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Abstract 

Both hypervelocity impact and dynamic spall experiments were 

carried out on a series of well-indurated samples of gabbro. The impact 

experiments carded out with 0.04 to O.2g, 5-6 km!sec projectiles produced 

deci-centimeter-sized craters and d~monstrated crater efficiencies of. 

6xlO-9g!erg, an order of magnitude greater than in metal and some two to 

three times that of previous experiments on less strong igneous rocks. 

Most of the crater volume (some 60 to 80%) is due to spall failure. 

Distribution of cumulative fragment number, as a function of mass of 

fragments with Inasses greater than 0.1 gram yield val.ues of b = 

d(logloNf )!dlog10(m)of -0.5 to ~0.6, where N£ is the cumulate number of 

fragments and m is the mass of fragments. These values are in agreement 

or slightly higher than those obtained tor less strong rocks and 

indicate that a large fraction of the ejecta resides in a few large 

fragments. The large fragments .are plate-like with mean values of BI A 

and CiA of 0.8 and 0.2 respectively (A =long, B.= intermediate, and 

C = short fragment axes). The small fragments (with mass < O.lg and B rv 

0.1 mm) represent material which has been subjected to shear failure. 

The dynamic tensile strength of San Marcos gabbro was determined at 

strain rates of to 105 sec-1 to be 147 ± 9 Mpa. This is 3 to 10 

times greater than inferred from quasi-static (strain rate 100 sec-I) 

loading experiments. Utilizing these parameters in a continuum fracture 

model predicts tensile strength of a ~ 8[0.25-0.3] where ~ is sttain 
m ' 

rate. He correlate the high dynamic tensile strength with the high 

value of cratering efficiency. We suggest that the high spall strength 
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of basic igneous rocks giv~s rise to enhanced crate ring efficiencies in 

the < 102 m cratt:r diameter strengt.h-dominated regime. This enhanced 

mechanism would improve the efficiency of proposed impact mechanisms for 

removing basic rocks from the surfaces of planets such as the moon or 

Mars. 
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1. Introduction 

The size and shape of impact and explosion craters having 

charact,eristic dimensions of less than ~ 102 meters are strongly 

dependent on the dynamic strengths of the rock target medium and the 

impactor properties and speed. The size and velocity distribution of 

fragments in the resulting ejecta cloud also depend on these same 

dynamic strength characteristics of the target (Grady and Kipp, 1980; 

Melosh, 1983). Morreoveer, the recent dis~overy of lightly shocked 

meteorites, which apparently represent impact ejecta from the moon's 

(and posssibly Mars) surface have focused considerable interest on the 

spall phenomena as it occurs on planetary surfaces (Wasson and 

Wetherill, 1979; Stoloer et al., 1979; Wood and Ashwal, 1980; Melosh, 

1983). Also, the possible destruction of growing protoplanets by 

impacting planetesimal;;} is determined by the ability of the cratered 

planet to withstand dynamic stresses associated with impact. 

Attempts to generalize the description of fracturing and 

comminution processes and to obtain predictive capability for practical 

applications of breakage have been recently summarized by Grady and 

Kipp, 1980; Shockey et a1., 1979; and Curran at al., 

1978. They have described dynamic tensile failure by providing 

numerical models which consider both the statistical and microscopic 

aspects of nucleation and growth of cracks under the influence of 

varying strain rates. These models yield results which are in 

qualitative agreement with a given set of data for a rock type. They 

are not qualitatively predictive, however, in their present form. 

Previously, Grady and HollE:mbach (1979), Grady and Kipp (1981), and 

1) 
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Cohn and Ahrens (1981) obtained dynamic tensile strength data on igneous 

rocka and oil shale. In the present study we have carried out several 

cratering experirflents in a we,ll-characterized gabbro in the 109 to 1010 

erg energy range, and performed measurements of the dynamic tensile 

strength in the samelaaterial at strain 'rates of 105 to 106 sec-I. We 

have applied the dynamic fracture data to the cratering results by 

employing Melosh's (1983) theory, as well as describing the dist.ribution 

-of compressive and shear failure fragments using the formulation of 

Grady and Kipp (1980) • 

(+l 
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2. Sample, San Marcos gabbro 

San Marcos gabb~o (Escondido, California) is a basic intrusive 

igneous rock (Table T ... ~ Figure 1). The present samples contain 

relatively large plagiodase grains (l to 3 mm) and amphibole (1 to 2 

mm) intergrown \tilth pyroxel'le and biotite (Larsen, 1948; Miller, 1937). 

