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Abstract 

A review of the current knowledge of the 
dynamic behavior of concrete is given. Summaries 
of related research studies performed by the aca­
demic community and the following defense con­
tractors are presented: Aerospace Corporation, 
General Motors, Gulf General Atomic, Physics 
Int rnational, Terra Tek, and TRW. Particular 
attention is given in this review to rapid, impul­
sive loading of concrete resulting from mechani-
cal impact and sudden expcsure to radiation. 
Shock wave propagation and spallation phenomena 
are discussed. The coefficients for an existing 
constitut i ve model of a porous material ar~ deter­
mined for a particular concrete. Numerical results 
based on this model and on an existing elastic­
perfectly plastic model are given for several shock 
loading problems, and comparisons with corres­
ponding experimental data are presented. The 
results indicate that neith~r model is adequate 
enough to predict with reasonable accuracy the shock 
effects in concrete. Recommendations for future 
research in these areas are given. 
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1. INTRODUCTION 

The successful function of many defense-related structures 
requires that they have the capability to survive a nuclear 

explosion without P-xperiencing appre~iable damage. Recently, 

some questions have arisen concerning the ability of several 

defense - re ~ated concrete structures to meet this requirement 

and, to address some of these questions, the present study was 

initiated. 

Clearly, the most direct approach for ev~luating th ~ hard­

ness of the structures in question would be to simply expose 

them to a reasonable nuclear environment and make post-test 

examinations for damage. Such an approach cannot, of course, 

be followed ina~much as above -ground nuclear testing is pro­

hibited and underground nuclear testing is impractical due to 

the enormous size of the concrete structures of interest. The 

use of smaller scale-model$ of the structures is also question­

able inasmuch as the complex behavior of concrete does not lend 

itself to orcinary scaling procedures. Consequently, other 

means of evaluating the structural hardness of these structures 

must be employed and , to this end, attempts have been made to 

study their dynamic response and damage thresholds experiment­

ally under simulated loading conditions produced by high explo­

~ives and by numerical calculations based on idealized mathe­

matical models of the basic physical phenomena. For the most 

part, these approaches have not succeeded, to date, in provid­

ing credible answer·s to the question of structural hardness 

mentioned above. 

The primary purpose of the present report is to provide a 

review of the current knowledge concerning the mechanical 

behavior of concrete, particularly in regard to rapid, impulsive 

loading, and to offer recomm!ndations for future research in 

this area. Topics such as shock wave propagation and spalla­

tion are given special consideration. Current and prior 



research programs related to the dynamic response characteris­
tics of concrete are reviewed and discussed. Finally, coeffi­
cients for an existing constitutive model for porous materials 
are determined from experimental data reviewed in this report. 
Numerical result3 based on this model and on an existing elas­
tic-plastic model are given for several shock loading problems, 
and compar·sons with corresponding experimental data are pre­
sented. 
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2. PRELIMINARY CONSIDERATIONS 

.1 Structure of Concrete 

Concrete is a composite material consisting of sand and 
coarse aggregate bonded together by a hardened cement paste. 
It is a multiphase material containing at least eight compo­
nents, namely, coarse aggreg ute, sand, unhydrated cement, 
cement gel, gel pores, capil lary pores, entrapped air voids, 
and free water.1 The aggregat ·· normally consists of e·ther 
gravel or crushed rock, havint a macroscopically nonuniform 
distribution of constituents. The hardened cement contains 
many flaws in the form of gel p0res, capillary pores, and 
other voids filled with air or water. The resulting composite 
material is heterogeneous and very porous, typically contain­
ing a void v~lume in excess of 10 percent of the total volume. 
In addition to this, the cement gel consists of about 28 per­
cent extremely fine pores, approximately 20 A0 in diameter, 
which can probably be ignored in the development of constitu­
tive relations. 

Through the use of x-ray photography and microscopy, con­
siderable insight has been obtained into the internal struc­
ture of concrete.2 With these methods it has been determined 
that small fissures or microcracks develop in concrete at the 
i1terface between coarse aggregate and mortar before it exper­
iences any load. The presence of pre-existing microcracks is 
also reflected in the small concavity of the initial portion 
of tne compression stress-strain curve. 3 The compaction pro­
cess which results from the closure of the cracks produces a 
small increase in both the elastic modulus and ultrasonic 
pulse velocity. The pre-existing microcracks, termed "bond 
cracks," seem to result mainly from volume changes during 
hydration and drying. It appears, from the presence of 
these microcracks, that the interfacial bond is the weakest 
element in the concrete. 
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2.2 General Mechanical Properties 

The mechanical properties of concrete have been inves ­

tigated under a wide variety of loading conditions, but the 

majority of tests have been performed at quasi-static load-

ing rates under either uniaxial or biaxial stress conditions. 

From the res~lts of these studies, it has been found that con­

crete exhibits many of the salient response features also 

found in rocks, som~ of which are listed below: 

• The nonlinear constitutive response of concrete is 

apparently due to the process of microcracking and 

pore closure, as well as the progressive breakdown 

of the internal structure of the materia l. Micro­

cracks can develop from stress and strain concentra­

tions resulting from the incompatibility of the elas­

tic moduli of the aggregate, sand, and cement paste 

components. 

• Under hydrostatic compression, concrete behaves re­

versibly (no permanent set) for pressures up to 

several ksi. At higher pressures, permanent changes 

take place in the microstructure and the behavior is 

no longer reversible. 

• Concrete exhibits dilatancy, the property of a mater­

ial to undergo i.ncreases in volume due to the action 

of shearing stresses. In both concrete and rocks, 

the dilatancy is apparently related to the extension 

and opening of small cracks in the material. 

• The response of concrete is rate-dependent. 4 It 

appears that the rate-dependence stems from the fact 

that, on the microsc le, the deformation process 

occurs mainly through the propagation of internal 

cracks. Consequently r as the rate of loading is 

increased , the time available for crack growth is 
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shortened and the material responds more like an 
intact (uncracked) solid. When the loading rate is 
very high, such as occurs in impact loadin , the 
pre-existing cracks largely determine the dynamic 
response. 

The method of manufacture can seriously affect the pro­
perties of concrete. For instance, segregation during cast­
ing can cause anisotropy, inadequate vibration during casting 
can drastically reduce strength, and too rapid drying can 
cause weakening through the formation of shr i nkage crarks . 

Finally, the hydration process between cement and water 
is slow and may not be completed for many years. Hence, the 
strength of concrete is continually increasing, though in 
most cases at least 90 percent of full strength has been 
reach din less than one year. 

