for normal concrete (com 
pressive strength about 4000 psi) for charges on end detonated 

scattering Tl^V*'   ^l  bUt Warned ?hat the ser!oSs 
aS?  ^h^.o!^?6 data indicates that other effects are import- 
™;-*.   scatter mentioned was even for fairly well eontrollL 
conditions.  Bomb drop contact conditions woulJ not be k^own 

More recent studies have further emphasized the imoortanoe 
?fh^aCt cJn^tion!- For sample, Haas and Rinehlrt^^eport 
i^^T? y Stp-le^ 0f ^he e™?1^*  from small unconfined and 
partially confined cylindrical charges (several grams) to uni 

Sects^of5 CUt ^ SlabS 0f Yule 'arble- They^lored tit' 

(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) 

(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- 
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 1.5-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 
back face of the slab.  For the 0.5 x 1.5-inch charge the peak 
stress in the rock dropped from 271,000 psi at 0.5-inch-depth to 
about 80,000 psiat 1 inch, 34,000 psi at 2 inches and 15,200 psi 
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 1-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 
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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<■ a point source so ^iJ^K dla,neter charge behaves less like 

crushed region and faSal?o?hfPHden- 0f the si2e of ^e 
of the rock.  I? th^e L ?n factySTC comPTeSsive strength 
dynamic crushing strength 2*Jr^  5 reasonably well-definid 
stress in a spSfrfcal wa5e then nn *? t*™*  0f the radial 

gate out of the crashed zoAef ILSe bfdeffn'J-8 Wil1 pr0Pa- 
ITIL^ ???duce ^th^Äe^y «Ä^ hÄt 

(1) ^pxTs^uVLsTSr region can be ^^ by 
(2) crSs^fregi^ris^kn^n^^ TS ^^ fr0» ^he 

the oonst^Le^^Lr^^^^^^ of 

I'll ÄV«Ä S^SS  leVel ^ 
ing back-face scabbing without a nniS S d th5refore of predict- 
propagation from front ?ace ?o bacHaop6 a??iySiS ?f the wave 
however,   that the crushed reeioni* ™+   '     (It Should be noted. 
the true crater estimated hv J^        "0* ^ general identical to 
in the following sJbsec^io^ sincJ^S1^1 laWS t0 be di^uSsed 
the large block! and cSips  ioosenSd hv ^ ^^ includes  also 
the initial compressive Jives hive passeS?)releaSe WaVe after 

and the marbf^decr^^ed'the^ak' !he 0-5 x ^^inch charge 
inch depth from 33^orpsi ?o? Är2nrSS ^^«^ to thl 2- 
psi for a 1/8-inch MD    ?i   finn  d:L^e9t intact to about 24,000 
psi for a l-incSgaf^Partia? £nif-0r a 1A-inch S^P and'l^^OO 
1.5-inch-long change into a dri??^^6?6^ ?y insertio* of the 
almost doubled the neak ^1-^^ i    d h°le only 0-5 i^h deep 
end of the chargP? ^Ssfoon?™?^*1^ t0 2 ^ches from the 
emphasize the p5Sw J ofVeSiSiÄrSS0; obsrVations 

sxons when the contact coSdx^L^lre^f a^ale^no^^- 
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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 r,-,. 

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 Wl/3.  This cube root scaling law, predicted by 
dimensional analysis on the basis of cerxain simplifying assump- 
tions, has been widely used (see, e.g., Lampson, Reference 26, 
page 114). 

An  extensive study of craters from surface explosions and 
scaling laws, Vortman^0J, indicated departures from the W1/3 

scaling.  Much more data were available from buried charge ex- 
plosions 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 

n- n. n. 
= CJLW c2w Va = C3W (59) 

are fitted to the data for apparent crater radius ra, depth da, 
and volume Va, 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 n2 different from nn, 
which would violate geometric similarity. 

. By contrast, more recent studies in the Mine Shaft series 
t24,41)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 b wi/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 C 

Wi/^:. / scaling. 

n  ^Th?nn974^WaterVfr 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 
ÜJ ^ e^ht^ath^ scattered available data points for basalt 
and granite (based on two charge sizes) for scaled HOB between 
0.05 and 0.20 ft/lb1/3 was represented by rt = 0.195 W0«4!8 

and dt = 0.023 w0.518 while eight points (seven charge si2es) 

for scaled HOB between -0.05 and +0.05 ft/lb173 were well re- 
presented by rt = 1.211 WO.315 and dt - 0#588 w0.271  crater 

nonen?1?/? f- n*.n^ f0r  W in pOUnds of TNT'  Hence the ex- ponent 1/2.7 = 0.37 suggested by Figure 15 is by no means universal. 