On a mie~oscopic level, the sample is essentially crack-free with cracks 

and fractures of less than 1 mm being absent. However, incipient 

microcracks are present along grain boundaries. The density of sample 

material used was 2.867 gf cm3 and thf~ compressional wave velocity, 

Cp.6.36± 0.16 km/sec, was determined at 10 Mhz. 

3. Cratering Experiments 

a) Experimental betails 

Cubic blocks, ~ 20 cm on a side, were cut from samples and a 

polished surface was impacted. 'rhe target blocks were embedded in 

cylindrical concrete blocks approximately 30 cm in diameter and 30 cm 

height. Inverted aluminum cans, 30 cm in diametel.", and lined with 

styrofoam, were suspended about 20 em above the top surface of the 

gabbro in order to catch high speed ejecta. The target assembly was 

then inserted in the target chamber of the' NASA Ames Vertical Gun 

Facility. Prior to each experiment, the chamber was evacuated and the 

target was impacted with Gpherical, pyrAx glass stainless steel and lead 

projectiles 3.2 mm in diameter (Table II). 

.' 
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b) Results 

Figure 2a,b,c illustrates the effect of impact of a lead projectile 

(Shot 3). The resulting crnter is highly irregular in outline and its 

morphology is characterized by relatively large flat spall surfaces. 

Clearly visible al'e radial cracks which also 'reflect the shape of a 

larger recovered ejecta fragments (Figure 2b). The fragments also show 

incipient cracks which follow a concentric pattern. Reflecting the 

irregular crater shape, the ejecta fragments differ in size and shrpe; 

however all the spall fragments are plate-like and are easily fit back 

into the crater (Figure 2c). Some 60 to 80r. of the crater vol.ume is 

taken up by these large spall fragments which r~mained intact whereas 

the rema1.ning volume of the crater consisted of completely fragmented 

small fragments in the 2 to 3 em to submillimet~r. size range. The 

impact of the stainless steel projectile (Shot 1) resulted in a similar 

crater and ejecta fragment characteristics. In Figure 3, the 

cross-section through a crater (Shot 2) shows the relatively large flat 

shallow spall surfaces and the generally rough and irregular outline of 

the crater. Also visibV~ is the central trough which is observed in all 

targets. This trough is similar to that observed by Hoore et al. (1963) 

and H6rz (1969) in which the central portion of the rock fails in 

compression and shear and is excavated when the resulting small 

fragments are eject~d. Based on the distribution and shape of ejecta 

fragments we conclude that whereas the trough contained highly 

fragmented small ejecta, the upper large portion of the crater contained 

relatively few large fragments. 

The variance from simple energy scaling can be seen in the crater 
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dimensions given in Table II. Although the energy of the pyrex impactor 

is comparable to that of the lead imd stainless steel impactors the 

resulting crater was considerably smaller. However:, even takinG this 

into account the present crater volumes are a factor of 3 lArger than 

those obtained in a variety ()f rocks by Moore ~ ale (1963) and in 

granodiorite by Harz (1969). 

All ejecta fragments for Shots 1 and 3 were collected and the 

fragment size and fragment shape distribution, the latter only for large 

fragment.s, are shown in Figures 4 ann 5. We plot the ftagment mass, m, 

of the larger ejecta fragments (mass > 0.1 g), versus, cumulative number 

of fragm~nts, Nf , according to 

(1) 

The slope, b, of the lines fit to these data provides a mea~ure of the 

degree of fragmentation of the target. Small~r values of b indicate 

distributions which are dominated by smaller fragments whereas in the 

pres,~nt case the distributions with predominantly large fragmE::nts result 

in l~rger values of b. The slopes f"r our distribution lie at about 

-0.5 to -0.6, a value generally in agreement or slightly higher than 

those reported in the literature. Hartmann (1969) obtained b value~ 

which varied from -0.6 to -1.2. Fujiwara ~al. (1977) found b values 

of -0.4 to -0.7 for impacts into basalt whereas Lange and Ahrens (1981) 

obtained values ranging from -1.0 to -1.8 for impacts into ice and ice 

silicates. 