2.2.1 Effect of Composition 

The mechanical properties of concrete are affected 
by the type of cement, volume fraction of cement, the water 
to cement ratio, the volume fraction of air voids, th type 
of aggregate, and the distribution and volume fractjon of 
aggregate. 

The strength of hardened cement and concrete increases 
significantly with a decrease in the water/cement ratio. For 
instance, the static modulus of elasticity can increase by a 
factor of 3 (from about 1x10 6 to 3xl0 6 p3i) as the water/ 
cement ratio decreases from 0.60 to 0.30. 5 The ultimate 
strength is at least as dramatically affected by the water/ 
cement ratio.6 

Air voids also have a severely adverse effect on the 
strength of concrete. In this regard, the strength S of 
cement pas te or concrete can be described by the relationship 
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here Ve, Vw, and Vv are the volume fractions of cement, 
water, and air voids, respectively. Thus, in general, 
strength increases with cement content and decreases with 
air and water content. 

(1) 

The type, volume fraction, and grading of aggregate in 
concrete can significantly affect the modulus of elasticity 
of concrete 7 (see Fig. 1). Essentially, the modulus of elas­
ticity of the concrete increases or decreases with the volume 
fraction of aggregate, depending on wheth~r or not the stiff­
ness of the aggregate is greater or less than the stiffness of 
the cement. Also, it has been established that, with most 
natural aggregates, failure in concrete is initiated at the 
aggregate cement interface and that the shape, surface texture, 
and grading of the aggregate can have an effect on the strength. 

8 For instance, roubh textured aggregate has been shown to in-
crease the strength of concrete. Furthermore, the flexural 
strength has been found to increase 10 percent as the maximum 
aggregate size increased from 3/4 to 2 1/2 in. 9 It should be 
noted that the strength of concrete is much more sensiti e to 
the water/cement ratio than to aggregate type or volume fraction. 

2.2.2 Effect of Testing Conditions 

The typical stress-strain behavior of concrete under 
quasi-static uniaxial stress compression is shown in ig. 2. 
The behavior is approximately linearly elastic up to a point 
(defined, say, as the point where there is a 0.2 percent 
deviation from linearity) which is analogous to the elastic 
limit in metals. This deviation from linearly elastic behav­
ior occurs at stresses from 40-60 percent of the ultimate 
strength and is where signif:cant bond failures at the aggre­
gate-cement interface begin to be initiated. At stresses from 
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Fig. 2 - Typical stress-strain cu ves for concrete compressed 
under uniaxial stress . 
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bout 70- 90 percent of the ultimate strenath, the specimen 
olume starts to increase (dilatancy) due to massive disrup­

tion of the internal structure. 

The above stress-strain behavior can be modified by a 
number of factors in addition to the effect of composition 
discussed previously. Such factors are size o specimen, 
temperature, moisture content, rate of application of load, 
and state of stress and strain. 

Concrete behaves as many brittle materials do in that 
apparent strength and variation of behavior decrease as the 
physical size of the specimen increases. This effect, which 
has been explained by the Griffith's crack or weakest link 
theor i es, is a relatively small one for concrete in that 
only a 25 percent decrease in strength has been observed for 
a volume increase of 5832 times. 10 

Testing temperature seems to have a significant effect 
en the strength of concrete in that a 1 percent decrease in 
strength has been observed for every 2°F increase in tem­
perature between 25 and 130°F. 11 This means a SO percent de­
crease in strength occurs over the above temperature range. 
This degradation in strength is at least partly due to crack­
ing caused by the different thermal coefficients of expansion 
of aggregate and cement. 

Mo i sture content is also important. Gently air-dried 
specimens have been found to give ultimate strengths 20-30 
percent higher than for saturated specimens, although this 
difference might well increase significantly under multiaxial 
stress conditions (as has been observed in triaxial tests on 
Cedar City granite12 ). 

Several investigations have been conducted to determine 
the effect of rate of loading on the stress-strain behavior 
of concrete. The results show that concrete is strain-rate 
sensitive.4 The modulus of elasticity can increase SO percent 
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nd the ultimate strength 30-80 percent as the strain rate 

increases from about 10- 3 to 10 3 sec- 1 

At this time there is still no universally accepted 

criterion for failure of concrete under combined stresses. 

A considerable amount of data is available on the ultimate 

strengths of mortar and concrete under various conditions of 

combined stress; however, only a few data are available on 

stress or strain levels at the discontinuity point under 

multiaxial stress. Tentative surfaces of discontinuity and 

failure for concrete are suggested by Newman :rnd Newrnan1 3 

but, as they caution, many more experimental results are 

required before the shapes of these surfaces can be confirmed. 

10 



3. DYNAMIC BEHAVIOR 

In this section, the present state of knowledge regard­
ing the dynamic behavior of concrete is summarized, including 
its response to both impulsive ~echanical and radiative load­
ing.* In addition, the capability of two constitutive models 
to describe stress wave propa 0 ation phenJmena in this material 
is explored. The results of m1merical studies of several 
stress wave propagation problems, i ecently invrstigated experi­
mentally, are given for two constitutive models, namely, a 
Von Mises - type, elastic-plastic model which utilized material 
constants determined by TRW, 14 and a porous material mode115 

for which the material constants were determined from data 
reviewed in this report. Comparisons are given between the 
numerical results for both constitutive models and correspond­
ing experimental data. 

3.1 Review of Earlier Work 

A survey of the literature indicates that, compared 
with the numerous investigations of the static behavior of 
concrete, very little attention has been given to its dynamic 
behavior. Inasmuch as concrete apparently deforms through 
internal crack growth and degradation of the microstructure, 
significant differences are expected, however, between the 
static and dynamic properties. Of the few reported studies 
of concrete's dynamic behavior, most have been experimentally 
oriented, with only minor attention given to the development 
of a constitutive model of dynamic behavior. 

3.1.1 Impulse Mechanical Loading 

In 1966, Goldsmith, Polivka, and Yana16 reported a 
study of the respons0 of concrete to impact loading. Using a 

This review does not include (classified) studies of the 
response of concrete to nuclear radiation that have been car­
ried out underground, nor the results of engineering and 
design studies of specific concrete structures. 
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l~ 1 pkinson bar technique, the propagation and attenuation of 
t ransient on -dimensional str~ss waves in cylindrical concrete 
specimens consisting of 1/4 in. aggregate were studied. Peak 
s tresses on the orde r of 1/3 of a kilobar were obtained in 
the concrete propagated in a nondi persiv~ manner and exhib ­
i ted only a small degree of attenuation. From these observa ­
tions , a sol i d-frict i on constitutive model was proposed to 
de scribe the dynami c behavior of concrete at the relatively 
l ow stress levels studied. 