For the purposes of the present study the two calibration 
series marked CCS in Figure 15 are more useful than ?he larger 
charges.  The calibration series consisted of one-pound sphKi- 
cal charges on one-yard cubical blocks of cement grout and 1000- 
FSurpS^e-1C?Vha?geS ^V natUral g^nitic rock medium^H.0 

elinT  two ?00aton fT ?ef?re?ce 24 reporting on the Mine Ore 
dl?a fJ^ -H^     spherical charges.  The figure also includes 
data from two comparable series of previous true-surface-shot 
cratenng tests.  The Flat Top I event«W had 20-ton TNT spheres 
ln iX?eä^5e:  The Multiple Threat Cratering Experiment^3!PhereS 

markedMTCE in Figure 15, had «+000- and 16,000-pounS ?NT detona- 
tions m basalt, four of which were spherical charges in geoSe?- 
nes comparable to those of Mine Ore.        ^-"^ges in geomet- 

.. The I9 one-pound calibration shots were especially inter- 
nnTco^, i1^  the Cement grout had compressive strength and 
J™L  ?Ci-y comPar,able to those of normal concretl  ?he 
average static compressive strength was about 4500 psi.  Table 
3 summarizes the properties of the grout.  This series <W 

PrTnEoT1-^  ?r?^ tJ?eJffect of drying "he'height of burst 
in rill ~u      r JUried) t0 H0B = 2rc With the ^sult3 shown 
for'sho^s'ia anSS18tenCy 0f ^ reSUltS iS ^ ^0d **^ 
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waster jo
r

r
00r^r^ :irr r:^^ 

th^ hole.  sSpe? w^tH Äair?c f^t^P^tered around 
to harden.    Hydrostone oement ^a- ?ini?i,   e 0ia^ge■  and allowed 

shots  in grout.     Cra?er radii^^J^1-35  for the  i-Pound 
zero  (GZ)  are conSiSerably longer fhan'Jin.' thro^hJ™™* 
the joint.     Some parts of thTf™,  than^those perpendicular to 
Planes due to the^ointiL      n^?+

Cr^er b2undar,ies w^e 
crater dimensions  varied L a Jn^-V*!3! fa?ts'  average  ^e 
cept for one  shot      Th* „™J c°nsistent fashion with HOB  ex- 
se?ies  and'thfcomparable^talfSr3^8.0' ^  ^ c^^ion 
depth and crater radius on SJB)  fSLiLdeKndenCe of crater 

in Figure  15  are shown In Figured ?6  and  ?7  S e^t^^  cited jrxgures  lb  and  17   (from Reference   24). 

radii^rsus^HOB^a'lL6 in P.l0tS  ^ .^^ ^pth dt  in charge 

e.uivalenrto^o^^i-af^e6 iTo^Tnl "Slhe f15  L 

ilure6 17  21TT ^ are rePl0tted -^ dt sc^le' ^  0W1?2.7 

"Since the position ol ?Se bottom lf*t    ?ommented as  follows: 
respect to the medium surface is  «n.^-^116^1^1 char^ with 
HOB's.  the HOB must stixl be  scaled Sv wi/f1-5^ this  range  of 

the relation between the nhSJSJn       by.w:L/3  m order to preserve 
the bottom of the charge Pand SP  ^^ 0f the charge ^ter, 
addition,  the curve drfwn ?h?ouah tZ TJ 0f   -^ ^^" '     ^ 
acquires  an   'S«   shaped bend whe£ Ihf wopt P01nts   (Figure  17) 
the surface tangent geometrv?^'!      2S are very close to 
the cratering pStentKl of L EI^^       •OUrSe'   indi^tes  that 
to the positioS of tie bottom of Jh.  S  1S ^ m0re  Se^itive 
surface^of the medium tha^^ t^^^To^e^e^ o^ t^ 

only ?o%h1rLirst^cr?atngdeWoa| ^^^1^^  ^ ^ 
also suggest the need for studvlL +L I*/ fSe observations 
other than spherioal in orle^^^ffS.^^^apes 

49 

tMMMMtt jMaMtiiittMMiiiisiiBii''' ■ ■     ■  ^ : :  



■ra'tmmmr'mmmmmmmi WWiMMIWWWIMftwBM-vwail.^ 

.... 
  .      ■  ; • ■ ■   :  

mmmmmrM 

H 
O 
O 
« 
CD 

En 

w 
2 
W 
o 

o 
C/D 
W 
H 
EH « 
w 
o 
0. 

