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SECTION I

INTRODUCTION

This report covers experimental work and numerical simulations through

a contract modification to contract FO 8635 K 0052, "Scaling Problems of

Wave Propagation in Layered Systems." The purpose of the,contract was to

investigate methods of laboratory simulation of the ground shock loading

from a conventional weapon, and to develop a unified numerical simulation of

the ground shock loading and structural response. Results from the original

investigations is given in References 1 and 2. As indicated in Reference 1,

the laboratory method of choice was the light gas gun, and recovery tests

were conducted to demonstrate the suitability of the light gas gun for

laboratory simulation. Subsequent to the recovery tests, it was deemed

desirable to have instrumented test data to further confirm the performance

of the light gas gun as used for the simulation. Therefore,.additional work

was conducted on instrumented tests to measure the load versus time, or

loading profile, on the model test structures. Section II of'this report

covers the evaluation of suitable instrumentation for use in laboratory

simulations, and a summary of the data obtained. -.. - ' /

In addition to the instrumented tests, additional numerical simulations

were performed. The purpose of these simulations were:(1) to investigate

predictive capabilities of the wave-analysis computer program, developed in

the original contract, for calculating the response of buried model

structures subjected to conventional munitions, and (2) to consider the

development of preliminary, but quantitative relationships for design

analysis and performance prediction. Results from the numerical simulation

and an evaluation of its accuracy and utility are given in Section III of

this report.



SECTION II

EXPERIMENTAL PROGRAM

A. BACKGROUND/TASKS

This section of the report covers the additional experimental work

performed Jn the contract modification. After the recovery tests conducted

under the original contract, it was deemed desirable to have instrumented

test data to further confirm the performance of the light gas gan as used

for the simulation. Therefore, additional work was conducted on

instrumented tests to measure the load versus time, or loading profile, on

the model test structures. This section of the report covers the evaluation

of suitable instrumentation for use in laboratory simulations, and a summary

of the data obtained.

Most of this work was thus spent in developing laboratory

instrumentation to measure loading profiles on a model structure loaded by

the light gas gun. Tasks in the contract modification were for evaluation

of manganin, PVDF, and strain gages for use in laboratory simulation. Early

work found that strain gages were not suited for the present instrument

needs, and hence the evaluation was extended to carbon gages as well. The

data obtained were used to meet two objectives. The first was to quantify

the loading parameters in the light gas gun simulation. Data with

sufficient precision were obtained that when put in suitable nondimensional

form, the loading conditions could be compared with field tests. Second,

all data from instrumented laboratory tests were combined into a data set on

strong shock propagation through sandy soil. These data give the shock

attenuation for a number of different soil thicknesses and shock strengths.

This report covers, in order, the experimental setup used to conduct

the tests and evaluate different instrumentation; the results of the tests,

including an evaluation of the different gages; and a summary of the

results, giving the data base on shock propagation through soil and on the

range of nondimensional loading parameters that can be achieved.
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B. EXPERIMENTAL TEST SETUP

All tests were conducted in the shock impact laboratory at the

Department of Mechanical and Aerospace Engineering at N.C. State University.

This facility is described in detail in reference 1. The gas guns used to

produce shock loading and the mount was used to hold the test model are the

same as those described in this report; however, the gages were mounted in a

different configuration designed to accommodate multiple gages, including a

rather large PVDF gage. The configuration in which the gages were mounted

is shown in Figure 1.

This configuration allows up to three gages to be mounted on the model.

The large size of the PVDF gage does not permit it to be mounted directly at

the center of the model, hence in most cases an additional gage was mounted

off-center and symmetrically opposed to the PVDF gage. A PVDF gage was used

for all tests. In shot M032, a manganin gage was mounted under the PVDF

gage. In all of the other shots, either PVDF gages or carbon gages were

mounted both on the model center and at the off-center location shown in

Figure 1. The initial stre: to the soil cover was calculated from the

Hugoniot based upon the projectile speed and the type of projectile and

coverplate materials. The accuracy of this method was confirmed in prior

testing reported by ESL-TR-87-73.

