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PREFACE

This report was prepared by Dr. Eric C. Drumm, Engineering Science and
Mechanics Department, College of Engineering, University of Tennessee, 110C
Perkins Hall, Knoxville, TN 37996-2010 under the Summer Faculty Research Program
sponsored by the Air Force Office of Scientific Research (AFOSR) and the
Southeastern Center for Electrical Engineering Education (SCEEE).

This report covers work done between June 1984 and Sep 1984. Lt Thomas J.
Hilferty was the AFESC/RDCS project officer.

This report discusses stress wave propagation analysis, inelastic soil
response and soil-structure interaction. Recommendations are made regarding the
use of existing numerical codes to perform soil-structure interaction analysis
of buried structures.

This report has been reviewed by the Public Affairs office (PA) and
is releasable to the National Technical Information Service (NTIS). At NTIS it
will be available to the general public including foreign nationals.

This technical report has been reviewed and is approved for publication.
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INTKODUCTLON

The stresses acting on a bhuried structure due to the eftects of a weapon
blast depend on the type, size,and orientation of the weapon, the distance
between the weapon and structure, and the stress-propagation behavior of the
surrounding soil. For a given weapon loading, the response of the structure
depends on the stresses in the surrounding soil, while the stresses in the
s0il depend on the structural response, This coupling of eftects is termed
soil-structure interaction., Depending on the mass and stiffness of the

structure and the behavior of the surrounding soil, the stresses acting on the

structure may be greater than or less than the free-field stresses /stresses
that would exist if the structure were not present).

Current Air Force design procedures (References 1-3) recognize the
existence of soll-structure interaction effects, but a rational method of
includinag these effects in the analysis procedure has not been implemented.
For a complete soil-structure interaction analysis, the soil and structure
should be analyzed as a system with appropriate material constitutive models.

Unlike the dynamic loads from machines, earthquakes or water waves, blast ]

loads may result in stresses of large magnitude with short rise times and l
_ duration, As the stress wave propagates through the soil, the stresses are s
T' attenuated and the rise time of the stress history increases (or the loading 3
. rate decreases). Since the propagation and attenuation of the stress wave ]
‘! depends on the inelastic stress—strain behavior of the surrounding soil, aund ;
. 4

the response of soil may depend on the rate at which the load is applied, the

wave propagation and loading rate effects are closely linked. Thus, for an

R

accurdte numerical analysis of the soil-structure system, the constitutive

A characterization of the soil is of utmost importance.

. The objective of this rescarch is to investigate the wave-propagation and
>i constitutive behavior of geologic media subjected to blast-induced stresses
:~ from conventional weapons. This study is to consist of the following three

{ t asks:
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1. Review previous experimental investigations of wave propagation

through geologic media., This study should address the effect of the inelastic
stress—strain response on the stress propagation behavior,

2. Review existing constitutive models that may describe nonlinear,
inelastic, rate—dependent behavior. Of signiticant importance in the choice
and implementation ot a model is the ability to determine numerical values for
tle model parameters trom laboratory tests.

3. Provide recommendations rugarding the implementation of constitutive
models with loading rate effects into numerical codes available to the Air
tforce., These recommendations should include applications of numerical
techniques to problems of interest to Air Force research and analysis
personnel. Suggestions with respect to additional laboratory testing programs
and additional instrumentation in currently scheduled field tests will be
oftered.

The resulting "state-of-the-art” report should give Air Force personnel a
better understanding of the wave propagation of blast-induced stresses and how
loading rate eftects may be included in analysis procedures. These analytical
met hods may be useful when performing survivability/vulnerability analyses
and in providing geotechnical guidance tor the siting of buried and partially
buried structures, In addition, a numerical analysis prior to the

tield-testing of structures may be helptul in optimizing the test with respect

to instrumentation and weapon placement.
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SECTULON 11
PREVIUUS WAVE PROPAGATION RESEARCH