W 

< 
EH 

M 
R 
0 

•H 
■P 
(0 
O 

•H 
Ü 
0) 
ft 
W 

| 
•r) 
W 
(U 
Q 

8! 
•H O 

.   M Ä 
O   CO   +J /-> 

•H   0)   bO'H 
E  U  a m 
iÖ   ft 0) OH ß   I   SHV-/ 
>,  O   -P 
Q O W 

0) > 
•H 
«0 XI 
M -fJ 

Ü 0) bO'H 
•H f( C CO 
■P ft 0) d, 
(0 B P ^ 

■P O -P 
MOW 

■P   <0 
•H W 

(Ü   O \ 
W   O -P 
H H fn 

O.  > 

f4 

c 

C^ 

p 

XJ -H 

1 o o CD o o 
1  1  1  1 H CO d- in CO 

CM it H r>- CO 
■* « A «» « 

CO ta C-- 00 LT) 

o o o o o 
<N  4-  J- J- UJ    i 
co oo o 00 CO    i 

A        A        A       A        fk 
co in j- 4- co 

oooinoinoinmo 
CNItOCMCOtoOOCMOOCOtM 
ooHoocotocnoocDcooo 

CjCOCNCOCNCNCMCgcOCN 

HCMcod-inuir^oocno 

o 
oo 

4- 

en 

CN 

8, 

I 

in 
CN 

H CM <N 
H ID     I: 

(0 
•H •p u a 
(U 
p g 
(0 a) s o 

•H 

O 

0) TJ   Ü 

M M to 
S CO o 

o o 
H 

H 

p o 

•H 
W 
ft 

ft 0) 

*E 

0) CN 

O 
o 
o 
to lp  >, 

(0 H 
0) 

CO  P 
» 2 

w 

W 

S" 
X) 

00 
CM 

% 
Xi 
p 

u 
p 
co 

X 

g 
ft 
IT) 

CO 
n) 
» 
0) 
6 

•H 
P 

co a> 
P m 

•H «H TJ 
w H n) 
0) >, o a ö *i 

(0 ä o 

50 

—•- :—-- mssm  _:    _.._■ ...... .,;.■  . . 



im 

,;, f 

TABLE  4.     TRUE CRATER DIMENSIONS 
\ '• 

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

Charge 
Position3 

HOB 

rc 

True 
Crater         True 
Depth 

Crater Radius . rt 

True 
Crater 
Volume 

Shot 
No. 

d-j-        Maximum 
fFeet)     (Feet) 

Minimum 
(Feet) 

Average 
(Feet) (In3) 