All data except shot M032 were taken with an analog-to-digital (A/D)

burst data acquisition system, which records up to four channels of data at

a sample rate of 500K samples/sec on each channel. Up to 32k data points

can be stored on each channel, which far exceeds the length of any shot.

Digital data obtained in this manner were then stored on disk, and data

reductions were performed by computer. Loading profiles for all shots with

data obtained with this system are given in Appendix A.

3
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C. TEST RESULTS

I. Data Summary

All tests conducted under the contract extension are summarized in

Table 1. Test data given in this table include the shot number, the

thickness of the soil cover, then peak input stress to the soil cover, and

the resulting stress in the soil- as the shock arrives at the model. These

are the normal stresses in the soil at the front and at the back of the soil

layer and are labeled as the input and output stress in the soil. Also

included in Table 1, are the types of gages used in the test. With the

exception of shot M032, all shots included one PVDF gage, mounted as shown

in Figure 1, and an on-center and an off-center manganin or carbon gage.

Strain gages were tried in several of the tests, but could not be used

successfully. When the gages were mounted directly on the microconcrete

model, the bond between the gage and the model failed. Strain gages mounted

on a thin plastic sheet next to the model did not have sufficient

sensitivity to give accurate data. In addition, there was some question as

to the time response of this system. Therefore, after four unsuccessful

attempts to use strain gages, they were abandoned and carbon gages were used

in shot M041. The gages used in each shot are also given in Table 1.

Some preliminary data obtained prior to the contract extension

were available from shots instrumented with manganin gages. These data were

combined with the present data to form the data base used to establish shock

attenuation t- jugh a soil layer. These data were then used to estimate the

loading pro.iles that occurred in the recovery tests. Because these data

were used in the analysis of the recovery tests and constitute a part of the

overall data set used to establish shock attenuation, they are included in

Table 1.

Although shot M032 employed both a PVDF and a manganin gage, the signal

conditioning for the output of the PVDF gage failed. This shot had a

relatively thick soil layer of 5 cm. The shock attenuation through the

layer caused the normal stress at the Mangagin gage, located at the back of

5



TABLE 1. SUMMARY OF SHOTS AND TEST PARAMETERS

Soil Peak Stress -- MPa Gaging
Shot Thickness
No cm Input Output manganin PDVF Carbon

14032 5.0 136 8 X X

M035 2.5 144 16 X X

M036 3.2 137 14 X X

M037 3.2 137 18 X X

1040 8.6 220 12 X X

M041 7.8 227 14 X X

Data From Prior Shots

M027 2.3 198 52 X

M030 3.2 134 25 X

M031 1.14 156 74 X

6-08 2.5 190 78 X

the layer, to be at the lower limit of reliable manganin gage performance.

Therefore, the peak stress was measured for this shot, but the loading

profile was not deemed accurate and the loading profile is not included in

the data set. Low sensitivity is the major problem with the manganin gages

for shots with thick soil layers because the peak stress levels are often

below 10 Mpa, which is lower than reliable operation of these gages. See

Section M11. Loading profiles for all of the other shots are included in

Appendix A.

6



2. Gage Performance

Three of the tasks in the contract modification were to evaluate

various types of gages for use in laboratory simulation of the ground shock

loading on model structures. A summary evaluation of the gages used is

given in this section. As previously mentioned, because strain gages were

found unsuitable in the present application, carbon gages were also

evaluated, in a search for suitable normal stress or pressure transducers,

even though this evaluation was not in the tasks to be accomplished.

a. Strain Gages

Strain gages were tried in several of the tests, but could

not be used successfully. When the gages were mounted directly on the

microconcrete model, the bond between the gage and the model failed. Strain

gages mounted on a thin plastic sheet next to the model did not have

sufficient sensitivity to give accurate data. In addition the relation

between strain in the plastic sheet and that in the microconcrete is not

well defined. There was also some difficulty in maintaining the bond

between the gage and the plastic sheet, although the bond held most of the

time. Therefore, after four unsuccessful attempts to use strain gages, they

were abandoned and carbon gages were used in shot M041. Because no data

were obtained using strain gages, this gage is not included in the gage

types listed in Table 1.

b. Manganin Gages

Manganin and carbon gages are piezoresistive sensors. They

exhibit a change in resistance with normal stress. This change in

resistance is normally measured by installation in one or more legs of a

conventional Wheatstone bridge. However, sensitivity is a problem with all

piezoresistive sensors, because the high bridge current needed for reliable

measurements sensitivity may heat the gage.

