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SUMMARY AND RECOMMENDATIONS

This study examines the application of dynamic finite element methods to shelter-
like structures in a nuclear environment. In particular, the study investigates the deforma-
tion modes of the shelter under different loading conditions, their sensitivity to varia-
tions in the overpressure wave form, important features of the shelter which affect the
response, the effect of inelastic material properties and the role of elastic analyses and

ground motions in a shelter analysis of this kind.

Based on results of case studies obtained using implicit elastic (GENSAP) and
explicit inelastic (TRANAL) finite element codes an analysis methodology is refined and a
procedure for performing dynamic analysis of the shelter is developed. The procedure in-
volves modeling the shelter-like structure and its medium according to the guidelines es-
tablished in the study, factoring in those characteristics of the air overpressure which
have been found significant and separating the analysis into two distinct but complementary

components: short-term analysis and long-term analysis.

In the short-term analysis the response of the front-end of the shelter which is
exposed to direct airblast load is examined using a refined model which includes detailed
subcomponents of the front end such as the closure, gap, bearing ring, etc. The portion of
the shelter aft of the transition section may be replaced by a simpler model which approxi-
mates its impedance and energy radiation characteristics. This analysis yields peak

stresses in the headworks, frame and closure and peak deformation of the closure.

In the long-term analysis, a coarse model of the front end is used to approxi-
mate the front load distribution and its transfer to the tubular section. The long-term
analysis which yields the gross motion of the headworks and the tubular section is best

carried out using the soil island approach to minimize boundary effects.

This methodology is a natural consequence of the shelter concept wherein the
structure is subjected both to direct airblast which dominates short-term response of the
front end and indirect ground motion which is responsible for the long-term gross motion
of the shelter. The distinction between short and long-term response is also dictated
by computational expediancy; this combination makes comprehensive three-dimensional analyses

of the shelter structure possible and economically acceptable.

The present study contributes to the definition of the methodology and substan-
tiates the recommended approach with results from case studies. Its emphasis, however,
has been on the short-term response of the structure. Even there the scope of the work is
limited by the airblast data available. Limited attention has been devoted to the other

facet of the methodology, i.e., the long-term response and especially the role of the soil
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island approach. Observations made in this study regarding the long-term response should
be confirmed by additional studies at least as extensively as the conclusions on short-
term response have been substantiated.
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PREFACE

The work reported herein is sponsored by the Defense Nuclear Agency under Contract

No. DNA 001-77-C-0104, and covers the period from February 1977 to April 1978. T. Kennedy

is the project monitor.

The study is part of the DNA C-6 Program to investigate the feasibility of one
of the multiple aim point (MAP) basing concepts for the advanced M-X missile system,
namely, the shelter concept. Its objective is to identify requirements in the finite
element analysis of the shelter response when the structure is subjected to nuclear
environments and to define an analysis methodology which can be followed in performing

dynamic analyses of a shelter-like structure.

The authors wish to thank T. Kennedy for helpful comments throughout the course
of the study and his thorough review of the draft. Thanks are also due to D. Hulse for
typing the manuscript.
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CONVERSION FACTORS

FOR U.S. CUSTOMARY TO METRIC (SI)

UNITS OF MEASUREMENT

To Convert From To Multiply By
degree (angle) radian (rad) 1.745 329 X E -2
foot meter (m) 3.048 000 X E -1
foot-pound-force joule (J) 1.355 818
inch meter (m) 2.540 000 X E -2
pound-force (1bf avoirdupois) newton (N) 4,448 222
pound-force inch newton-meter (N-m) 1.129 848 X E -1
pound-force/inch newton/meter (N/m) 1.751 268 X E +2
pound-force/foot2 kilo pascal (kPa) 4.788 026 X E -2
pound—force/inch2 (psi) kilo pascal (kPa) 6.894 757
pound-mass (1bm avoifdupois) kilogram (kg) 4.535 924 X E -1
pound-mass-foot2 (moment 2 2

of inertia) kilogram-meter~ (kg°m ) 4.214 011 X E -2
4
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SECTION I
INTRODUCTION

The shelter concept is one of the many multiple aim point (MAP) basing mode con-
cepts under consideration for deployment of the M-X advanced ballistic missile system. In
the shelter based mode, missiles are moved by transporter/launcher vehicles among widely
dispersed shelters as compared to the current Minuteman ballistic missile force which is
based in hardened silos arranged in clusters or wings. Random shifting of the M-X missiles
in the MAP shelters would increase their survivability by complicating the targeting options

of an enemy attack.