The determination of the tree-tield stresses acting against a buried
structure is essentially a problem of wave propagation through the surrounding
soil. The sudden release of energy by a detonated weapon results in a stress
wave that proupagates through the soil in a spherical wave front. The stress
wave 1s geometrically or spatially attenuated as it travels trom the source
since the detonation energy is being distributed over an increasing volume of
material. In addition to the spatial attenuation, the stress wave is
attenuated by the dissipative properties of the soil. This attenuatioa effect
is a material property which is included in the constitutive model and should
not be contused with the spatial attenuation. The spatial attenuation will not
be considered turther as it is included automatically in the analysis
procedure,

Most of the early wave propagation and dynamic stress-strain testing was
conducted to determine the eftfects trom nuclear air-blast loading, but the
loadings due to conventional weapons are similar in many respects. As
described by Wilson and Sibley, (Reference 4) the classical air-blast wave
from a nuclear weapon results in a loading history at a given point in the
soil that rises sharply and is tol lowed by an exponential decay in the positve
phase of the pressure. This positive phase is followed by a negative phase
trequently ignored in analysis procedures. Since the radial extent of the

loaded arca is large with respect to the thickness of the soil layer, the soil

is laterally constrained and the resulting detormation is essentially

v

one~dimensional. The assumption of one-dimensional loading may not be

appropriate tor tie analysis of conventional weapon effects against buried

b structures because of tie spherical wave front that is generated. Also, the
Ej stress-time history of a nuclear weapon has a slightly longer rise time and
LL_ lasts longer than loadings usually associated with conventional weapons. In
T. spite ot these ditterences, many similarities exist and an understanding of

one-dimensional wave prupagation is instructive and may be an appropriate

assumpt ion tor some loadings and geometrics,

.I l-
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The shape ot the stress-strain relationship has been recognized as the most
important factor attecting the wave propagation response of soils (Reterence
4-7). As indicated in Figure 1(a), in an intinite column of an elastic,
homogencous, material, a one-dimensional stress wave propagates with a
velocity proportional to the clastic modulus, Mg, with little attenuation or
change 1n stape. [n one-dimensional compression, many soils exhibit the
tamiliar "s-shaped” response, Figure l(b). Since the unloading modulus, Mu,'
is larger than the loading modulus, M), the unloading wave propagates more
rapidly, interacting with the loading wave and resulting in an attenuation
with distance trom the source. As indicated in Figure 1(b), the form of the
stress pulse changes shape as it propagates through the soil, resulting in an
increase in the rise time, a decrease in the peak stress, and an increase in
the totisl duration ot the | ..se at low stress levels, the relatively
large value of initial modulus, Mj, Figure 2, results in a stress wave
propagation at about the seismic velocity, while at higher stress levels, the
smaller value of M, results in a prupagation velocity less than the seismic
velecity. This explains the high velocities obtained from seismic surveys in
which relatively low stress levels are applied and indicates the importance of
testing ac appropriate stress levels.

A review ot wave propagation can be considered to include two related
arcas of study. First, experimental studies ot the propagation and attenuation
ot stress waves through soils will be reviewed. 1In these tests a
vne-dimensional compression wave is applied to one end of a long soil specimen
and the stress and/or velocity recorded as the wave propagates along the
specinen, Since the wave propagation depends on the stress-strain behavior
ot the soil in which the wave is propagating, the second review area will
consist of eftorts to measure the dynamic stress-strain response directly. To
measure this response a4 shock wave is applied to a short specimen. The shock
wave will travel through the specimen and be retlected several times during

tie durdation ot the pulse, resulting in essentially a uniform stress state.
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The propagation of air shock waves throwyth cylindrical specimens of soil
has been reported by several ilnvestigators (Reterence 5-10). The common features
in these tests are the radial confinement of the specimen and the application
ot a stress pulse which propagates one-dimensionally along the specimen, The
radial confinement is provided by rigid rings or spiral reinforcing in a rubber
membrane such that the longitudinal transmission of the stress wave is not
significantly impeded. The stress and displacements are measured at various
locations along the specimen by embedded stress and/or strain gauges. Wnile
questions may arise as to the accurdacy of stress—-strain measurements taken in
this manner, the overall wave propagation and attenuation response can be
ctfectively observed as functions of soil type and input wave form. The
"s-shaped” stress strain response has been recorded in shock tests on sand
specimens confined by spiral windings (Reference 7). It was concluded that the
formation of a steady shock wave in sand is influenced by the characteristics
ol the stress—-strain curve, and that the attenuation dependson the material
properties and boundary conditions.