7



Because manganin has proven useful to stresses greater than

100 GPa, it is the most widely used piezoresistive gage for measurements of

shocks in solids (Reference 3). In the present application, however, the

soil disperses the shock and the peak stress levels are much lower than in

other solids. Because of this, the peak stress levels are usually at or

close to the lower limit of reliable manganin gage response. Consequently

the loading profile which contains even lower stresses is not measured

reliably. An example of this is shot M032, in which stresses lower than

reliable gage operation occurred. This is the reason that a alternative to

the manganin gage is needed.

c. Polyvinylidene Fluoride (PVDF) Gages

PVDF is a piezoelectric sensor, which produces a charge

propo-tional to normal stress. These sensors do not require a bridge and,

hence current, through them to produce a signal; therefore, there is no

heating of the gage. The sensitivity of these gages is ranges from 1KPa to

20 GPa, making theb, well suited for ground shock measurements in soil.

Another advantage is that the gages are sturdy and hold up well when

subjected to the large particle displacements that occur in soil. Because

of their promise, a number of gages were made by the Polymers Division of

the National Bureau of Standards (NBS) for test and evaluation. Four of

these gages were used in the present evaluation.

The gages respond to normal stress on all surfaces, but with

a different sensitivity. This means that the normal stress on the edges

must also be known to interpret the output. Because of this the gages have

been most successfully used in a uniaxial or hydrostatic state of stress.

Under these conditions, they appear to be quite accurate. Measurements in a

complex or unknown state of stress state are more difficult to interpret.

To better define the gage performance under these conditions, Chung et al.

(Reference 4) calibrated the gages in soil. This work indicates an increase

in sensitivity of up to 2.5 times the sensitivity when calibrated

hydrostatically. Soil has a low value of yield shear stress, and hence

under strong shock conditions is expected to respond with approximately a

8



hydrostatic stress state. Consequently, the gage sensitivity in soil

subjected to ground shock loading has not been completely defined. In the

present experiments, the best correlation with either the manganin or carbon

gages was obtained by using the hydrostatic calibration. Consequently, the

correct gage sensitivity to use for shock testing in soil does not appear to

have been entirely resolved.

As previously mentioned, four gages were available to use in

the present evaluation. With this number of gages, multiple use or reuse of

the gages was necessary to conduct enough tests for the e.aluation. One

gage was destroyed in the first shot it was used, and another gage was

destroyed after two shots. These were mechanical failures of the base

supporting the gage and were not related to the way the gage was

constructed. The other two gages uere used in two or more shots. A

decrease in gage sensitivity was apparent after multiple use at these

conditions (Table 1); although visual inspection showed no external damage,

the gage sensitivity appeared to decrease. Because of this, it is

recommended that PVDF gages be used only once in future tests, at least

until this apparent decrease in sensitivity is better documented. The

decrease in gage sensitivity combined with some question about the correct

calibration procedure made accurate measurements difficult. Further work is

needed before the PVDF gages can be used with confidence in an undefined

and/or complex state of stress.

d. Carbon Gages

Carbon gages, like manganin gages, are piezoresistive. At

lower shock stresses, carbon gages can be better suited because the

resistance change is larger than that for manganin gages. Experimentally,

the resistance change in carbon as a function of stress is reproducible up

to 2 GPa (Reference 5). This is well within the range required for the

present application. However, the resistance change in carbon with

temperature is greater than manganin. This means that, because of gage

heating, greater care is required to make accurate measurements.

9



One shot, M041, was made with both PVDF and carbon gages,

arranged in the configuration shown in Figure 1. The gages did exhibit the

expected change in resistance due to heating from the bridge current,

however this was calculated and removed from the signal. This reduced gage

output was consistent with prior tests and predictions. In addition, carbon

is less brittle than manganin and therefore, holds up better when subjected

to the relatively large particle displacements that occur in soil. At the

present time carbon sensing elements appear to be one of the better

techniques for our application Certainly, additional tests are to be

desired before this can be confirmed.