1 
2 

0 
0 

Avg 

0.23      0.74 
0.23      0.74 
0.23  Avg 0.74 Avg 

0.59 
0.61 
0.60 Avg 

0.68 
0.65 
0.67 

/ 240 
" 200 

Avg 220 

18 0.5 0.27 0.70 0.55 0.60 
Avg  0.27  Avg 0.70  Avg  0.55  Avg 0.60 

3 
4 

17 

0.7 
0.7 
0.7 

Avg 

0.17 
0.17 
0.16 
0.17 Avg 

0.60 
0.58 
0.52 
0.57 Avg 

0.45 
0.37 
0.40 
0.41 Avg 

0.49 
0.47 
0.45 
0.47 Avg 

110 
70 

90 

5 
6 

16 

0.8 
0.8 
0.8 

Avg 

0.14 
0.17 
0.11 
0.14 Avg 

0.43 
0.60 
0.47 
0.50 Avg 

0.30 
0.39 
0.33 
0.34 Avg 

0.50 
0.39 
0.42 Avg 

34 

34 

7 
8 

15 

0.9 
0.9 
0.9 

Avg 

0.09 
0.10 
0.10 
0.10 Avg 

0.48 
0.43 
0.45 
0.45 Avg 

0.26 
0.24 
0.21 
0.24 Avg 

0.38 
0.31 
0.28 
0.32 

■a 

Avg 

; 22 

22 

9 
10 
14 

1.0 
1.0 
1.0 

Avg 

0.07 
0.09 
0.08 
0.08 Avg 

0.22 
0.22 
0.21 
0.22 Avg 

0.19 
0.19 
0.13 
0.17 Avg 

0.20 
0.21 
0.17 
0.19 Avg 

7.8 

7.8 

13 1.1 
Avg 

' 0.09 
0.09 Avg 

0.68 
0.68 Avg 

0.47 
0.47 ' Avg 

0.57 
0.57 Avg 

— 

12 1.3 
Avg 

0.08 
0.08 Avg 

0.33 
0.33 Avg 

0.13 
0.13 Avg 

0.23 
0.23 ' Avg 

— 

11 1.5 
Avg 

0.07 
0.07 Avg 

0.32 
0.32 Avg 

0.15 
0.15 Avg 

0.24 
0.24 Avg 

~ 

19 2.0 c c c c • c 

aDistance from grout-air interface to center of gravity of charge. 
bAverage of eight radii at 45-degree intervals for Shots 1-10; average of four 
radii at 90-degree intervals for Shots 11-19. 

cNo crater was formed. 

M A; 

'gmhmgj^Mä^^i^i^ä 



sm*^™?"p^^ 

HOB,   IN CHARGE RADII 
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Figure 16.  Comparison of Scaling True Crater Depth by W1/27 

as Opposed to Scaling by Charge Radii (Wl/3 Scaling)", with a 
Constant W-1-'^ Scaling Factor for Height of Burst 
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Figure 17.  True Crater Radius, Scaled by W1/2-7, as a Function 
of Height (or Depth) of Burst, Scaled by wl/3 (Geometric Scaling), 

for Spherical TNT Charges Fired in Hard Rock 
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I ' about cratering from surface bursts of HE. Nevertheless thp 
results presented establish the fact that crateJing from's^! 

su^H^c? llIltt'T*  ^^^^ Wel1 ^-gcont0?o^d 

thesc^M^^^ 
for the  1000-pound charges  in the HOB r^geabSv^the  surface" 
shS?sninC?h^gH?;fi0n-     The CraterS  form^ fr™ the l-pound shots  in this  HOB range appeared to be  spall craters  resulting 
from airblast-induced shock stresses.     Two possible explanations 
PnL^? d^^eP^cies were  suggested:      (1)  ?he possible exJst- 
tSS? ?h  St^l a^0ther S?aling rel^ion 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!    AlthoSsh 
the  en masse  strength of the granite  is  usually  iw due to 
joints     cracks^weathering,   etc.,   care was  taken in the  selec- 

u^^er^ Sir^ATs ?ÄS -h-s-trvide ^m^äSt, 

simply be a result of higher medium strength. 

concret^if^serfp/of^^f ^ ^Vel0p emPiri^l formulas  for ?hp ^      !•     series  of controlled model studies  all in concrete 

than^f-rthe  f^lSTT *  COUld be.knOWn more accurately6 
xnan tnose in the field tests  over granite.     Small-scale tests 
t!*'  W^h Ch?rg! maS,SeS  in the ratios  1:8 = 27,  could be used 
o? theUsc:ie0ef?ec?f  T^ ^^ ^ SOme -™nt 
on exL dKg    hffeS;i tfS ^hL^^ar^ 
HZTllL ilTertlll^ iS ^ — — ^y est^^Kn^o- 

crPte'doefnot^en^Sse??^^ th?- the COmpleX behavior of un- reason fnr. Jh! =f  itself to scaling procedures.  One possible 
reason for the suggestion is that concrete exhibits ratP ßlrZt* 
?hpe,^-he.m0d^1US of elasticity can increase by 50 percent^nd" 
the ultimate strength by 30 to 80 percent as the strain ?ate 
increases from about 10-3 to 103 sec'l.  Nevertheless in vLw 
of the success of scaling in soils and in rock media tha? Ire 
at least as complex as concrete in their behavio?, ?herf is a 
probability of reasonable success with a moderate effort. 

The following section will survey brieflv some annrv^r^o 
to the prediction of dynamic deformatLn, penet?a?LnPPand c?a 
thannfhln CO-Cret? that.^e of a more fuAdamentafcha^acter than the empirical scaling formulas. "axacxer 

I 
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3.3 More Fundamental Approaches 