The results of a study of the dynamic behavior of con ­
crete at stress levels substantially below those reported in 
Re f .16 were published in 1970 by Pozzo. 17 To i nvestigate 
the nature of the internal frict i on me chanism of concrete, 
the decrement of small, free oscillations of concrete speci ­
mens was experimentally studied. From this investigation, 
Po zzo concluded that the solid - friction model provided a 
simple constitutive model of concrete at low stress levels, 
in agreement with the earlier results of Goldsmith et ai. 16 

The dispersion of small elastic stress pulses in concrete 
has been investigated by Whittier and Ching. 18 Step pulses 
in the elastic range (70 psi) were produced in concrete speci­
mens having 3/8 in. aggregate by shock tube loading. The 
shapes of the smeared pulses were observed at propagation dis­
tances of 2.4, 4.4, and 6.4 in. The authors found that the 
increase in the rise time with propagation distance was con­
si s tent with an elastic stochastic scattering wave model. 

At higher stress levels, the most extensive study, to 
date, of stress wave propagation in concrete was done by 
Gregson.19 Using a gas gun, Gregson experimentally deter ­
mined the uniaxial strain response of concrete specimens to 
the impact of flyer plates, and attempted to define the shock 
Hugoniot of this material. Stresses produced in the concrete 
ranged from about 3 kbar to 552 kbar. At stresses below 
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~S kb r, the existence of a two-wave structure was confirmed 
nd a relatively dispersive "ela~tic" precursor wave was observed. 

Many of the response f~atures of the concrete (18 percent por­
os ity ) observed by Gregson were typical of a porous solid, such 
as, for example, the dependence of the shock velocity on the 
particle velocity, as shown in FiJ. 3. Although Gregson's study 
was not extensive enough to thoroughly map out the dynamic pro­
perties of concrete, it provides a general indication of the be­
havior of this material over a wide range of stresses, strains, 
aLd strain rates, and can serve as a starting point in the devel­
opment of a realistic constitutive model. 

A limited experimental study of the uniaxial strain re­
sponse of concrete to shock loading parformed by Gulf General 
Atomic is summarized in Ref.20. High explosives we1e used to 
produce impulse loads in several concrete specimens. The experi­
ments were performed on regular 3/4-in. aggregate concrete speci ­
mens, as well as on specimens containing 3 percent entrained air. 
Stress histories at depths of 2, 4, and 6 in. from the loading 
surface were obtained experimenta l ly. The measured stresses in 
the air entrained samples at dept~s of from 2 to 6 in. from the 
l oading surface ranges from 0.92 to l~l kbar; for the same load ­
ing conditions, the stresses in the regular samples ranged from 

* 0.56 to 0.59 kbar. In all cases, no significant attenuation 
was observed beyond a depth of 2 in. 

In addition to standard concretes, Hugoniot measurements 
have been reported for several special concrete materials, such 

21 F d F 19 d • 22 A • as mortar, on u yre, an epoxy resin grouts. compari-
son of the experimentally determined Hugoniot data for these 
materials with the standard concrete data from Ref. 19 is shown 
in Fig. 4, where the dependence of the shock velocity on the 
particle velocity is depicted. As this figure reveals, there 
is good agreement between the data for a typical concrete, 

The large differences between the attenuated stress levels for 
the regular and the air-entrained concrete observed in these 
experiments were unexpected and they have not, as yet, been 
satisfactorily explained on physical grounds. 
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Fondu Fyre, and mortar for particle velocities greater than 
· bout lxl0 5 cm/sec; below this value of the particle velocity, 
there is considerable scatter in the data due partly to the 
complications in analysis introduced by the presence of a 
smeared two-wave structure. Finally, the d~ta for the epoxy 
resin grouts fall substantially above that for the other 
materials considered in this figure. 

3.1. 2 Radiation - Induced Impulsive Loading 

Aside from the (classified) studies of the response of 
14 23 concrete to radiative energy carried out underground, ' the 

onl y attempt at a systematic determination of the Gruneisen 
coefficient in the laboratory was made by Shea24 at Physics 
International.t In this experimental program,* slabs of con­
crete were irradiated by an electron beam with a mean energy 
of 1 meV and a pulse duration of 40 nsec. Sample thicknesses 
were on the order of 1/8 in. thick, which is slightly greater 
than the maximum range of the f•lectrons. An x- cut quartz 
transducer was bonded to the r~ar surface of the concrete t o 
measure the compressive stress pulse that resulted from the 
energy deposition. Material response calculations, based 
upon the known energy deposition, and the Hugoniot for the 
sample material were performed using various assumed values 
f or the Gruneisen coefficient until the measured and computed 
values agreed. 

Two types of concrete were tested. One type consisted 
of hi gh tr ngth (6000 psi unconfined compressive strength), 
low porosity concrete with~ 1/16 in. granite aggregate pre­
pared by Waterways Experimental Station (WES). The other 
concrete was prepared by Testing Engineers, Inc., of Oakland, 
California, using f i ne aggregate only (98 percent passing 

+T he peak induced stress in these experiments was less than 

* 
1 kbar. 
This summary of the (unpublished) work at Physics International 
wa s prepared at the author's request by Dr. J. Shea for inclu ­
sion in this section. 
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o. 16 sieve), with an unconfined compressive strength of 
4000 psi and an air entrainment admixture that produced 9 
percent porosity. 

The results are presented in Fig. 5; for the WES concrete 
they give a value of 0,080 ± 0.01 for the Gruneisen coeffi­
cient. The air-entrained material was initially expected to 
yield a lower Griineisen coefficient, since porosity gen-
erally produces this effect; however, the experimental results 
give a value of G.15 ± 0.02. 

The most plausible explanation for this difference 
appears to be the moisture content. The WES material was 
cored from slabs and shipped dry to Physics International; 
several months elapsed between the time the samples were pre­
pared until they were irradiated, during which time they 
were stored dry in the laboratory. On the other hand. only 
a few days elapsed between the time the air-entrained con­
crete finished its 28-day cure (100 percent humidity) and 
when it was tested. Consequently, it is expected that the 
moisture content of these samples is much greater. 