3. Shock Propagation in Soil

The combined data in Table 1, consisting of test results from

prior shots and from shots conducted through the contract modification,

provide a data base on shock attenuation through soils of various

thicknesses. Table 1 gives the peak stress as the shock enters the soil

layer, labeled the input stress. After the shock traverse the soil layer,

the peak stress was measured by one or more of the gages described above.

The peak stress after propagation through the soil layer is labeled the peak

output stress. The values given in Table 1 are the shock stress in the

soil, not the shock stress as it is reflected off a boundary. The

thickness of the soil layer is also given in Table 1. The shock attenuation

is defined here as: peak output stress/peak input stress.

The shock attenuation verses soil thickness is plotted in Figure

2. The data consist of all shots in Table 1, and the individual data points

are labeled by shot number. A least-squares curve fit to the data is shown

as the solid line. The equation chosen for the curve fit was:

Pou'Pin :(t/to)q(11

10
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Where Pout = the peak output normal stress, Pin = the peak input normal

stress, to is a reference thickness, and t = the soil thickness in cm. The

least-squares curve fit to the data gave the value for to = 0.6 cm and the

value for n = -1.136. This curve fit has an RMS error between the measured

and calculated (from Equation (1)) shock attenuation of 0.104. If the data

point associated with shot 6-08 is left out, the RMS error = 0.04. One

consequence of this good agreement is that the shock attenuation depends

primarily on only the soil thickness. Although there is not a wide range of

peak input stress, there is no apparent dependence of shock attenuation on

the peak stress levels. Shot 6-08 was with a much higher impulse, and is

one of the data points that does not fit the curve well. Because this is a

single data point, it is not possible to draw any well-founded conclusion;

however, the observation is made.

The observation that the shock attenuation depends primarily on

only the soil thickness means that the shock strength (peak shock output

stress) after propagation through the soil layer can be estimated with good

accuracy if the peak input stress and the soil thickness are known. As

previously mentioned, the peak input stress can be accurately calculated

from the projectile speed and the material of the coverplate and the

projectile. The projectile speed was measured and the material of the

projectile and coverplate as well as the soil thickness was known for all of

the recovery tests. Therefore, the peak shock loading for all of the

recovery tests can be calculated. This is the major objective of developing

this data base.

The data presented in Figure 2 should be useful for predicting

shock attenuation in dry soils. The data can be used for evaluation of

numerical codes, or in estimating the shock attenuation in soils of various

thicknesses. Because part of the shock attenuation in the present

experiments is due to release waves from the edge of the soil layer, the

results in Figure 2 can not be applied directly to shock attenuation in

unbounded soil.

12



4. Nondimensional Loading Parameters

The major objective of the contract was to investigate the

suitability of the light gas gun for laboratory simulation of the ground

shock loading from conventional weapons on hardened structures. A number of

recovery experiments were conducted to qualitatively compare failure modes

in the laboratory simulation to those observed in field tests. These

recovery experiments and the failure modes were described in the final

report ESL TR 87-73. The data base given in Figure 2 can be used to

quantify the results observed in the recovery tests. This is accomplished

by using the data base in Figure 2 to estimate the peak shock loading on the

model structures protected with a soil layer. The total impulse of the

projectile is used to give the impulse on the model, thus, both the peak

stress and the impulse that produced failure of the model structure can be

estimated. If the peak stress and impulse are the major parameters that

establish the failure criteria for a particular structure, marginal failure

(when the structure just begins to fail) should depend primarily on these

two parameters.

Therefore, failure of any specific structural design can be

correlated with these two parameters. Note, however, that the combination

of impulse and peak stress that produces failure will vary with size or

design of the structure. Clearly, a more massive structure will require a

larger impulse for failure. The objective of the present work requires a

comparison of failure conditions (impulse and peak stress) of a laboratory

scale experiments with field tests. This comparison requires that the

failure criteria must be put in nondimensional form. ESL TR 87-73 discusses

the proper scaling for laboratory experiments and includes proposed

nondimensionalization of the impulse and peak stress appropriate for the

present scaling conditions. Of the scaling parameters, the nondimensional

impulse and peak stress are repeated here.