Although many different shelter configurations are under consideration at this
time, there are some structural characteristics which are common to all configurations and
a structure is said to be shelter-like if it displays these characteristics: if it is buried,
it is buried with the tube horizontal and the front face vertical or near vertical. The
shelter may house the transporter/carrier in addition to the missile and in that case some
portion of it must be large enough to accommodate the vehicle. This larger portion is
joined to the tube portion through a transition section. Access to the shelter is through
one end (the front end) which is normally guarded by a door or closure, while the other
end is closed. To enable the transporter/carrier to move in and out of the shelter with 4

some speed and efficiency, a key to the shelter basing concept, a driveway leading to the

door and front end is necessary. The driveway is below grade if the shelter is below

grade.

The large front-end portion of the shelter (called the headworks) is usually

rectangular in shape and has a rectangular cavity to house the carrier/vehicle. Hence,

the closure is also rectangular. When the missile alone is to be accommodated, the rec-

tangular front end is no longer a requirement. However, some form of a front end,

more massive than the shelter tube proper is still necessary to house the closure

envisioned. In this case, the front end (and the closure) can also be circular in

order to mesh in more naturally with the tubular section. The transition between fromt
end and tube may be less abrupt as in the rectangular headworks case. This study deals
with the more complex analysis problem of the rectangular headworks and closure but the

results may also be applied to a circular headworks and closure configuration.

Whereas the shelter is protected on its top, flanks and aft-end from the hostile
$ environment by the soil medium in which it is buried, its front is necessarily exposed to
. nuclear airblasts because of the open accessway. What compounds this situation is the fact

that the front end is vertical or near vertical. When the airblast impinges on it head-on,
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the overpressure is greatly magnified due to the reflection phenomenon. A central prob-
lem in the design of a shelter-like structure is the design of the closure and frame
(front face) whichmust withstand this tremendous load. Dynamic analyses of the structure
are dominated by the analysis of the front-end response and its effects on the remainder

of the structure.
The present study is conducted mainly to seek answers to the following questions:

* What are the deformation modes of the shelter under different loading condi-
tions (side-on, head-on, oblique front-on), and how sensitive are these deformation modes

to variations in the overpressure wave forms?

* What are the important features of the shelter which must be included in the

analysis model, and how should these features be modeled?

* What is the correct use of an elastic analysis of the shelter structure? What

pertinent information can be and cannot be obtained from such an elastic analysis?

* What are the main effects of inelasticity and how important is an inelastic

analysis in the analysis of the shelter?

* What is the role of ground motion in the shelter analysis? Is the soil island

technique necessary for a complete analysis of the shelter structural response?

Through answers to these questions certain guidelines emerge, culminating in a
methodology that can be followed in performing future dynamic analyses of a shelter-like
structure in a nuclear attack environment. This methodology constitutes the main result

of the present study.

A byproduct of this effort is the wealth of quantitative results computed for
certain prototype shelters which have served as case studies. The data may be used to
aid in the evaluation and validation of these shelter configurations (S1 and S4). Whereas
numerical data tend to become obsolete as the design is changed, it is believed that the
methodology applicable to a class of shelter-like structures may have longer lasting value

to the study of protective structures.
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SECTION II
SCOPE

The scope of this effort as originally outlined in Reference 1 has undergone
several modifications during the course of the study in response to different project re-
quirements. Due to the lack of overpressure data and the need to support SAMSO's closure

design validation effort, the study has deviated from a research type to include limited

applications; in particular it includes some detailed analyses of the S4 test configuration.

The scope presented herein reflects these changes, #nd can be divided into three
phases: Phase 1 which identifies the elastic structural deformation modes and their sen-
sitivity to variations in the applied airblast wave forms, Phase 2 which provides responsce
definitions for a particular shelter configuration subjected to a particular airblast load
in order to show the effect of inelasticity and modeling techniques, and Phase 3 which
comprises the work performed in support of the S4 test and closure design evaluation.
Phases 1 and 2 will be described herein, and because of its somewhat different purpose

Phase 3 will be described in a subsequent report (Reference 2).