We measured the long (A), intermediate (B), and short (C) axes for 
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all the larger fragments from Shots land 3. Figure 5 shows the observed 

~a,tios, B/A, versus, CiA which allow characterization of fragment shape 

(tlange and Ahrens, 1981). Values of BI A and CiA approaching unity and 

ze~o respectively are for ideal plate-like fragments. As is evident 

from the figure, most of the fragments have B/A values greater than 0.6 

and CiA values less than 0.25 with means of 0.77 ± 0.13 and 0.73 ± 0.11, 

and 0.21 + 0.07 and 0.16 + 0.06 for Shots I and 3, respectively. The 

above values indicate that the larger ejecta fragments are plate-like 

and preslUllably are spall fragments. The smaller fragments « 0.2 ~) 

from Shots 1 and 3 were sieve-analyzed to obtain a fragment siz2 

distribution in order to determine a principal fragment dimension 

(Figure 6). The fragment size distribution for both shots were similar 

and demonstrate that most of the fragments are less than 0.1 to 0.12 mm 

in size. 

In slUllmary, the present impact experiments on San Marcos gabbro 

resulted in craters which are characterized by spallation of a few large 

plate-like fragments. Both the fragment mass distribution and the 

fragment shape distributions lead to this conclusion. Completely 

fragmented ~hear and compression failured material is probably derived 

from the central section of the crater and is dominated by fragment 

sizes of less than 0.1 to 0.12 mm size. The principal crater forming 

processes is tensile failure (spallation), which, as discussed in 

Section 6, results from release wave interaction near the impacted 

surface of each target block. Thus, classification of these experiments 

and derivation of possible scaling laws t'equires knowledge of the 

dynamic tensile strength of the rock on an appropriate time scale. 
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4. Dynamic tensile strength measurements 

a) Experimental details 

The dynamic tensile strength of San Marcos gabbro was determined 

using techniques similar to those of Cohn and Ahrens (1981). The impact 

of a plexiglas flyer plate onto a cylindrical sample (20 mm diameter, 

6 mm thick) generates compressional waves which upon reflection from the 

free surfaces of a flyer and sample become rarefaction waves. 

Appropriate dimensions of the flyer and ~ample allow interaction of 

these two rarefaction waves and a state of tensile stress in 

one-dimensional strain to be obtained in the middle Gf a sample. 

Varying impact velocities result in different amplitude tensile 

stresse.;\. Upon sample recovery the stress levels l'equired to produce 

incipient and complete tensile failure of samples may be determined 

(Lange and Ahrens, 1982). The experimental parameters of the 

experiments (Table 3) are such that the strain rates varied from between 

104 to 105 sec- l which is comparable to the strain rates associated with 

the impact experiments of thl..~ previous section. The impac ted t:,amples 

were recovered intact. Radial cross-sectiorm were polished and thin 

sections were examined under an optical microscope to obtain crack 

statistics. 

b) Results 

The length and condition of small cracks observed in thin sections 

of the shock loaded samples is given in Table III. Figure 7 gives 
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examplef of observed cracks and explains the terminology used to 

describe the cracks. In samples which experienced only low or moderate 

tensile stresses, cracks propagated only along the grain boundaries. 

With increasing stress level an increasing number of crackR were 

observed to propagate through gtaies, generally following a direction 

parallel or subparallel to the impacted surface of the sample. Several 

cases of coalescence of cracks which started out either parallel to each 

other from one side of the sample or which met within the sample but 

originated in opposite directions were observed. Branching of cracks 

was not observed. In most of the samples cracks were closed and only 

samples f.rom the highest stress l~vels (above 170 Mpa) ~ad open cracks. 

In order to ide.ntify those cracks which cause tensile failure, the 

following criter1.a were employed: (1) We identi.£ied only cracks greater 

than 0.5 mm long. (2) Only cracks running parallel or near-parallel to 

the impact surfaces were counted, and (3) Only cracks close to the 

mid-plane of each sample; i.e., the region of maximum tensile stress, 

were counted. Figure 8 shows the number of cracks selected according to 

the above criteria as a function of tensile st,ress from all samples. As 

can be seen, for peak tensile stress of ~ 150 Mpa the onset of large 

continuous spall cracks (greater than 1-2 mm long) was taken to indicate 

stresses in excess of the dynamic tensile strength. The mean value of 

tensile stress for these samples was 147 + 9 Mpa. This result agrees 

with earlier results for an anorthositic gabbro but is distinctly 

greater than the values of 70 to 110 Mpa measured for quartzose rocks 

(Cohn and Ahrens, 1981). 
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$. Continuum Fracture Mod~l for Gabbro 