13



The nondimensional peak stress = P* is:

p P max (2)

where Pmax the peak stress of the shock loeding, and vy = the compressive

yield stress of the concrete structure. The nondimensional impulse = I* is

given by:

I* = 1 (3)

ayL2(p/E)1/2 L'

where I = the total impulse of the loading (integral of normal stress over

time), L = the length Scale of the structure, p = the structural density,

and E = the structural modulus of elasticity. Physically, the non-

dimensional impulse in Equation (3) is obtained by dividing by the product

of force times time. Oy(L 2) has the dimension of force and (p/E) 1/2 L' has

the dimension of time. For a rectangular plate this time is proportional to

the natural frequency if L' is the length of one side of the plate and

proportional to tile for an elastic wave to propagate through the plate if

L' is the plate thickness. For a fixed geometric configuration, the

relation between the wall or plate edge length and the wall thickness is

fixed, thus either dimension can be used. In the present non-

dimensionalization the edge length is used.

The calculated conditions of nondimensional impulse and peak

stress that produced marginal failure in the recovery tests are plotted in

Figure 3. Each point in the figure represents failure conditions for the

same test model structure. However, structures with and without reinforcing

bars are included in this figure. All of the data points shown were

complete failures, except shot M024 which exhibited some cracking on the

back surface but did not fail. A summary of failure mode at each data point

follows:

14
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Shot Failure Mode

M018 Breech -- Spall

M019 Breech -- Spall

M022 Breech -- Bending

M024 Cracking on Tensile (back) Surface

6-07 Breech - Bending/Flexure

It is evident that the failures at high peak stress and relatively low

impulse were spall type failures, whereas the failures at lower peak stress

and larger impulse were bending failures. The test model in this case was a

scale model of a thick wall (length to thickness ratio = 4) structure tested

at Waterways Experiment Station (WES). (References 6 and 7) Because the

failure criteria or the parameters that produced failure are in non-

dimensional form, the data from the WES tests can be plotted on the same

figure. The failure conditions for the test model and those from the WES

experiments are consistent, indicating the validity of the scaling as well

as the test procedure.

The failure mode for all of the test models was either by spall, or by

bending. In most cases, the wall of a hardened structure is breached by the

so-called punch failure, where a section of the wall is "punched out" by

local shearing. The reason the test models did show punch failure is

probably because the loading was not at the intermediate range of peak

stress and impulse observed in the WES tests. In addition, the thick wall

structure may make the shear type failure less likely. The failure mode of

the WES-ESSEX test is by shear, following earlier minor deterioration in

bending, and the response in the WES - 1/3 Scale test is described as

flexure/membrane.
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SECTION III

NUMERICAL SIMULATION

A. BACKGROUND/TASKS

This section of the report covers work in numerical simulation that was

conducted on the contract modification. As previously stated, the

objectives were: (1) to investigate predictive capabilities of the wave-

analysis computer program, developed in the original contract, for

calculating the response of buried model structures subjected to

conventional munitions, and (2) to consider the development of preliminary,

but quantitative, relationships for design analysis and performance

prediction.

The computer program is a two-dimensional, plane strain, Lagrangian

finite-difference program using artificial viscosity to smooth shock fronts.

A detailed description of the program is given in Reference 2, the final

report on the contract. The program contains constitutive models for

investigating the response of buried structures to ground-shock loading from

beginning to end in a unified fashion. They are: (1) a standard

hydrodynamic-elastic-plastic model for solids such as concrete, (2) a model

specially developed for soils, and (3) an explosive model based upon

Chapman-Jouget detonation theory. The standard solid model has a tension

cutoff scheme to handle fracture on the basis of maximum tensile stress. The

soil model was developed to deal with the influence of porosity on the

inelastic behavior of materials in a physically consistent manner so that

phenomena such as shear enhanced pore compaction can be represented.

Previous model calculations presented in the final report focused on

laboratory concrete frames in which ground shock was simulated by use of a

light gas gun. The calculations showed: (1) that predicted features were

consistent with experimental observations regarding modes of failure, load

profiles at concrete surfaces, and their interrelationships, and (2) that

numerical simulation could provide a basis for interpreting the response

17



behavior of buried structures subjected to high pressure ground shock

loading by directly focusing on shock waves that excite the structures.