3.1.3 Spallatio~ 

In the experiments performed by Gulf General Atomic 
discussed earlier, some limited information about spallation 
of concrete was obtained, although no attempt was made to 
determine spall thresholds. It was found that, for an inci-

• 
dent stress having magnitude between 3 and 5 kbar, spalla-
tion occurred in the regular concrete specimens but not in 
the air-entrained specimens. Thus, the spall threshold fur 
air-entrained concrete must be notably higner than for stand­
ard concrete. A high-speed photographic process for record­
ing the breakup of concrete following spallation .as 
util~zed in part of this program, and r ome photographs of 
the breakup process of the regular concrete spe !mens are 
given in Ref. 20, 
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Usi~g the pulsed electron beam, Shea obtained a limited 
amount of spall data on oven-dried and water~saturated con­
crete. 24 The experimental configuration employed entailed 
sudden uniform heating of a slab, so the tensile state is 
formed by stress relief waves from both free surfaces that 
meet in the midplane of the sample. The threshold for complete 
spall was found to lie between 27 and 37 cal/g for dry con­
crete. Only a few shots were made on water-saturated concrete, 
with spall observed at a dose of 16 cal/g. Front-surface spall 
data were obtained in the Grilneisen experiment, but generally 
the data were either well above or well below the threshold. 

Birkimer and Lindemann have studied the dynamic tensile 
strength of several types of concrete under uniaxial stress 
conditions. 25 Plane waves were produced in long prismatical 
concrete specimens by the impact of high velocity projectiles. 
A spall criterion was developed from theoretical grounds 
which predicted that the critical fracture stTain should vary 
as the one-third power of the strain rate. The results of the 
experiments supported the proposed theoretical spall criterion 
over the range of strain rates investigated. In the case of 

- 1 plain concrete, a maximum strain rate of 25 sec was obtained. 

3.l.4 Other Related Studies 

At Terra Tek, Green et al. are currently pursuing a 
combined theoretical and experimental program to develop a 
realistic constitutive model of concrete. 26 Primary atten­
tion has been gi en to the low strain rate and low stress 
level behavior of concrete, with the goal of developing a 
constitutive model appropriate for use in structural inter­
action codes. In the experimental phase of this program, a 
systematic study of hydrostatic and multiaxial stress behavior 
has been made. Quasi-static deformation of cylindrical 3/8 
in. aggregate specimens has been investigated for stress up 
to 4 kbar. The separate influences of the hydrostat and the 
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deviatoric stress coLlponent have been isolated. Figure 6 

shows the observed behavior of concrete under pure hydro­

static loading. Here, the variation of the mean normal 

stress, am, with volume change ~ is depicted. The mean normal 

stress is defined as the average of the three principal 

stress components, a. ' l i.e.' 

(2) 

and, for pure hydrostatic loading, it is synonomous with the 

pressure. In Fig. 7, the dependence of the generalized devia­

toric stress on the generalized deviatoric strain is shown 

for both loading and unloading at several values of confining 

pressure. In this figure, the generalized deviatoric stress, 

~, and the generalized deviatoric strain, flT, are defined 

as follows: 

(3) 

.,p 
2 

where a. and £. denote principal components of stress and 
l l 

strain, respectively. The data from the experimental effort 

are now being used in the development of a constitutive model 

based on an extension of the capped yield surface approach 

which accounts for the effects of pore closure and dilatancy. 
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3.2 Nu~erical Study of Stress Wave Propagation 

Numerical studies of several stress wave propagation pro ­

blems considered experimentally by Gregson19 were performed 

using two theoretical constitutive models of concrete. One of 

the consti t utive models, a von Mises elastic-plastic representa­

tion, has been frequently used by TRW14 in analysis of under ­

ground test data. The other constitutive model, a P-~ porous 

mode1, 15 for which the material parameters were determined from 

exper i mental data reviewed in this report, is included to 

explore the feasibility of using a simple porous model for 

describing the dynamic behavior of concrete. All of the numer­

ical calculations reported in this section were performed with 

the one-dimensional, Lagrangian, finite-difference RIP code. 27 

For each problem investigated in the present study, numerical 

results were obtained for both of the constitutive models men­

tioned above, and these are compared with the co~r espondin& 

experimental results obtained by Gregson. 

3.2.1 Description of Problems Investigated 

From the wave propagation problems investigated by 

Gregson; 9 seven were selected for numerical study in the 

present work. The problems consisted of impulsively loading 

concrete specimens by impacting flyer plates at high velocity 

and determining the dynamic response of the concrete. In each 

case, the concrete specimens were backed by either Plexiglas, 

polyethylene, or X-cut quartz, depending on the type of infor­

mation to be extracted during the experiment. In some of the 

experiments, stress history measurements were made at part ~c­

ular locations through the use of X-cut quartz gages or man­

ganin wire gages embedded in the backup materl al. In other 

experiments, the laser interferometer was used to measure the 

particle velocity histories at positions in the backup mater­

ial. The concrete specimens were supplied by the U.S. Army 

Waterways Experiment Station and contained 1/8 in. aggregate; 

they had a measured nominal density of 2.19 g/cm 3 and a por 

osity of 18 percent. The noninal density of solid (nonporous) 
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• ncrete was 2.67 g/cm'. The specific details of the problems 
selected for numerical study in the present work are given 
below in Table I. 

Table I 

Summarr of ImEact Problems Studied Numericalll 

Impact 
Problem Velocity Flyer Plate Target 

No. {cm/sec~ 
1 3.93xlO'+ Fused quartz 0.6416 cm concrete 

0.6499 cm thick backed by 0.6363 cm 
X-cut quartz 

2 4.13xl0 .. 6061-T6 aluminum 1.2723 cm concrete 
1. 271 cm thick backed by 0.6375 cm 

X-cut quartz 

3 3.00xlOi+ Lexan 0.64 cm concrete backed 
0.95 cm thick by 1.9 cm of Plexiglas 

4 3.88xl01t II II II 

5 S.OOxl01t 6061-T6 aluminum 0.644 cm concrete 
1. 27 cm thick backed by 3.48 cm of 

polyethylene 
II II 

6 8.00xlOi+ II 

7 13.SOxlQ'+ II II II 

The constitutive equations for 6061-T6 aluminum, X-cut 
quartz, Plexiglas, and polyethylene given in Ref. 28 were 
used in the numerical calculations. Fused quartz was described 
by the constitutive equation given in Ref. 29. General Motors 
supplied information on the constitutive properties of Lexan 
from which the following Hugoniot was determined: 

a• Aµ+ Bµ 2 + Cµ 3 (4) 
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Hr , o denotes the stress, pis the density,µ• p/p
0
-l, and 

p 
O 

• 1. 2 0 g / cm 3 

A• 80 kbar 
B • 120 kbar 
C • 55 kbar. 