3.3-1 Introduction 

KI^ , WhenJ
the entire range of effects on finite concrete 

fo?low.Hnh Slab? C!ncluding Penetration by shapeSXrges 
followed by explosive cratering, spall and corner fractures) 
is to be treated, a complete analysis may be needed of som! 
typical cases in order to establish practical guideUr es 
This section sketches the state-of-the-art as levelled hv 
1*1  ^terfT6 SUrVey and l^oratory visits? Igrea? deal 
has already been accomplished in this difficult freS hut 
much more fundamental research is needed before i? will be 
tioni^  t0 reSCr±he  a sPe^fic: series of computer simula- 
tions of surface and near surface shots (including Deietra 
se? o? tfhi WhlCh WOUld be ^^onably certain ?o furnish a 
*tL0i  ta^es °r c^ves that could be used for practical 
damage estimation (something comparable, for exKe to th«. 
Lawrence Livermore Laboratorv's Aid«? fn-A Po+,-«Jr?P r.2  e 

of underground Nuclear gxp^nicu'n^ Estlmatinp Effects 

of invemÄ"tal StUdieS inv°1« th— interrelated types 

1. Computational (Code development) 

2. Theoretical (Constitutive equation formulation) 

3. Experimental (Determination of properties and 
verification of predictions).    ^rx:Les  and 

nuclear cräteSing calcuäfion|(t?)?0de' haS been Used for ^^ 

on tteX^cV^rorzzit*?* ir^ttr1**?in 1971 
the most extensive experineS^; pr^t^f^f?^ ^* 
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available was by GregsonCSl), who used determine 
uniaxxal strain response of thin plate spfcinlns to fljer 
plate impacts (stresses from 40,000 psi to 8 000 nnn i?M ^H 
attempted to define the shook Higonio?' BeJiw 60 000 psi 
a two-wave structure was confirmed and a relatively dispersive 
cuStionf h^rrr T observ?d-  R^d and Maiden compared cal! 
culations based on two constitutive models (a simple elast?o 
Plastxc model and a porous medium model) with cJegson's ex- 

thliT^VeS^tSi  n?:Lther gaVe good ^eementg?hey concluded that additional experiments are needed to characterize ^gC-Luaecl 

Hugomot in the 0 to 720,000 psi range which is of the great- 
est practical importance.  Moreover, s*nee there L** f?lti   + 
TiuTT^^*  0n a^^tion of ?hin ^ress'pSl^ theT^Tf 
eluded that systematic studies of release wave propagation and 

lllTe^Teltlir^^  ^^ ^ realiStic --ti?uf?ve10mode? 

The situation appears not to have changed much since TQ?! 
There is still a lack of the kind of experimental da?a Seeded 
Ir.  cJar^eriz? even the uniaxial strain response of concrete 

Information'fn1?^^1865'.^8?^6 the *****  importance SH^h mtormation m the area of defense analysis and design. 

T^H.-^^f11'617 un:Laxial strain conditions prevail in blast 
loadings that act over a large surface area and also ij the 

charäg T^^KT^  ^0nt at la^e  distances f^om a point charge.  Because the equipment and expertise for the uniaxial 

nveinn?aKTentation 1
(either by ^s ^ ™  explosively Siven flyer plates) are so well developed, it should be used to oh^Hn 

the needed data for a number of well-defined concre?fma?e3als 

For application to near-surface shot exnlo^ivo ir^n-r,,, - ^ 
penetration problems it will be necessary g go beyoSdtSf 
uniaxial strain studies.  The next step will bfto conside? 
spherical waves.  Because of the divergent natSre of ?he wave8 
there is less tendency to shock up and consequentl? belter 
effect of material shear strength than in the uniaxifl case 

tlorab^t^he6 kinfol Z?*-*?*  imp0rtant ^^"o^i iSf^ma- xion aoout the kind of material response that governs a signi- 
ficant part of the penetration behavior and alfo the rJsponse 
l^Ttllt^  co;jtacV*Plosive loading over a small areIP?hese 
tl^try.0113  d0 n0t haVe sPherical symmetry but, at best, ax?al 

search^ be^Sf^g^Shed?11 ^^^ ^  -alytical re- 
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(1) Uniaxial strain waves 

(2) Spherical waves 

(3) Axially synunetric 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 
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 axiallv 
symmetric geometry will eventually have to be treated for prac- 
tical applications, but it would seem more profitable at this 
stage of knowledge to pursue the spherical case first.  Section 
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 laree 
concrete blocks by buried charges, using in-material piezo- 
resistive stress gages and/or electromagnetic particle-velocitv 
gages to record the wave.  Figure 18 shows one of the several 
configurations that Swift suggested.  By placing the explosive 
sphere off-center in the block, the response at several differ- 
ent radii can be monitored.  Physics International has applied 
^Ü(S3?hniqSS ^ a yariety of geologic media, including gran- ite (53), tuff) basaltj clayj and sandstonet54). Application to 
concrete would be straightforward and would yield important 
information if the concrete mix, cure, etc., are well defined 
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. 