The purpose of this work was to further demonstrate the applicability

of the program for calculating the response of buried structures subjected

to localized chemical explosions. Most of the work was to simulate the

ground-shock loading of a buried structure in a unified fashion including

explosive detonation, ground-shock propagation, and soil-structure

interactions. Also, an attempt was made to es .ablish a peak-pressure impulse

relationship to predict failure mechanisms through parametric numerical

calculations.

B. CONFIGURATION FOR MODEL ANALYSIS

The analysis configuration, shown in Figure 4, is one of the

experimental configurations used in recent test series run by the

Engineering and Services Laboratory, Tyndall AFB (see Reference 7). It

represents a one-third scale model of a t)pical command and control center

structure. The primary goal of these tests was to determine the response of

a shallow-buried concrete structure subjected to the effects of localized

-loading from the detonation of conventional weapons near the structures. The

data were made available to us by Mr. John R. Hayes of Tyndall AFB, one of
our technical monitors on the project. It was t'e only instrumented test
for which we had information on critical parameters such as pressure

histories at the interface between soil and concrete slab and modes of

fai-lure.

Unfortunately, however, few data were &.ailable to determine

constitutive properties of the materials used in these tests. Therefore,

inert properties such as the compressive strength of soil under high

pressures were assumed to be the same as those used for the previous

calculations described in the final report. The explosive source was

assumed to be a TNT sphere without a case. Since the code is two-

dimensional, the surface area of the sphere was scaled on the basis of an
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MK-83, 454 kg(1,000-pound) bomb. The calculated Chapuan-Jouget pressure was

approximately 260 kb (3 by 10 6 psi).

In numerical simulation, the response of the buried structure subjected

to the effects of the TNT explosion was investigated in terms of standoff

distance. However, because of a fundamental difference between the scaled

experiment, a three-dimensional test, and the simulation, a plane-strain

calculation, a direct comparison of the two is not possible. The

calculations were intended for investigating the qualitative features of

model behaviors.

The remainder of this section is divided into two subsections:

subsection C describes selected output of the model calculations including

free field calculations and subsection D discusses this output.

C. MODEL OUTPUT

This section presents results from calculation of two test

configurations, corresponding to short and long standoff distances as well

as those corresponding to a free-field calculation. The long standoff

distance corresponds to that of the Air Force test configuration shown in

Figure 4. The purpose of the free-field calculation was to investigate the

nature of ground shock threat from close-in detonation. The determination of

an equivalent load from free-field ground shock at a prescribed standoff

distance is the first step in traditional procedures for the design of

protective structures against impulsive loadings.

1. Free-Field Solution

Figures 5 and 6 show features of free-field ground shock

propagation in terms of stress and particle-velocity histories. However, the

values of peak stress observed in the field tests were such smaller than the

calculated values. The primary cause of this discrepancy was attributed to

material properties and the difference in the number of spacial dimensions:

two vs. three. In plane strain the values of peak stress and peak particle

20
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velocity were scaled on the basis of the square root of the cross sectional

area of the explosive charge. Therefore, no attempt was made to adjust the

magnitude artificially.

Figures 7 and 8 show the time of arrival of shock front and its

rise time. These time scales are often used in traditional approach (e.g.

Reference 8) to predict ground shock threat on the basis of empirical

formulas. These figures show that the traditional assumption of constant

wave speed defined as distance dived by the time of arrival and the

proportionality of the rise time to the arrival time is not applicable for

close-in detonation. The calculation is a demonstration of evidence

(Reference 9) that conventioanl data base and idealizations are insufficient

for bombs detonating very close to their targets. The increase of the rise

time at la:ge distance is a numerical artifice caused by finite-size

calculations. It was created by wave reflections from boundaries.

2. 70-cm Standoff Calculation

This configuration is a model system and represents a very close

detonation. the purpose of this model calculation was to illustrate the

effects of ground shock curvature as it interacts with the structure.