In order to extrapolate the present results for dynamic tensile 

str9ngth to other strain rates, ~e attempt to generalize our findings in 

terms of the continuum fracturing model of Grady and Kipp (1980). We 

estimated the value of the principal fragment size, 1m, for the totally 

fragmented target porUon of our snmpl"" the time, Tm, at which maximum 

stress is reached in the sample, and the time, Tf' at which tensile 

failure conditions are satisfied (Table 4). In the Gr.ady-Kipp model, 

the values of k and m are the two parameters of the Wei bull crack 

distribution and 

(2 ) 

where n is the number of flaws per volume which can be activated at or 

below tensile strain level, E:. The values of k and m which relate 

principal fragment size to strain rate and tensile strength are: 

L • 6 C /(m+2) a -1/(m+3) ~ -[m/(~r3)] 
m g (3 ) 

and 

a = K(m+3)(m+4)-(m+4)/(m+3)a-l/(m+3)~3/(m+3) 
m (4 ) 

where 

(5) 
a '= 

(m+l) (m+2) (m+3) 

'tY 

-t, 
....... 
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Here, K .. 5/9 Cp 2p, the elastic modulus for one-dimensional strain when 

Cp is the p-wave velocity and p the density of the sample. Also, Cg is 

the growth velocity for activated cracks. The model of Table IV 

provides theoretical values of Ilm' ~, t m, and tfo The values of m-9.1, 

and k-1046 , are comparable to those found for ice and ice-silicate 

mixtures (Lange and Ahrens, 1982) and lie above values of m and k 

obtained by Grady and ,<.pp for 011 shale. The value of Cg,,"2.56 km/sec, 

lies at the upper end of the plausible range of Cg : 

The values of k and m are used to predict variation Qf tensile strength 

as a f.·,r:r;r, ':",n of strain rate in Figure 9. 

6. Crater Spall Fractures 

Comparisons 0,£ cratering efficiencies observed in the present 

experimenl:.s (Figure 10) with those observed for a variety of 

decimeter-sized craters in various rocks by Moore et al. and Harz (1969) 

demonstrate that the present largely spall crater volumes are larger by 

a factor of 2 to 3 than those of previous cratering studies. In metals, 

the cratering efficiency can be described in terms of: 

(7) 

where V, p, and M are the volume of the crater, the density of the 
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target, and the mass of proje:r.ile, respectively (Holsapple and Schmitt, 

1982). For a series of impacts of metals onto metal, the density 

scaling parameter 

(8 ) 

and strength parameter 

(9 ) 

~re fit to the relation for different impacts given by 

(10) 

Here, 0 and U are projectile density and velocity and Y is effective 

material strength. Upon applying Equations 9 and 10 to calculate for 

the craters produced by polyethylene impacts j.nto Vacaville basalt 

(Moore et a1., 1963), impact of aluminum onto granodiorite (Harz, 1969) 

and the present experiments, yield values of Y in the rang~ of 3-6 Mpa. 

These values on the order of 10-4 times the elastic monuli of these 

competent rocks. We infer that rather th~n yielding the effective shear 

or compressive failure strength the assumption underlying the strength 

scaling (Equations 9 and 10) does not really apply. As already pointed 

out in the present cratering experiments, most of the crater volume is 

the result of spall failure. The present measurements of spall strength 

of gabbro (~147 Mpa) suggests that this is high; relative to that of 
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quartzose J:'ocks (FiguJ:'e 9). Recent. measuJ:'ements of the fucture energy 

of olivine (Swain B.nd Atkinson, 1978) indicate that its surface eneJ:'gy 

is comparable to that of quaJ:'tz ("'1 J/m2). Moreover microcline has an 

even gJ:'eater sUJ:'face eneJ:'gy ( ... 3-5 J/m2) (Atkinson and Avdis, 1980). No 

simple J:'eason can now be given for the greater spall strength of gabbJ:'o 

and basalt than these of quaJ:'tz-bearing rocks. Hence, there is no 

straightfoJ:'waJ:'d correlation between spall strength OJ:' spallation of a 

cereain mat~lial and its value foJ:' the surface eneJ:'gY. As was noted 

earlier (Grady and Kipp, 1980), the amount of energy needed to create 

the combined surface area of all fragments in a fugmentation experiment 

does not agree with the energy imparted in the target body due to the 

impact. 