A description of the two constitutive models of concrete used 
in the numerical calculations is given in the following sections. 

3.2.2 Elastic-Perfectly Plastic Constitutive Model 

Material constants for a simple elastic-perfectly plastic 
constitutive model for use in conjunction with one-dimensional 
PUFF-type computer codes were determined by TRW. 14 In this 
representation concrete rs modeled as a von Mises elastic­
plastic body , in which shear strength effects are accounted 
for, but strain hardening and strain rate effects, as well as 
any Bauschinger effect or porosity are neglected. The stress 
o is decomposed into a hydrostatic pressure component, P, and 
a deviatoric component, S: 

a = P + S ( 5 ) 

The hydrostat is assumed to be reversible and the pressure P 
is described by a Mie-Gruneisen form of the equation of state 
normally used in connection with nonporous metals, namely, 

( 6 ) 

where 

( 7 ) 

In Eq. (6), E denotes the specific internal energy and p
0

, 

the initial density, has the value 
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p
0 

• 2.14 g/cm 3 

which differs by about 2 percent from the initial density of 
2.19 g/cm 3 determined by Gregson. 19 

The constants A, B, and C appearing in Eq. (6) are 
assigned the following values: 

A• 255 kbar 
B • 233 kbar 
C • 943 kbar 

while the Grilneisen coefficient, r
0

, is taken as 

r
0 

• 2.3 

The term "Grilneisen coefficient" is used here loosely in con­
nection with the porous materials, such as concrete, and 
should actually be viewed as an "effective Grilneisen coeffi­
cient". In addition, it should be oted that the form of 
Eq. (6) tacitly assumes that the Grilneisen coefficient for 
(porous) concrete remains constant and does not vary with the 
density. 

The devi.atoric component of stress, S, reflects the 
shear strength and plastic effects in this constitutive model; 
it is described by the following expression· 

s • 
{ 4/3G tn (p/p0 ), 

±2/3 Y
0 

otherwise 

where G, the shear modulus, and Y
0

, the yield stress in simple 
tension, are assigned the values 

G • 202 kbar 
Y0 • 0.275 kbar 

Finally, it is noted that the above constitutive model of con­
cret? rests on the assumption that the plastic, or anelastic, 

(8) 



P rtion of the deformation is incompressible; such an assump­

tion is realistic for nonporous, crystalline solids but is 

clearly incorrect for a porous material, such as concrete. 

Furthermore, the above model assumes that the deviatoric com­

ponents of stress are unaffected by the hydrostatic pressure; 

thi s assumption is clearly in disagreement with the experi­

mental data obtained by Green et a1. 26 (see Fig. 7) as well as 

others. 

3.2 . 3 Porous Constitutive Model 

Preliminary results of an attempt to utilize a porous 

constitutive model to describe concrete are reported in this 

section. The constitutive model is based on an idealized 

(and possibly untenable) concept of the deformational behavior 

of concrete in which shear strength effects are neglected, 

and the principal process governing the deformation of the 

concrete is assumed to be the closure (or opening) of pre­

existing pores.* The model describes the main features of 

the pore collapse process by empirically relating the state 

of the porous concrete to the corresponding state of non­

porous concrete at the same pressure and temperature. The 

experimental data obtained by Gregson19 are used to deter-

mine material parameters for this model. The general for­

mulation is based on ideas originally proposed by Herrmann, 15 

primarily in connection with a different class of porous 

materials, however, and the reader is referred to Ref. 15 

for a detailerl discussion of the basic approach. 

3.2.3.1 Formulation of Model 

Consider a deformable, solid material which, on the 

macroscopic level, contains a uniform distribution of pores 

It has not been established that pore collapse is the prin­
cipal mechanism that governs the uniaxial strain deformation 
of concrete in the stress range of inte1·est to the present 
study, i.e., u~ to 70 kbar. For uniaxial and biaxial states 
of stress, there is considerable evidence to indicate that 
concrete deforms through the propagation and opening of cracks. 
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nd is isotropic and homogeneous. This material undergoes a 

deformation which produces uniaxial strain on a macroscopic 

level, but due to the pores, results in multiaxial strain 

on a microscopic level. In formulating a constitutive model 

for such a material, reference will be made to the equation 

of state of the corresponding nonpor0 s (solid) material, 

and this will be assumed to be known and given in the form 

(9) 

where P denotes the pressure, v
5 

is the specific volume of 

the solid material, and E represents its specific internal 

energy. In the present formulation, it is assumed that 

the solid material follows a Mie-Griineisen form of the equa­

tion of state, in which case the function f is given by 

f = P + £_ (E-E
8

) 
H vs 

(10) 

where PH and E8 denote the pressure and specific internal 

ene~gy, respectively, along the Hugoniot and r is the Griin­

e1sen coefficient. Over a wide range of behavior, the pr s­

sure, PH, along the Hugoniot can be represented in the form 

where 
µ a V /V - 1 so s 

(11) 

and v denotes the specific volume of the solid material in 
so 

the initial state. By making use of the Ranki ne-Hugoniot 

jump conditions, it can be shown that the combination of 

Eqs. (9), (10), and (11) leads to the following expression 

fo r the equation of state of the solid material: 

-

P • (Aµ+Bµ
2
+cµ'J [1 - 2~I~µJ] + ::: (12) 
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i • it is a sumed that the Griineisen coefficient r varies with 
the p ific vclume v according to the equation s 

' 13) 

where r
0 

denote s the value of the Griineisen parameter in the 
ini t ial, un~ompressed s tate. 

In order to distinguish the portion of the volume change 
in the porous material due to compression f rom that due to 
collapse of pores, it is expedient to introduce a porosity 
parameter, a , defined as 

(1 4) 

where vis the specific volume of the porous materialJ and vs 
is the specific volume of the solid (nonporous)material at the 
same pressure and t emperature. Generally speaking, the param­
eter a will depend upon the full thermodynamic state 0f the 
porous material; in the present formulation, ho~ever, a will 
be taken to depend only on the pressure , that is, 

a= g(P) (15) 

which, as noted ir. Ref. 15 , is equivalent to assuming that 
the mechanical behavior is insensitive to relatively small 
t empera ture changes, in addition to those normally exper ienced 
along the Hugoniot. Specifi c functional forms for the f unc ­
t ion g(P) are selected to fit experimental results. 