Me asurements of the pore air pressure in samples of sand, silt and pea
gravel (Reference 8) indicate that pore air pressure is affected by the peak
overpressure, shape of the shock wave, permeability of the material, and depth
of penetration, Significant pore pressures can develop in coarse-grained
uniform soils, but are of little consequence in well-graded soils. The
attenuation rate is independent of the overpressure and depends on the pore
size, depth of penetration and positive shock duration.

Shock wave tests on Ottawa sand coatfined in segmental rings (Reference 9)
indicate materials that exhibit strain-softening display an increase in
the rise time and decrease in the magnitude of the stress and particle
velocity pulse. Strain hardening materials tend to "shock-up” or show a
decrease in the rise time as the wave propagates through the soil.

Samples of Ottawa sand and Kaolin clay (Reference 10) have been subjected
to shock waves and the stress—-strain curves for the sand found to be of the
tamilar "s-shape,” while those of the clay were esscatially linear during the
loading phase. As might be expected, the attenuation rate in the clay was

tound to be greater than that ot the sand, due to the greater hysteresis loss

and lower wave velocity,
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Shock wave studies have been performed on soil samples without rigid lateral
cont inement in which contining stresses up to 15 psi were applied by vacuum.
Triaxial specimens of Ottawa sand (Reterence 11) and clay (Reference 12) 2.8
inches in diameter by 64 inches long were subjected to air shock waves. The
results indicate that the stress wave in sand undergoes the least amount of
change in shape for high densities, high confining pressures, and small
amplitudes of shock pressure with long duration. Because these conditions
approximate the conditions under which an elastic wave would exist, not much
change 1s expected. With an increase in the peak shock and decrease in
duration, the attenuation was found to increase, with corresponding increases
in peak shock and duration.

A good review of wave propagation studies 1s presented by Hampton et al,
(Reference 13). A series of tests on laterally confined specimens of Kaolin
is described in which rise time of the load was reported as "instantaneous” or
about | msec, Measurements from embedded stress and strain gauges indicated
“softening” behavior or stress-strain curves that were concave downward
towards the strain axis. This 1s a departure from the "hardening” behavior or
“s~shaped” response typical of uniaxial strain. These results were discussed
with respect to uniaxial strain tests conducted with the WES device (Reference
14) and the difterences were attributed to a difference in boundary
conditions, sample size, method of confinement, and the difference in loading
rate. The etfects of submillisecond rise times on the stress-strain response
will be subsequently discussed.

The increase in strength of soils due to the rapid application of load
lhas bheen recognized since the 184Us. The erfect of nuclear weapous loading
provided the impetus for many experimental studies during the early 60s.
Although much of the early data consist of only the rate eftects on the soil
strength and {nitial modulus, this provides an understanding of the general
hbehavior ot soils under impact loads. Of additional interest is the apparatus
used to apply the impulsive load to the specimen, since the form of the
applied stress pulse is a function of the loading apparatus. Stress histories
with a short rise time and duration typical of conventional weapons may be
ditticult to obtain with some test devices, but the stress strain response

must be measured over the range of anticipated loading rates.
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Sample geomelry s dn

tmportant consideration when determining

const ttut ive parameters since the knowledge of the complete state of stress is

required ir tie results are to be properly incorporated into a general model.
Tne propagation aud retlection of stress waves in the sample also depend on
the geomelry.