Taking the dynamic tensile strength of 147 Mpa, the theoretical 

maximum spall thickness, zs' can be calculated from a wave interaction 

treatment of Melosh, 1983. Using his hydrodynamic approximation of 

spall thickness as a function of radius, r, which is given as 

z • s 

a r(n+l) 
t 

(11) 

where a is the equivalent projectile diameter and d is the assumed 

explosive equivalent depth ~f impact. Here d is assumed to be given as 

d ~ 2a (6/p)I/2 (12) 

The elastie shock pressure p is assumed to decay according to the 

, , 
H 

" " ,I , 
! 

d 
! 

II 
.' 

i -J 
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approximation 

(13) 

where n is 1.87. The value of n chosen by Melosh is close to the value 

found for the decay of peak pressure from impacts in the 7.5 to 15 

km/sec t:'ange by Ahrens and O'Keefe, 1977. Notably the spall surfaces 

predicted by Eq. 11 are convex upward which is opposite to what is 

observed (Figut:'e 10). Using the measured values of the parameters in 

Equation 11 yields pt:'edicted spall thicknesses of ~1.5 cm (Figure 11). 

'!hese values are comparable to the mSlf,imum value observed. The avet:'age 

spall thicknesses is ~1 cm at a diamete~ of 4 em for the two experiments 

for which intact spalls were recovered (Figur.e 11). An interesting 

prediction of Equation 11 are thinnet:' spalls for weaker t.ensile strength 

matet:'ials. The available data for spall stt:'ength (Figure 9) and the 

resulting ct:'atet:'ing efficiency (Figure 12) agree at least qualitatively 

with this prediction. 

7. Conclusions 

Application of the Grady-Kipp (1980) ft:'actut:'ing model to the 

present data for fragment size and dynamiC tensile strength yields a 

prediction dependence of tensile strength on strain rate. Hypervelocity 

impact e>tperiments producing deci-centimetet" sized cr.aterf;l in gabbro 

yield ct:'ater mOl;phologies which appear to b~ dominated by spalling or 

tensile fr.acture. Melosh's (1983) theory of near-sut:face spalling is 

.' 
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used to predict a value of maximum spall thickness of 1.5 cm which 

compares favorably with observed spall thicknesses of ~1 cm observed in 

the present experiments. The enhanced cratering efficiency due to 

spalling is such that the cratering efficiency is increased from the 2 

to 3 x 10-9 g/erg for siliceous rocks to 6 x 10-9 g/erg for the present 

basic, high-tensile strength rocks. This effect of spallation-induced 

cratering appears, in at least the present experiments, to enhance the 

pr.oposed (Melosh, 1983) impact-induced projection of ejecta from lightly 

shocked surface material fr.om the surfaces of moon and Mars. 

I, 
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Fisurc Captions 

Phot.o-micrograph of pristine San Marcos gabbro. T~e light 

mineral grains are predominantly plagioclase and amphibole. 

The dark grains are pyroxene and biotite. 

Experimental impact crater in San Marcos gabbro resulting 

from impact of a lead projectile (mass· 0.2g, impact 

velocity, 4.6 km/sec). (a) crater, (b) recovered large 

fragments, (c) reconstr.ucted spall fragments. 

Photo-micrograph cross-section of experimental crater in San 

Marcos gabbro. Impact of a pyrex sphere (mass· 0.04g, 

impact velocity • 6.3 km/sec). 

Mass distribution <> O.lS) of fragments from crate ring 

Experiments 1 and 3 in San Marcos gabbro. Parameters fit to 

Eq. 1 for Shot #1 are a • 1.02 and b • -0.57 and for. Shot 

#3 are a - 0.97 and b a -0.48. 

Fragment shape distribution [or fragments (masses> O.lg) of 

cratering Experiments 1 and 3 in San Marcos gabbro. A is 

the long, B the intermediate, and C the short axis of each 

fragment, respectively. 

Size distribution of smaller fraction (masses < O.lg) of 

fragments from cratering experiments 1 and 3 in San Marcos 

gabbro obtained in sieve analysis. 

Photo-micrographs of shock loaded San Marcos gabbro. 