On the basis of the abo~e considerations, the equation 
of s tate of the porous material is given by 

P = f(v/a,E) (16) 
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here f is the same function that appears in Eq. (9), and 
the pressure P denotes a force per unit of total area of 
the porous material. An alternate formulation in which 
the pressure is defined as the force per unit of solid 
area has been given by Holt, Carroll, and Kusubov.30 

Bearing in mind the specific form of the 
given in Eq. (10) for the solid material, the 
ing equation of state for the porous material, 
to Eq. ( 16) , is given by the expression 

where µ is now expressed in the form 

V so µ=a--1 
V 

function f 
correspond-

according 

When taken together, Eqs. (1 S) , ( 17) , and (18) completely 
* specify the equation of state of the porous material. 

(17) 

(18) 

Inasmuch as the porous model described here neglects effects 
due to shear ~trength, it is physically meaningful only in 
the response regime where stresses are sufficiently high 
for deviatoric stress components to be neglected and yet 
not high enough to produce complete compaction. Clearly, 
such a model cannot be expected to provide a realistic de­
scription of mechanical behavior at low stresses, where 
shear strength effects are expected to be important. 
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nsi r the dependence of the porosity parameter a on the 
r ure P. For a small deformation near a, the initial 

0 
,, lue of the porosity parameter in the unstrained state, it 
1 reasonable to assume that concrete behaves in an elastic 
manner. For pressures below the elastic limit, Py, it will 
be assumed that a depends linearly on the pressure, that is, 

a = cx
0 

+ a~P (19) 

Here a' is a constant which, as shown in Ref. 28, can be 
0 

defined in terms of Kso' the bulk modulus of the solid material 
i n the unstrained state, C

50
, the corresponding bulk wave 

veloci ty in the unstrained solid material, and C
0

, the wave 
ve locity in the unstrained porous material, in the following 
manner: 

c 
2 

) so 
ao C 2 

0 

(20) 

For pressures greater than PY, the material responds an­
elastically . Permanent changes take place in the substructure 
as the pores close irreversibly. Anelastic behavior occurs 
for a in the range 1 $a~ a , where a is the value of the y y 
porosity parameter at the limit of elastic behavior. \ ithin 
this range, a will be taken to depend on the pressure Pin the 
form 

n = exp [ (21) 

where the a are constants. 
J.l 

grounds, th€ expression for 
the condition da/dP < 0 for 

To be acceptable on physical 

a given in Eq. (21) must satisfy 
Py < P < Ps, where Ps deaot~s the 

pressure at which the porous solid becomes fully compacted. 
Furthermore , to ensure that the transition from the porous 
condition to the fully compacted state occurs continuously and 
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m thl , we shall require that Eq. (21) satisfy the condition 

d / dP • 0 for P • Ps. The constants an are then selected to fit 

experimental results, as well as the above conditions. 

In the current form of the present model, unloading from a 

compressed state takes place at a constant value of a. Thus, 

if the material has been compressed to, say, a• a 1 , a remains 

fix ed at a 1 during the unloading process. A more realistic 

approach would permit a to change during the unloading process 

in such a manner that the sound velocity changed smoothly from 

its initial value of C
0 

to its final val ue of Cs in the fully 

compacted state; this refinement has not been incorporated into 

the present model, however, primarily due to the lack of suffi­

cient experimental data on unloading and release wave phenomena 

in concrete. 

3.2.3.2 Experimental Data and Evaluation of Coefficients 

The experimental data obtained from the plate impact 

experiments reported in Ref. 19 have been processed by Gregson, 

using the Rankine-Hugoniot jump conditions, to give the results 
* listed in Table II. The results given in this table for the 

low stress level experiments should be viewed, however, only 

as approximate, inasmuch as there is considerable uncertainty 

as to whether or not the stress waves attained steady states, 

a tacit assumption upon which the Rankine-Hugoniot jump condi­

tions rest. 

Consider, first, the determination of the Hugoniot of the 

solid concrete. It seems reasonable to assume that, at pressures 

above 170 kbar, concrete wi ll be fully compacted. Therefore, 

it will be assumed t hat the experiment ·1l data in Table II for 

stresses from 173 to 552 kbar lie on the Hugoniot of solid 

concrete. Using a third order, least squares fit to these dat&, 

and constraining the resulting curve to pass through the initial 

specific volume of the solid concrete, vso = 0.374 cm 3 /g, leads 

* Because of difficulties involved in the interpretation of the 
results from the direct impact experiments, the data given in 
Ref.19 for these shots have not beenincluded in Table II . 
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Table II 

Hugoniot Data for 1/8 In. Aggregate Concrete (fron, Ref. 19) 

Initial Specific Shock Particle 
Density Stress Density Volume Velocity Velocity 
(g/ cm 3 ) (kbar) (g/ cm 3 ) (cmJ Lg) (mmL~sec) (mm/µsec) 

2.150 0.75 2.1 57 0.4637 3.60 0.01 
2.150 22.0 2.490 0.4016 2.75 0.375 
2.16 S 37.5 2.680 0.3732 3.02 0.58 
2.158 70.75 2.810 0.3559 3.75 0.87 
2. 179 2.4 2. 20 5 0.4535 3.02 0.036 

3.4 2.3 16 0.4319 1. 62 8 0.096 
1.8 2.203 0 . 4538 2 .70 0.030 
4.9 2.464 0.4058 1.40 0.162 
2. 3 2.206 0.4532 2.89 0 .0 36 
7.6 2.449 0.4084 1. 78 0.196 
1.0 2.190 0.4566 2.98 0.015 
8 .1 2.412 0.4145 1. 96 0.190 
1.0 2.188 0.4571 3.39 0.014 

11. 4 2.511 0.3983 1. 99 0.263 

' 
4.8 2.309 0.4331 1. 98 U.111 

2.150 173.0 3.381 0.2958 4.70 1. 71 
2.189 241. 0 3.750 0.2667 5.14 2.14 
2.15 3 407.0 4.142 0.2420 6.28 3.01 
2.166 552.0 4.3 3 0.2292 7.12 3.58 

33 



t o the following values for the coefficients A, B, and C: 

A= 1,134 kbar 
B • -2,878 kbar 
C • 3,909 kbar 

(22) 

Here, A may be identified as the bulk modulus of solid concrete 

at zero pressure, Kso· Using this information, and the value 

for pso of 2.67 g/cm 3 given earlier, the initial sound velocity 

in the solid concrete, Cso' is found to be 6.53xl0 5 cm/sec. 