At Stanford Re 
concrete blocks for 
niques for later us 
because it provided 
medium. Figure 21 
sive (nitromethane) 
through the 2-inch 

search Institute a preliminary program used 
testing in-material gage measurement tech- 

e insoft rock(55).  Concrete was selected 
an inexpensive and convenient experimental 

shows the. test geometry. The liquid explo- 
was introduced into the aluminum sphere 
access tube about 15 minutes before the shot 
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Mild Detonating Fuze and 
Detonator 

Concrete Block 

Concrete Backing 
Pieces 

Thin Epoxy 
Layers 

Impedance Matching 
Grout 

Embedded 
Gages 

High Explosive 
Sphere 

Figure 18.  Experimental Configuration for Measuring Spherical 
Stress Wave Response at Different Radii 
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Figure 19.  Experimental Radial Stress-Time Histories for Spherical 
Waves in Various Geological Materials 
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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, 
ihe 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 to 200 microseconds. There was some 
difference m the grout 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 specimens of different thicknesses.  Classic 
techniques using fly-off pellets of the same material as the 
specimen can be used, an! should in particular by advantageous 
m 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 
ot  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 verv 
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 

. !" the immediate vicinity of the explosively loaded area, 
fürinLthe load:Lng 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 cfnnot 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. 

-. 4. ,,Var^S kinds of constitutive equations have been postu- 
lated, with some unknown parameters characterizing the material 
properties.  Predicted wave propagation response for speSfic 
casefj is then compared with experimental records.  The computa- 
™-!+

C5n ^made Wlth 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 
whSn^ff; T^S ^^^ Procedure can blcome very expensive 
when each iteration involves a large computer solution of a wave- 

SK?1™ Pr0blem; (fe!gFfn^?n analysis  based on mumple In- 
versTon J f^-reC-^SK ^ *   ^ avoid the derations. 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. "posea are 

A 1971 survey^1*) listed four inviscid and isothermal mathe- 
matical models for geologic materials, representing the ?hen 
current state of the art:  (1) an ideil eLstlc-pJfsUc 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 m 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 or 
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:  S^ = Geij for the deviators 
and p = Kekk 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 
plasticity 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 
compression side with a cap whose normal direction (over most 
or possibly all of the cap) leads to compaction 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 J]., v'TJ - plane. (J1  is the first 
invariant of the stress and Jf is the second invariant of the 
stress deviator). The elliptic cap has been taken with center 
on the Ji 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. 

■' :l 
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The models discussed above are all rate independent. Ex- 
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^O) to try to model 
the dynamic uniaxial strain data of Gregson(61) 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 program^65^ 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 
than those used by Read and Maiden, including the cap models, 
have been more successful in rock media^1^ 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 hypervelocity impact has been used by 
Stanford Research Institute*66 »*>^).  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 gixw, 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 not 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^*^, 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 or 
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 was considered 
reasonable in light of actual measurements in rocks^'0''-'■•'. 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 
relatively new approach based on multiple in-material gage re- 
cords ^i,b^ ,bci; which  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 direct deduction of the operative 
constitutive relation without iterative computations.  The version 
of this method that is being developed at Stanford Research In- 
stitute w^ , 5b j does not make use of the two different phase veloc- 
ities (one for stress and one for particle velocity) used in 
previous methods^63^. 

To illustrate the ideas, consider a spherically symmetric 
wave propagation.  The Lagrangian (initial) and Eulerian radial 
distances are denoted by h  and r, respectively.  Initial and 
current densities are p0 and p.  Radial particle velocity and 

the value of 4, characteriL^., .,„.,.., .^,„,?,.. t.,,.,,1^ ■,? L„Ki,it> >. j     }ll,.  con- 
servation laws of mass and momentum and the definition of particle 
velocity furnish three equations: 
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£0 
p 

r2 m (60) 

^)ft = fe)t-|   . 

u. 

(61) 

(62) 

among the five unknown functions (p, ur, ar, r and d)) of the two 

i? lacks^LT'?'163/ ^ ^    ?his ^teS'is iScompl^te because it lacKs the (unknown) constitutive equations. 

a^   Jrom  th! multiPle in-material gage data, portions of the 
solution surfaces ar = ar(^t) and ur = uraj  are constructed 
numerically (Figure 22). 