The wmportance of sample configuration, specifically, lateral constraint,
has been discussed by Wilson and Sibley (Reference 4). It was suggested that
‘the value of the constrained modulus M., is bounded below by triaxial
compression tests due to sampling disturbauce and the lack ot lateral
constraint. The value of M. is bounded above by the modulus calculated from
the selsmic velocity. This value is high due to the eftects of
preconsolidation and the low applied stress levels. The actual value ot M/
should pe betwevn the value computed by a hydrostatic test and a uniaxial
strain test. A series of uniaxial strain, hydrostatic compression, and
triaxial shear tests on samples of tuft were reported by Ehrogott (Reference
15). 1lhe relationship between dynamic and static strength was tound to depend
on the state of stress in the sample, although it was not clear what these
eftects are. [t is clear that loading rate effects, as well as general
stress—strain behavior, depend on stress path, A review of impact tests under
various slLress paths ftol lows.

Iriaxial tests on dry and undrained saturated sands were conducted by
whitman and Healy (Reference lo) with time to tailure rauging from 5 msec to 5
minutes and the results indicated little

tncrease in strength for dJdry aund

dense saturdated sands. Loose saturated sands tend to develop lower values of
excess pore pressure when loaded rapidly, resulting in a strength increase of
about 4V percent tor a decrease in tailure time trom 5 seconds to U.UZ5
secaonds.

A similar study un the rate eftects on a saturated remolded clay was
reported by Richardson and whitman, (Reference 17) and it was suggested that

the rate eftfects are due to the internal migration of pore water causing

larger excess pore pressures at low rates.
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An o¢xteasive series of tests on Goose Lake clay (Reterence 18) at various
water contents was conducted with a pneumatic device producing failure times
ranging trom 2 msec to | hour. An increase in dynamic strength was observed
tor all water contents, but a smaller strength increase was found for samples
with low water contents. The increase in secant modulus at | percent strain
was tound to be more dependent on strain rate and water content than was the
strength. Increases in dynamic strength and modulus have also been reported
by other researchers (Reference 19-21).

Dynamic direct shear tests (Reference 22 and 23) using compressed air to
create loading rise times ranging from | to 5 msec have been conducted on
specimens ot sand, clay, and sand-clay mixtures. The dynamic impact strength
envelopes were compared with those of “rapid static™ tests with time to
tailure of 30 to 5U seconds. The results indicate little increase in strength
tor tle sand samples in both dry and saturated conditions, while the clay and
clay-sand mixtures exhibit an increase in apparent cohesion. The increase in
cohesion appears to be independent of the moisture content and grain size for

specimens with a degree of saturation, §, greater than 85 percent.

The split Hopkinson pressure bar (Reference 24) or Kolsky (Reference 25)

.

apparatus was developed for tle testing of metals and has been used to

investigate the loading rate eftects on the behavior of geologic materials

'

KR stains | SUAIMAIAR.

Ladou sn Ak sl an o

(Reterence 26-29). Although the Hopkinson bar is convenient for dynamic
testing and the impact velocities can be accurately controlled, the rate of
strain is not constant and cannot be determined directly. This apparatus and
the analysis of the test data have been well documented (Reference 30-33) and
will not be discussed further.

Perhaps the best data on loading rate eftects have been obtained from
tests conducted on thin specimens in uniaxial strain devices (Reference
5,14,34,35). Since the sample length is small, the stress wave may propagate

acrouss the sample and be reflected from the ends many times during the duration

{. of the load. Thus, a relatively uniform stress distribution throughout the
E?“ sample can be assumed. This assumption, known as the "multiple-reflection
&:. theory,” is probably appropriate, provided the rise time is greater than 0.1
i_ msec tor sand and .0 msec tor clay, (Reterence 36) but reflections and