Figures 9-11 show normal stress contours (horizontal component) at

265-, 378- and 434-microsecond-integrals from the time of detonation. Two

noteworthy features are shown in these diagrams. The first is the

propagation of a localized high pressure region along the concrete wall

nearest to the explosive extending from center to "upper" support of the

wall. This is a curvature effect of ground shock from a close-in detonation.

The second is the development of large tension in a central region of the

wall (Figure 11). This well-known phenomenon results from the reflection of

a triangular compression wave from inner free surface of the concrete slab.

This eventually leads to localized spalling or breaching of the slab.
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3. 150 cm Standoff Calculation

This configuration represents Test 7 of the Air Force experiment.

The calculation of longer standoff distances was not possible because of the

longer computing times required.

Stress contours similar to those in Figures 9-11 are shown in

Figures 12-14. These figures show the disappearance of both the propagating

high pressure region and the spall tension. This disappearance was caused

by the changes in the properties of ground shock generated at the 150-cm

standoff distance. These changes are: (1) that the wave front of the shock,

as it arrives at the face of the closest wall, becomes almost parallel to

the surface, and (2) that the shock is so dispersed that the load is almost

quasistatic (Figure 6). Therefore, if there is any failure of the wall

slab, it is definitely of bending type. The pattern of stress contours in

Figures 13 and 14 is associated with a flexural deflection of a fixed beam.

The transition of failure mode from a spall type to a flexure type will be

considered again in the next section.

Figures 15 and 16 show a comparison of interface pressure and

impulse with those of the free-field solution at center and "upper" support

of the wall, respectively. As is discussed earlier, it is not possible to

compare directly these results with those measured in the actual field

tests. The magnitude of ground shock was too large. However, the qualita-

tive features of the calculated results are in agreement with experimental

observations (Reference 7). Notable examples are: (1) a crossing of the

impulse curves in Figure 16 and (2) a faster decay of interface pressure

than that of free-field presure.

4. Impulse-Pressure Relationship

As demonstrated in Section I of this addendum, peak stress-impulse

can be used as indicators of the critical load for impulsively loaded

structures such as the one under investigation.
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However, critical loads generated by such an analysis depend on an assumed

mode of failure, typically of flexural type (Reference 10). Localized

failure such as spalling cannot be included in such an analysis, because it

depends upon complex wave-structure interactions.

Therefore, a numerical parametric study was conducted to examine

the peak stress-impulse relationship as it relates to failure modes.

Results were summarized in Figure 17. It shows a comparison of peak stress

and impulse between free-field calculations and calculations with the

structure for three standoff distances. Two observations can be made. The

first is that the crossing of peak stress-impulse curves for the structure

occurs in the same region as that indicated by stress contours. That is,

the transition from spalling to bending failure takes place at the standoff

distance of about 110 cm. The second is that although the peak stress

increases as the ground shock reflects from concrete slab, the impulse

decreases. The latter may be attributed to factors such as increased

consolidation of soil, the effect of free surface, etc. This phenomenon may

be another evidence that a layered system offers better protection than a

comparable monolithic system.

D. CONCLUSIONS

The results described above indicate that this wave analysis program

can deal with the interaction of nonnuclear munitions with buried structures

in a unified fashion. Since traditional idealizations and data bases seem

insufficient for loading from the detonations of conventional weapons near

the structures, numerical simulation combined with model testing may prove

to be cost-effective in generating a data base for analysis and aid in the

design of buried structures. The principal limitations are the generality of

a given program and the uncertainty in the description of material

behaviors.
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APPENDIX A

A. Loading Profiles for the Instrumented Shots

[ //

List of loading Profiles:

A.1 Shot M035 - Manganin and PVDF Gage Output

A.2 Shot M036 - Manganin and PVDF Gage Output

A.3 Shot M036 - Centerline and Offset Manganin Gage Output

A.4 Shot M037 - Manganin and PVDF Gage Output

A.5 Shot M037 - Centerline and Offset Manganin Gage Output

A.6 Shot M040 - PVDF Gage Output

A.7 Shot M041 - PVDF Gage Output

A.8 Shot M041 - Centerline and Offset Carbon Gage and PVDF Gage

Output
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