The known equations furnish 

r(fi,t)  = /i +  /  Uj ,dt (63) 

ev(fi,t)  =  ev(/i9t0)  - i     f 
fi2 0L 

n (r2u
r> dt (64) 

where £v  =  l -   (p0/p)  is volume strain,  and 

(65) 

The time derivatives needed in Equations (61) and (65) can bP 
evaluated directly from gage profiles, but the spatial deriv! 
tives require evaluation of directional derivatives Slon* 
shoc^v^frontl^ S ^T ^ '*'*" Paths^arall^ the snock-wave front).    The analysis then gives values of the r^Z 
s?raingM^n0-n functions  of ^nd t,  from which ^iouss^ss- 
?or tL ion^-r.-an be col}st^ted.     Suitable assumed fcms 
No?e tta? ??P^^HVe eclUfti?ns  are  ^en fitted to this da?a! 
remind +i1J-COmpUtatXOns  OV6r the whole  field are noi 
^i^e^quations6!8^116 the Par-ete-  - the assumed con^ti?^ 
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FLOW SURFACE 

GAGE PROFILES 

Figure 22.  Stress or Particle Velocity Histories from Multinl* 
Gages are Combined to Form a Surface in the SpSceSme PlanS 

It may be noted from Equation (65) that in experimental 
profiles where the stress and particle velocitj derivatives 
are large compared to their difference (e.g., in the Spid 
loading region)_it will be difficult to defermine JaccSratelv 
The flow field in this region is also insensitive to the choK; 
of the constitutive equation for the deviatoric stress   In the 
unloading regions, where the derivatives are smalie?! ^e flow 
is more sensitive to the deviatoric stress, and the analvsis 
provides better values for 0 where * is more importan?. 

The SRI group has applied this procedure to laboratorv 
experimental spherical wave data obtained by Swift SSysics 
s?one?5ft0^ln blOCkS 0f WeSterly S^ite^S) and of sand^ stone^H with some success.  The procedure is being develoned 
for m situ studies of rock media sponsored by the Defense 
Nuclear Agency(72 ,55).  For such j/gitu field measurements 

media^fh3 ^f int0 b-^oles^ni?ge expanses 0??^' media, the procedure will be subject to some uncertainties. 
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both from the individual measurement difficulties and from 
inhomogeneity. Much less uncertainty would be associated 
with the application of the method to studies in conc?e?e 
under controlled conditions. concrete 

impact on metai platel?«!^? SS6^""^"1 ^ hVP^velocity 
grangian analysis for any of these Is ??^:„ h- ?S\0f La- 
diffioulty of obtaining goSd experimentarln J^" •y,by the 
m the regions of interest.  exper:lmental ^-material gage data 

oi'cono^elars1 h*b0rat0r*  Stu^ of "ynamio Tensile Fraoture 

3.4-1 Introduction 

dyna.nio' prop^rtiefol^ono?^ L^n^m.?' d"a OT the 

tional studies relatprf  +-0 +v,ö ^      ^yrengm'-   ^^     Some addi- 
concrete have beSn repor?ed fn Sf110 ^f* ProPerties of 
those  studies  indicateSthft Jhf      renCe  ^*     ReSUlts  from 

crete increased wi?h?he rate o? loTitTr-^^^ 0f con- the static value at *n fr,+I      2-   ioad:Lng»  being about twice 
FurthermorelthJ dyn^ic elasJ^c^fr^11 '"I* 0f 10  in/in/sec. 
imately l.S^imesthrstatic value    and%haS-fOUnd t0 be aPProx- 

crete have beei ^te^ I^^^.^T^--- L^, 
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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 = pC2 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 assumedC73' to relate the dynamic ten- 
sile strength of reinforced concrete to the static ultimate ten- 
sile strength. 
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Figure 25.  Dynamic Impact Test Assembly 

Figure 26.  Typical Dynamic Tensile Fractures 
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a) Strain pulse propagating in a 1.50 inch 
diameter concrete bar, Bar 9, 1", 19 5 in/sec, 

C, A-3, 7, 20vi sec/cm, 0.5 m volt/cm 

b) Strain pulse propagating in a 1.50 in oh 
diameter concrete bar, Bar 9, 2",  167 in/sec, 

C, A-3, 7, 20]j sec/cm, 0.5m volt/cm 

Figure 27.  Typical Strain Profiles for 
Impacted Concrete Bars 
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3.t Conclusion 

Net enough actual data on cratering in concrete was found 
to permit the deduction of any specific formulas or graphs for 
excrete similar to those presented in Section 3.2 for certain 

: media.  Because of the similarities between the material 
properties of concrete and of some of the rock media, it is be- 
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 geologic materials, the irode Line 
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. 