g J raretact ions may attect the actual state of stress in the sample (Reference

37). 1In addition, the complete state of stress is unknown due to the inability

to measure the radial stresses.
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Schind ler (Reterence l4) describes the development of a uniaxial device
by WtS in which a cold-gas expansion is used to apply the impact loading.
This device was moditied by Jackson et al. (Reference 35) to duplicate the
et tects of a conventional weapon by using a loading initiated by a hot gas
expansion (explosion) resulting in rise times less than | msec., The
stress—-strain responses of three sands have been measured with this device
under transient pressures ranging from 10 mPa to 80 mPa. It is reported that
the response changes from "stittening” behavior to "softening” behavior when
the rise time is less than 1 msec. A numerical analysis was performed to show
that these eftects were due to rate eftects rather than a change in the state
of stress due to reflections. This distinct change in behavior with
submillisecond rise times is similar to that reported by Hampton (Reference
13). It has been suggested (Reference 38) that this softening is due to a
decrease in strain rate after the initial rapid loading. This change in
behavior is signiticant and should be investigated more closely under
dit rerent states of stress. Further testing with rise times less than 1 msec
should be conducted to assure that this measured response is, in fact,
representative of the material and not a function of the testing device.

Table | summarizes the rate effects on strength and initial modulus.
Although a complete description of the stress~strain response is needed for a
wave-propagation analysis, the general trends are informative. The
stress-strain behavior of the soil is highly dependent on the type of soil,
lateral continement, state of stress or stress path, stress level, and the
rate at which the load is applied. Laboratory tests should be conducted under
conditions approximating those in situ. Some existing mathematical models that
represent the constitutive response of geologic materials will now be
discussed. Of particular interest are models which incorporate the effects of

rate of loading.
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TABLE |, SUMMARY OF EFFECYTS ON STRENGTH AND INLITLAL MODULUS DUE To
INCREASE IN LOADING RATE*
SULL TYPE STATH STRENGTH INITLAL MODULUS COMMENTS
INCREASH INCREASE
less than lower excess
All S increase in great pore pressures
modulus
function of OCR
CLAY l.ow $ moderate tunction of
moisture content
RPN S
S " 85% great independent of
moisture content
and grain size
T loose
bry slight slight dependent on
dense density
SAND
& loose great lower excess
pore pressures
GRAVEL Saturated
dense slight slight
*NUls:  General trends are indicated only., The effect of loading rate is a
function ot many variables, such as the applied stress level, the stress

state, the loading history, the grain size distribution, density, water

content, porosity, and overconsolidation ratio, amoung others.

The properties

ot a given soil should be determined in tiwe tield or laboratory under jin situ

condicions, and should be determined under various states of stress and over

the range of expected loading rates.
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SECLLON (1L .
CONSTLEUTLVE RELATLONS

Numerical wave propagation (Reterence 39-41) and soil-structure
interaction uodelling tor blast loadings (Reference 42-43) have been conducted
witnh elastic material represeatations in which the stress is related directly
to Lue strain. Due to tihe inelastic response and the stress-path dependence of
most solls, an incremental plasticity tormulation such as that conducted by
Goudreau et al. (Reference 44) tor a combined air blast and ground shock
loading is preferred.

Incremental plasticity type models, in terms of stress invariants, can
represent material behavior over multiple-stress paths and will assure
unigueness of the stress-strain relation., Space does not permit a complete
discussion of plasticity, but, in most tormulations used to represent geoiogic
materials, the strain is assumed to consist of an elastic part, ee, and a
plastic part, eP, as shown in Figure 2. To include the frictional response
common to most geologic media, a tailure envelope such as that shown in Figure
3 is used, When the stress state (plotted in an invariant space as shown in
Figure 3) is below the envelope, only elastic strains can occur. Since most
geovlogic materials experience plastic strains at stresses below the linear
euvelope, or due to stress paths, as shown in Figure 3, an additional yield
criterion or cap, is detined. As the stress state moves from Point 1 to Point
2 the cap also moves as a result of strain hardening. This results in the
change i tine elastic limit of the materidl response, While many plasticity
tormulations exist, (Reference 45 and 48) formulations that can represent the
loading rate ettects are of ilaterest in blast loadings. A trade-off must
often be made between sophistication of the model and the ability to determine
the material parameters trom labocratory or tield tests.