ow consider the specification of the P-a relationship 

f or the porou con~rete. In the elastic regime, a depends 

lin arly on r according to Eq. ll9). On the basis of such a 

relati~nship, elastic behavior can be completely specified by 

the initial value of ~he porosity parameter, a
0

, the pressure 

at the limit of lastic behavior, Py, and the slope of the a-P 

curve, a~. Using the values given earlier for the initial 

specific volumes of the porous and solid concrete, one finds 

0 
= 1.222. The experimental studies by Gregson indicate that 

the elastic precursor in concrete, although relatively disper­

sive, transmits a stress of about l kbar; on the basis of this 
. * observation, we take 

P = 1 kbar y (23) 

The slope of the a-P curve, ~~, can be evaluated from Eq. (20), 

using the preceding information, once C
0

, the initial bulk 

velocity in the orous concrete, has been specifiad. Unfor­

tunately, no expe~imental information on C
0 

for concrete was 

available. Ultrasonic measurements of the longitudinal wave 

velocity, CL, in concrete were reported in Ref . . 19 and indj-

cated that CL= 4.25xl0 5 cm/sec. In the absence of more accurate 

information, then, the bulk sound velocity, C
0

, will be assumed 

to have the same value as the measured longitudinal velocity. 

On this basis, evaluation of Eq. (20) leads to the following 

* The notation Py is used here since the deviatoric component Sy 
·s not specifically accounted for in tne model. 
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r su l 

a ' • -5 00 kbar 
0 (24) 

The pressure, Ps, at which the porous concrete becomes 
fully compacted, i s taken to be 120 kbar . The anelastic 
behavi or i n the crush reg i on from P • 1 kbar to P • 120 kbar y s 
wi ll be descr i bed by Eq. (21) with m = 3. Thus, the dependence 
of a on the pressure Pin this region of behavior i s taken in 
the f orm: 

= exp[ a +a in P+a (in P) 2 +a (in P) 3 ] 
0 1 2 3 

The constants a
0

, 

the conditions: 
a ' 1 

a, and a were evaluated to satisfy 
2 3 

(25) 

as well as to provide a fit to the experimental data given in 
Table II in the stress range 1-120 kbar. Proceeding in 
this manner, the following values for the constants were 
obtained: 

a • 1.988x10- 1 kbar 
0 

a • -l.280x10- 2 kbar 
1 

a • -2.012x10- 2 kbar 
2 

a • 2.959xl0- 3 kbar 
1 

(26) 

The Hugoniots of the solid concrete and the crush curve 
of the porous concrete calculated, respectively, from Eqs. (12) 
and (17) using values for the coefficients listed in this sec­
tion, are depicted in Fig. 8 together with the correspond-
ing exper i mental data from Table II. A more detailed view of 
the so l i d Hugon i ot, crush curve, and experimental data f0r 
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below 24 kbar is given in Fig. g. From an inspection 
f t his figu e, it becomes evident that, due to the relatively 

la r e degree of scatter in the experimental data, a precise 
de t e rmination of the crush curve is not possible based solely 
on these data. 

Finally, the Grilneisen coefficient is assigned the follow­
i ng value for concrete 

1n accord with the experimental results obtained by Shea. 
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3 ... . 4 umerical Results 

The results of the ·numerical studies of the problems 
l is ted in Table I are . given in Figs. 10 to 16. The numerical 
calculations were carried out with the one -dimensional, Lagran­
gi an, f inite -difference RIP code using the elastic-perfectly 
pl ast i c model and the porous model discussed in the preced i ng 

sections. 

When comparing the experimental and calculated results , 
there are several things that one should keep in mind. First 
of all, in order to give an accurate portrayal of the TRW 
elastic-perfectly plastic model of concrete, no changes were 
made in the model described in Ref. 14. Consequently, in 
the calculations made with this model, an initial density of 
2 .14 g/cm 3 was used, while an initial density of 2.19 g/cm 3 

was employed in the calculations performed with the porous 
model. Such a small difference in initial densities (about 
2 percent) is not expected to introduce noticeable effects, 
however. Secondly, the accuracy of the numerical solutions 
depends not only on the constitutive model used for concrete 
but equally as well on the constitutive models employed to 
describe the other materials, namely, quartz, 6061-T6 aluminum, 
polyethylene, Plexiglas, and Lexan. While the response of 
quart z and 6061-T6 aluminum have been well characterized over 
the stress range of interest in the present study, the same 
i s not altogether true for polyethylene, Plexiglas, and Lexan; 
these materials are known to have complex response c~arac­
teristics over the stress range of interest* and, in the pre­
sent calculations relatively simple representations of these 
materials were used due to the current absence of more sophis­
ticated models. 

Barker, for example, has found that Plexiglas (PMMA) behaves 
as a vi scoelastic mat irial for stresses up to about 7 kbar; 
above th i~ . it responds as an elastic-plastic rate-dependent 
mater i al. "29 
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Fi gures 10 and 11 depict the calculated and observed stre s s 
his t or i es in concrete using the X-cut quartz gages. Experi ­
mental s tress histor i es were determined for tjmes greater than 
t he normal recording time of the quartz gages by special pro­
cedur es wh i ch involved accounting for the multiple reflections 
\ hich occurred in the gages; such a technique, nevertheles s , 
be comes i ncreasingly les s accurate as the recording time in­
creases. In addit i on, no attempt was made to account for the 
influence of lateral rarefactions on t he gages at late time s 
due to the complex geometry. As a r es ult, s ome uncertainty 
exists in the plastic wave profiles shown in these figures. 

* It has been estimated, however, that the experimentally det r-
mined peak amplitude s are correct to within 2 to 4 kbar, and 
that the observed arrival times are accurate to within 100 nsec. 
An inspection of Figs. 10 and 11 reveals that large discrepan ­
cies exit between the calculat d and experimental results. 
The experimental data show that t he stress waves have ndergone 
appreciable a tenuation dur i ng propagation through the concrete 
while the calculat i ons indicate that no attenuation has occurred; 
in the stress histories based on the porous model, however, it 
i s apparent that wave attenuation is imminent in both figures. 
In addition, the observed stress waves are considerably more 
smeared than those that were calculated, indicating the presence 
of aduitional effects not accounted for in the models, such as, 
for instance, strain rate effects and geometrical dispersion. 