Distribution and morphology of spall cracks resulting fr.om 

tensile failure at strain rates to -1 sec • 
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Numbers ~eptesent tensile st~~BB. Scale ba~ cor.~esponds to 

1 mm. 

Figu~e 8. Number of spall c~acks as a function of peak tensile stress 

observed on thin sections of shock loaded San Marcos gabb~o. 

Occurrence of continuous, larger c~acks <> 0.5 mm), in t.he 

mid-plane of each thin-section ma~ks stresses equal to~ o~. 

exceeding the dynamic tensile strength of sample. 

Figure 9. Tensile str.ength as a function of st~ain rate for San Ma~cos 

gabbro and other geological materials. Dashed line 

represents a theoretical prediction. 

Ft~ure 10. Spall fragments from Shot #3. Shown is the bottom of. the 

large spall fragments demonst~ating that spall surfaces ar.e 

or.iented opposite to what is predicted by theory. 

Figure 11. Cr.oss-sections of spall fractures produced in Shot #3 and 

theoretical spall surface calculated from Eq. 11. 

Figure 12. Relation of projectile energy to experimental crater volumes 

for various rocks. 



Table I. Mineralogical composition of San Marcos 
gabbro sample 

Mineral Volume 

Plagiocl .. ase 67.9 

Amphibole 22.5 

Clinopyroxene 1.5 

Orthopyroxene 1.1 

Quartz 1.4 

Biotite 0.9 

Opaques 4.3 

Alkali feldspar trace 

Calcite trac'e 

Chlorite trace 

Apatite trace 

E = 99.0% 
(Analysis by Robert Hill) 

% .. 
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Shot No. 

1 

2 

3 

Table II. Experimental parameters and results ,of cratering experiments on San Marcos gabbro 

Target 
Material 

Stainless 
Steel 

Pyrex 

Lead 

Target Nass, 
g 

20270 

(4) 

18300 

Mass, 
g 

0.1.4::) 

0.044 

0.195 

Projectile 

Velocity, 
km/sec 

5.2 

6.3 

4.6 

(1) Mean value of four measurements. 

(2) Mean value of ~hree measurements. 

Impact Energy, 
10110 ergs 

1.9 

0.87 

2.1 

. (l) 
D:l.ameter, 

rom 

118 

24(4) 

113 

Crater 

Depth~2) 
rom 

13 

5(4) 

13 

(3) 
Volume. 

CI"1.3 

40.5 

(4) 

43.8 

(3) Derived from mass of fine grained sand (mean grain size ~O.l nm, mean dens:l.ty 1.44 g/cm
3

) 
used to fill crater volume. 

(4) Only measurements on two thin sections, cut diametrically through crater 
were carried out. 

L ~ 



Of 

~ 

Imp. vel. 
mls 

28.3 

31.1 

34.4 

37.8 

47.2 

47.3 

.51. 0 

53.7 

54.1 

58.2 

59.8 

a 

Table III. Experimental parameters for tensile strength experiments on San Marcos gabbro~ 
Results of microscopic analysis. 

Descri2tion of Cra~ks 
Peak Sample Crack Typ~ Crack Lengths, rum 
Stress No. <0.5 0.5-1 1-1 2-4 >4 
~lPa 

80.5 SNG 1 No visible cracks 

88.4 SNG 8 No visible cracks 

97.8 S~G 2 Incipient, not 1 2 
well-developed 

107.5 sz..tG 7 No visible cracks 

134.2 SMG 10 No visible cracks 

134.5 SMG 6 Incipient, partially 3 1 
developed cracks 

145.0 S~IG 22 Several incipient cracks, 4 4 2 
system of continuous, fairly 
well-developed cracks 

152.7 SMG 23 Several incipient cracks, 3 2 2 
few fairly well-developed 
shorter 'C"racks, more or less 
continuous well-developed cracks 

153.8 SHG 3 Incipient crack, continuous, 1 1 1 
well-developed system of cracks 

165.5 SMG 9 Incipient cracks, poorly 1 1 
developed crack 

170.0 S~IG 24 Incipient cracks, fairly weIl- l 4 2 2 
developed systems of cracks, 
coratinuous, relatively long, 
spall cracks 

,.w:1 

• 

Comments 
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Table III. Continued 