Small scale tests with charge weights varying over a ranee 
ot the order of one pound to 27 pounds could be used to deter- 
mine parameters in such empirical models.  The one-pound charges 
in cement grout, -eported in Table 4 of Section 3.2, were placed 
on cubical target blocks one yard on a side. 

* ^Th^,large?t 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 
be used in the program if they were set in a dense soil or 
rock bed to minimize backface reflection and scabbing.  This 
should be verified by comparison shots with the smaller charges. 
Geometric scaling would require a block three yards on a sidi 
tor the 27-pound charges.  A follow-up program should test the 
empirical formulas determined by the small-scale tests with a 
iimixed number of larger charges. 

Effects of charge shape and contact conditions woulc also 
^on !O0

b^S!ud:Led-  " was recognized at the beginning of Sec- 
tion 3.2 that successful empirical representation of cSntrolled- 
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 ourst cannot be overemphasized.  Reinforcement and 
finite target thickness will also be important. 
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More advanced methods using numerical computation of a 
complete event (including penetration by a shaped change follow- 
ed by explosive cratering, spall and corner fractures^are 
certainly possible.  But the development of constitutive models 
for use in such computations is still in the fundamental re- 
HZt.  ?haS^ ThiS fVnd^ntal research has maSe posing ad- 
1™. c/V**!- materialsJ including geologic materials with 

fSnded^or'coS^t:? COnCrete) bUt ^ little eff^ ^  ^een 

Much more fundamental research, especia]lv experimentai ^nH 
npfrf^f WOrk 0n mater:Lal ^aracteriLtion (Section f?3K if 
cal ctes ?oeoh.S?eCif;C SrieS   0f  COmPUter simulations of typi- cal cases to obtain sets of tables and graphs for practical 
damage estimation can be prescribed.  sScb useful design aids 

sSmSien^v^ood ?eVel0ped Wten material cha^cterrzifLns'3 sufficiently good to use m the computer simulations are avail- 

obtain^vnamfn^f3- ^ineS 0f ^^^tion  are recommended to 
ann^LS? m:L^!^al V^^f  for these more fundamental 
approaches  These are uniaxial-piane" strain studi^^ by^lSe1- 

. ioadi1}g, and spherical wave studies similar to tho described in Si;';:   *   y"-'^^-'   ^'^  sxuü,u,.n   s.nan.rr   i.o Ihcnir 
noJSr  S-S äctlon 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 could 

tL i?^?-t0 ^^P^1^1 Wave data (for example, a cappeäelas- 
Section 3 3 Tll^  USlng ^  L^^^  analysis me?hodof bection 3.3-4.  After successful modeling of the spherical 

peneSa??^1011 pr°blems' the mo^ difficult axis^et^c 
penetration an-, cratenng problems could be attempted. 
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APPENDIX 

LITERATURE SEARCH, LABORATORY VISITS, TECHNICAL MEETINGS 

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

TABLE A-l.  LIST OF LITERATURE SEARCHES 

Agency 

North Carolina Science 
and Technology Research 
Center 

North Carolina Science 
and Technology Research 
Center 

Defense Documentation 
Center - Literature Survey 

Defense Documentation 
Center - Work Unit 
Summary Current Programs 

Smithsonian Science 
Information Exchange, Inc, 

Search Title 

Effects of Pressure Blast Loading 
in Brittle Structural Materials 

Dynamic Behavior of Concrete 

Blast Response of Concrete and 
Brittle Materials 

Dynamic Behavior of Concrete 

Dynamic Properties of Concrete 

In addition to the above literature searches, trips to 
Jen^LT!^8 0f rSearCh dealirig with aerial Removal and tensile fracture of concrete have been made.  Also, several 
SooVlnenJ co^ere^es dealing with dynamic effects in concrete 
ac-iv. ?nvSOi- m:dla ^aVe been at^nded and contacts wi?h' active investigators in these areas pursued. 

ed isAincTS ?eflSw?CeS ViSited ^ ^^ ^^  ^^ 

V 
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TABLE A-2.  PLACES AND LABORATORIES VISITED 
AND CONFERENCES ATTENDED 

f : 

Research Laboratories Conferences 

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, 197 3 

U. S. Army Corps of Engineers 
(Livermore) 

American Society of Mechanical 
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 
produce abstracts of papers in related areas as listed below in 
three categories. 

TABLE A-3.  CATEGORIES OF ABSTRACTS FROM LITERATURE SEARCH 

ßrea Number of Abstracts 

Blast Loading 65 

Fracture 23 

Material Properties 15 
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