Figures 12 and 13 show the calculated and experimental 
results for Problems 3 and 4. Here, the particle velocity his­
tories i n the Plexiglas window material at a depth of 0.303 cm 
from the concrete-Plexiglas interface are depicted. The experi­
mental particle velo city histories portrayed in these figures 
we re obtained with a laser interferometer. Precise arrival 
t imes of t he waves were not determined in the experiments; con­
sequentl y , the experimental records were positioned in the 
fi gures so that the experimental arrival times coincided 

Priva t e communication with W.M. Isbell, General Motors Corp. 
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with those determined from the calculations. Again, the calcu-
1 ted peak velocities differ substantially from those observed 
despite the fact that no attenuation is evident in either the 
e perimental or calculated results. Also, the experimental 
records shown in Figs. 12 and 13 give the release wave profiles 
and, thus, provide insight into the nature of the unloading pro ­
cess in concrete. From an inspection of these profiles, it be­
comes evident that neither of the two models correctly describes 
the unloading process in concrete. 

The calculated and observed results for Problems 5, 6, and 
7 are given in Figs. 14, 15, and 16, where the stress histories 
in the polyethylene backup plate at a distance of 0.29 cm from 
the concrete-polyethylene interface are depicted. The experi­
mental stress histories shown in these figures were obtained 
with manganin wire gages ~mbedded in the polyethylene. Again, 
the arrival times were not determined in the experiments, so 
the experimental records were positioned in the figures in such 
a manner that the experimental and calculated arrival times 
agreed. The peak stresses produced in the concrete for Problems 
5, 6 , and 7 have been estimated by Gregson (see Table II) to be 
22, 37 .5, and 70 . 75 kbar, respectively. An elastic precursor 
is evident in the experimental data for Problem 5 but is not 
apparent in the data for Problems 6 and 7. The shock velocity­
particle velocity data from Gregson's study , depicted earlier 
in Fig. 3, indicates, however, that the plastic wave speed first 
exceeds the elastic (ultrasonic) longitudinal wave speed at a 
particle velocity of about l.4 xl0 5cm/sec, which corresponds to 
a stress of approximately 130 kbar. On this basis, a precursor 
should have been observed in Problems 5, 6, and 7 , where the 
peak stresses were all considerably less than 130 kbar. It is 
not clear at this time why there is such a di s c repancy, although 
there is some doubt about the ability of the manganin wire 
gages to resolve the low stresses which arise in the precursor. 
Despi te this, the agreement between the calculated and experi­
me ntal results for Problems 5 to 7 is better than for the other 
problems considered in this study. 
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4. CONCLJSIONS AND RECOMMENDATION 

From a review of earlier studies of the dynamic behavior 
£ oncreteI it becomes clear that only an initial step has 

been made toward understanding the complex response charac ­
teristics of this technologically important material. While 
numerous investigations of the static behavior of concrete 
have been reported in the literature, relatively little atten­
t ion has been given to its dynamic behavior, particularly in 
the cases of impulsive mechanical loading and sudden radiation­
induced loading. Primary consideration is given to the uni ­
axial strain configuration in this study because of the ana­
lytical convenience it affo~ds in attempting to understand the 
complex response of this material. Brief recapitulations of 
the main topics covered in this report are given below 
together with specific recommendations for avenues of research 
that should receive attention in future efforts. 

Impulsive Mechanical Loading 
19 The recent experimental ,tudy by Gregson appears to 

be the first to address the problem of the response of con­
crete to shock loading, in the range of stresses of practical 
i mportance to the defense community. Although the scope of 
this program was not sufficiently extensive to provide all of 
the data required for the development of a realistic const itu ­
tive model of concrete, the results obtained nevertheless pro­
vide new insight into the dynamic properties of this material. 
Additional experiments are needed to characterize the Hugoniot 
in the stress range 0-50 kbar, which is of greatest practical 
interest. Moreover, since there is a complete absence of 
data on the attenuation of thin stress pulses in concrete, a 
systematic study of release wave propagation and attenuation 
phenomena are required before a realistic constitutive model 
can be developed. 
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tion -Induced Loading 

The most thorough attempt to date to determine the Griin ­

eisen coefficient for concrete has been made by Shea. 24 In 

this work, the Grilneisen coefficient was obtained for both 

regular and air-entrai ned concrete at relatively low doses of 

radiation, which produced peak pressure well below the elastic 

limit. At doses higher thah those investigated by Shea, there 

i s reason to suspect that, because of the porous nature of 

concrete, the value of the GrUneisen coefficient will differ 

sub stantially from that determined at low doses. Furthermore, 

most solid materials exhibit a dependence of the Grilneisen 

coefficient on density and it is reasonable to assume that 

this is al Jo true of conrete. There is, therefore, a need for 

controlled, laboratory experiments to provide insight into the 

dependence of the Grilneisen coefficient for concrete on the 

density and specific internal energy. 

Spallation 

Under uniaxial stress conditions, Birkimer 25 determined 

the spall thresholds of several types of concrete and proposed 

a theoretical spall criterion which correlated the experimental 

~ata very well. Aside from the limited data on spall obtained 

by Shea, 24 the spall threshold of concrete under uniaxial 

strain conditions is virtually unexplored. Although no spall 

threshold was determined in the experiments performed by Gulf 

General Atomic, 20 there was a clear indication that air entra 

ment significantly raised the resistan~e to spall. Additiona 

experimental work, coupled with a corresponding effort to 

develop a theoretical spall criterion, is needed before spall­

ation thresholds in concrete can be predicted with reasonable 

accuracy. 

so 



16 17 
From the studies by Goldsmith, et al. and Pozzo, 

it appears that the solid-friction model provides a simple 

and realistic macroscopie desc~-1~tion of the dynamic behavior 

of concrete, at least for stresseJ not exceeding one kilobar. 

At much higher stresses, there is some limited indication 

that the solid-friction model is not realistic. 17 For impulsive 

loads above one kilobar, there have apparently been no serious 

efforts, to date, to develop an accurate model of the dynamic 

response of this technologically important material. 

In the analysis of underground test d~ta, and in the 

design of various defense-related structures, the simple 

elastic-plastic (von Mises) model has been used in the past 

to describe the dynamic behavior of concrete. The recent 

experimental results of Gregson, and the present numerical 

study, show that the simple elastic-plastic model, as well as 

the porous model described herein, lack many of the observed 

response characteristics of concrete; some of these have a 

strong influence on the ability to correctly calculate the 

propagation and attenuation features of thin stress pulses. 

Thus, in the area of defense analysis and design, where an 

understanding of the response of concrete to short-duration 

pulses is of vital importance, there is an existing need for 

a realistic and practicable constitutive model of concrete. 
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