Descri~tion of Cracks 
Imp. vel. Peak Sample Crack Type Crack Lengths, nun Comments 
mls Stress No. <I[). 5 0.5-1 1-2 2-4 >4 

MPa 

60.0 170.6 SHG 26 Incipient cracks; fairly well- 3 2 1 
developed systems of cracks, 
less well-~eveloped continuous 
cracks 

62.1 176.6 SHG 4 Incipient crack, well-developed 4 1 1 
continuous cracks 

61.1 190.8 SHG 25 Incipient cracks; fairly weIl- l 1 2 Longest crack 
developed cracks; long, con- observed (10.5 DIIil ) 

tinuous cracks (crack system) 

70.1 199.3 S~IG 21 Incipient cra( 3; well- 3 1 3 2 4 
developed cracks (crack 
system), system of con-
tinuous cracks 

71.9 204.4 SMG 11 Incipient cracks, wel1- 3 4 4 3 Best developed 
developed spall cracks; cracks; clear spall 
systems of relatively cracks. Stress » 
long cracks spall strength 

77.5 220.3 S~IG 5 Incipient cracks; system 2 2 
of continuous cracks 

80.8 229.7 S~IG 12 Incipient cracks; weIl- l 3 5 
developed spall cracks; 
system of continuous cracks 

L _. =1 



~ .. 

E 

-1 
(sec ) 

I 

I 

5x10'f 

m k C 
g 

Table IV. Continuum fracturing model parameters for San }larcos gabbro 
and comparison with numerical results 

cr 
m 

L 
m 

t 
m 

( km/sec) (HPa) (rom) (psec) 

t
f 

(llsec) 

observed theoretical observed theoretical observed theoretical observed theoretl.cal 

9.1 1046 2.56(1) 10(2) 

9.1 1046 2.56(1) 147+ 9 

(1) c ~ 0.4 C 
g P 

10.1 

147.2 0.1-0.12 (3) 

2 
.2.9xlO 

0.1 < 0 9(4) 
'\, . 

(2) Derived from strength values for I~esterly granite in "static" tests 
(Grady and Hollenbach, 197~~. 

2 
1.7xl0 

0.5 

(3) L was obtained from a sieve-analysis of compleLely fractured target material in 
ill 

(4) 

cratering experiments on San }Iarcos gabbro. 

Derived for total duration of tensile strain pulse in the samples; i.e., 

have to be smaller than this time. 

t and t
f m 

.: 0.9(4) 

2 2.1xlO 

0.6 

oc 
-0 ...... ,. 
-o~ 
§~ 
~~ 
r ttl 

~i3 

t+ .... 

~ 



i
· 

'\J,' .~ 

I 
, 

J • • 
.... , ," 1 • 

...
. 

f 

-

' ... 
... 

. " 
~
 

· "'fM' . 
.. ~ 

, ~ . 
. ~
 

..... 

~
 ..• 
. ~
 .. 

' ..... 
"

.::.
' 

. 4
. t 
" 

, 
,. .. " 

T
JA

83140SPH
 

F
ig

. 
1 



VA83141SPH 

Fi g . 2a 



TJA83142SPH 

Fig . 2b 



TJA83143SPH 

Fig . 2c 



.
~ 

f • 

. .. 

• 
• ..Ec. • 
. 

-.., 1 
' .. * 

~'rA' 
, . 

, 
.... 

• -
. 

. , 
. 

, 
~

,
. __ 

.., 
.

, 
t 

....
. , 

,
,
~
 .. 

' 
... 

. l. 
"'~.~ 

.-
~. ;,~

~
 

...... 

.' . 
.. '., 

. j 

J t ; I 

, 

T
JA

83144SPH
 

F
ig

. 
3 

) 



,:-f. 

..... 
:tt: .... 0 
.r=. 

O
RIG

iNAL PAG
E (I 

O
F "00" Q

U
A

lrrv 

• 

~
>
\
 

'.I 
F'I') 

I 
=tt: 

/ 
0 

+
-

e/ 
0 

.r:. 
I 

0 
(J') 

/ 
0 

/ 
0 

/ 
0 

0 

/ 
• 

1 0
0

0 
0 

t9 
• 

'1 
6 

I 

-0 -
S

 ~ uaw
DoJ.:J 

to 
Jaqw

nN
 

o -0 0 

-I 
o 

0 
0 -

81\! lD
ln

w
n

J 

C
l 

.. en 
en 
C

 
~
 

....-c: 
Q

) 

E
 

C
l 

c '-
u.. 