Altaough many of the elasto-viscoplastic models are tormulated to model

creep behavior, the tormulation stould be general enough to include the change

' in benhavior due to rapidly applied loadings. Variations of tine Sandler Cap

L model (Reterence 40) have been proposed (Reference 38,49,50) in which the flow

ng
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rule is written in terms of a viscous parameter, Under slow rates of loading,
the cap moves with the stress state as in a conventional plasticity model, and
the hardening or stittening behavior expected for a uniaxial stress state may

occur, Under rapid rates of loading, the cap lags the stress state indicated
by Point 3 producing the "apparent softening” (Reference 49) behavior measured
by Jackson (Reterence 35). Additional strains accumulate in the visco-plastic
domain until the cap "catches up” to the stress state. A model of this type
has been tormulated by Rubin and Sandler (Reterence 49) for high-pressure and
high~temperature equations of state, and modular subroutines are provided for
use in explicit integration codes. A model formulated in terms of the third
stress invariant has been used by Schreyer (Reference 51). Other models
(Reterence 348, 49-51) have all been used to predict the laboratory tests of
Jackson (Reference 35) and appear to represent the rate effects adequately, It
should be kept in mind that due to the lack of exberimental data, only the
behavicr under the uniaxial state of stress has been predicted for rise times
less than | msec. A true test of these models awaits laboratory data under

dit terent stress paths.
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SECTLON IV
RECOMMENDAT LONS

Existing numerical techniques are available to perform dynamic
soil-structure interaction analyses for weapons cffects on buried structures.
For many soil conditions such as clays and partially saturated sands, a
rate-dependent constitutive model may be required. Since an explicit time
integration scheme is usually recommended for blast loadings, (Reference
33,52) a large deformation code such as DYNA3D (Reference 53) may yield good
results.

To indicate how such a code may be used, the full-scale buried HYPAR
structure tests to be conducted at Tyndall AFB should be analyzed. Soil
samples trom the test site should be tested under quasi-static loading
conditions and the analysis performed with constitutive models currently
implemented in DYNA3D. The ground motions and interface pressures will be
compared with those measured in the tield tests to illustrate the importance
of the soil model. While a better solution is likely to be obtained if a
rate~dependent model is used, the analysis will demonstrate the laboratory
determination of the rate iIndependent constitutive parameters and the analysis
with soil-structure interaction effects. With rate-dependent properties from
tuture tests at high loading rates, a better solution may be obtained.

Future Air Force research should be directed towards development and
implementation of rate-dependent constitutive models. The severe shortage of
quality laboratory test data under high loading rates hinders this’
development, therefore both tasks should be considered concurrently. Stress
states other than uniaxial strain are important for the localized stress
conditions existing near conventional weapons. Data on soils tor which
tul l-scale structural tests have been conducted or are planned should be
considered to verity the models. Numerical analyses of field test structures
prior to testing can permit parametric studies of test variables such as
weapon location and orientation, as well as assist in the determination of
instrumentation location, A rational approach to the design of tield tests

will permit more cftective use of test structures and weapons to maximize the

15
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daala obtulned. Pesting can then tollow to determine 1t the structure behaves
as predicted. Numerical analyses can also be usetul in isolating the eftects
Ot stress wave retllections 1 laboratory dnd centrituge tests at high loading
rates.

Additional areas ot resedarch in soil structure interaction research include
tle development of appropriate intertace models to permit relative motions
butween the soll aund structure. These relative motions may be particularly
important tor surface and partially buried structures. Although interface
models exist, these models cannot include the ettects of soil arching. soil
arctitng 1s the tendency tor the soil to transter stress from the more tlexible
portions of the structure to the portions of greater stittness. Tests
simulating nuclear weapons hdave shown that current analysis methods
underpredict the strength of the structure due to these effects (Reterence 3).
Arching ettects may be vnhanced witn the rapid application of load associated
witn conveational weapons. special interface elements can be developed to
include these ettects, with the constitutive parameters determined from field
or laboratory tests.

The analysis of buried structures subjected to conventional weapon loadings
is complex, but existing methods are available to obtain reasonable solutions.
wicn the wmplementation of rate-dependent material models, the quality of the
solLutions should improve. Numerical solution procedures ilnterpreted in
conjuction with the results ot centrituge and field tests will result 1n an

tmproved understanding of the soil structure interaction and wave propagation

ettects in these problems.
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