• 
O

J) 
.
~
 

~
 



1.0 

~ . 
• 

t 
f· 

• \, • 
• ••• • G) 

• • • • • • • 
• 

• 

(){i\~i\t. '~/-\{lE is 
Of pt)OR QUAlsr'f 

mean 
value 

Shot # 1 

0.5 
ciA 

(a) 

, 
• .:- mean 

• -~value. 

• r;;# • • •• -. 
• • • 

Shot #3 

0.5 

CiA 

1.0 

1.0 

TJA83146SFD 

Fig. 5 



10' 

N 

103 

100.1 0.12 

--­._. 

0.18 

.-S,;..;.;:ho::.;;..t ....:.N~ 

----

-.-.- 3 

. _. 

---. _. 
0.25 0.5 0.6 0.85 

d, mm 
.1 

TJA83J47SFD 

Fig. 6 



OF P " 

. " ., . . . . 

204 

Fi g . 7 



(-
~ 

• 

q
-• 

N
 

o 

E
 

E
 

N
 • 
-

-• III 
o 

o 
It)

 
0 

an 
0 

S
~
~
D
J
~
 JO Jeqw

nN
 

-t 

o 

F
ig

. 
8 



" .. 

c 102 
a. 
:E .. .. J::. • .... 
en 
c: 
(A) 
'-.... 

en 
CI) 

10' 
(/) 

c: 
CI) 

..... 

Arkansas Novacul ita 
Ice-Silicate M~ 

30wt % ---

5wt~ 
I te l ..... __ ... _.,,;) 

103 

Strain Rate, 

experimentally 
derived values 

TJA83148SFD 

Fig. Y 



T
JA

831 
9c)PH

 

F
ig

. 
10 



.. 

o 
~
 

0 
c: 

lO
 

o .... c: 
Q

) 

_
E

 
-
~
 

0
0

 
c. ... 
C
f
)
~
 

I~ o o C\J 
o o m

 

O
R1e»tAL PAG

E IS
 

OF ,tJO
ft Q

U
A

Lrrt 

o o CD 

o o ~ 

t E
 

(
J
 

r o o 
E

 
4

-
-

(
J

_
_

_
.
 

~
 

T
JA

83150SFD
 

F
ig

. 
11 



rt') 
0

' 
,...... 

,.... 
-0

') 
rt) 

t
-

O
) 

~
<
D
 

(J
) 

0 
:0

 0
') 

en 
-

z.::::. 
-

N
Q

 
....., --

X
 

c 
+-

.. 
Q

) 
~
 

0
' 

... 
-

G
) 

-.. 
c: 

LLI 

/' 
0

) 

<l 
-

0
:;:: 

..... 
C

f) 
(J

 
c: .... 

CD 
C

'D
-

.
~
 

fn
::J 

<l 
0 

Q
)C

f) 

"
'4

)
 

... 
0

-
... 

<3<1 
-

0
-

I 
C

J) 
0 
-

N
 

~
 

C\J 
-

0 
-

I 

'e
w

n
IO

/\ J
e
~
D
J
O
 601 

I 
w

o 
£ 

l'JA
83151SFD

 

F
ig

. 
12 

j 


	GeneralDisclaimer.pdf
	0001A01.pdf
	0001A02.pdf
	0001A03.pdf
	0001A04.pdf
	0001A05.pdf
	0001A06.pdf
	0001A07.pdf
	0001A08.pdf
	0001A09.pdf
	0001A10.pdf
	0001A11.pdf
	0001A12.pdf
	0001A13.pdf
	0001B01.pdf
	0001B02.pdf
	0001B03.pdf
	0001B04.pdf
	0001B05.pdf
	0001B06.pdf
	0001B07.pdf
	0001B08.pdf
	0001B09.pdf
	0001B10.pdf
	0001B11.pdf
	0001B12.pdf
	0001B13.pdf
	0001B14.pdf
	0001C01.pdf
	0001C02.pdf
	0001C03.pdf
	0001C04.pdf
	0001C05.pdf
	0001C06.pdf
	0001C07.pdf
	0001C08.pdf
	0001C09.pdf
	0001C10.pdf
	0001C11.pdf
	0001C12.pdf
	0001C13.pdf
	0001C14.pdf
	0001D01.pdf