The shelter~like structure is assumed to be located at a generic site, at the
600 psi range from a 1 MT nuclear explosion, or about 1,850 feet from ground zero. The
airblast wave front can impinge the shelter/berm configuration head-on, at an oblique
angle, side-on or rear-on. This study addresses only the head-on, oblique (300) and side-

on cases with emphasis on head-on incidence.
2.1. PHASE ONE

As a first step, elastic calculations were performed to identify basic struc-
tural response modes of the MAP shelter. These calculations are both two-dimensional, in
which the cylindrical portions of the shelter are modeled as a ring, and three-dimensional
in which the shelter is modeled in its entirety. In the head-on configuration, where the
airblast impinges on the front face head-on, there is a vertical symmetry plane containing
the longitudinal axis; consequently, only half of the shelter/berm ensemble needs to be
modeled. When the airblast approaches the front face at an oblique angle (other than head-
on), this symmetry is lost and the entire shelter/berm ensemble is modeled. All shelter

structures studied in Phase 1 correspond to the HAVE HOST S1 configuration (Reference 3).

The calculations were performed using GENSAP, an implicit elastic three-
dimensional finite element code. The major shelter/loading configurations studied are

as follows:
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Calculation 1A has a side-on loading of the cylindrical portion of the shelter
from an air overpressure which passes over the berm, with subsequent modification in both
pressure and time characteristics due to reflections and rarefactions by the berm. This

calculation is two dimensional.

Calculation 1B has a front-on loading in which the air overpressure directly
loads the front-face of the shelter and then progresses over the berm in a direction
parallel to the longitudinal axis of the structure. Because of the symmetry in structure
and overpressure with respect to the center plane, only half of the physical configuration

is included in the three-dimensional calculation.

Calculation 1C is similar to Calculation 1B with one exception. The monolithic
front face used in 1B is modified to reflect the existence of a gap between the closure
and frame. Air overpressure which acts on the front face is allowed to penetrate into
this gap. By comparing the results of Calculations 1B and 1C, the effect of the gap on

structural response is identified.

Calculation 1D has a front-on loading in which the direction of airblast propaga-
tion is inclined at 30° to the normal to the front face which is modeled as a monolithic
structure (i.e., no gap). By comparing the results of Calculations 1B and 1D, the effect

of oblique incidence is ascertained.

In addition to identifying the basic response modes to loading conditions, it
was the intention of the study to investigate the sensitivity of these response modes to
variations in the overpressure wave forms. In particular, the following three types of wave

forms were considered for use in the study:
a. Free-air wave form from a 1 MT surface burst.
b. Precursed wave form from a 1 MT surface burst with thermal layer.
c. Precursed wave form from a 1 MT surface burst in dusty air.

However, since airblast data available fromthe Air Force Weapons Laboratory (AFWL)
were limited, all Phase 1 calculations used basically the free air wave form from a 1 MT
surface burst (References 4 and 5). Consequently, the question of how sensitive the struc-
tural response is to variations in overpressure wave forms remains unanswered. To gain some
insight into this sensitivity, however, results of Calculations 1A to 1C have been compared
with results obtained in some checkout calculations, which use the Brode overpressure wave
form for flat ground, modified in some cases to account for reflections at the shelter front

face.
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All Phase 1 calculations are made using airblast loadings only and only the
short-term response (e.g., somewhat greater times than two transit times of the shock wave
across the cylindrical section of the shelter in the two-dimensional, side-on case and
somewhat greater times than the times of peak stress in the headworks and transition sec-

tion in the three-dimensional cases) is obtained.
2.2. PHASE TWO

In this phase of the study, the inelastic structural response is analyzed. The
behavior of the structure under airblast loading identified in the first phase is quantified,

and deformation modes due to inelastic material behavior are defined. These inelastic cal-

culations are three-dimensional. Where symmetry exists, as in the head-on loading case,
only half of the shelter/berm ensemble is modeled. All shelter structures studied in this
phase correspond to the HAVE HOST S4 configuration, or its replacement the HEST S4 con-

figuration (Reference 6). Phase 2 study consists of the following three-dimensional cal-

culations:

Calculation 2A has a front-on loading condition. The concrete in the structure
is modeled as an elastic perfectly plastic material and the back and side plates in the
closure are assigned a yield strength corresponding to that of A36 steel. The steel plates
are modeled by two elements across the plate thickness. The backfill model corresponds to
the medium backfill of HAVE HOST (Reference 7).

£ Calculation 2B is similar to Calculation 2A except that the concrete is the only

inelastic material assumed. The elastic back and side plates are modeled by only one ele-

ment across its thickness. The backfill has the elastic unloading properties.

§ Calculation 2C is similar to Calculation 2B, but with all materials (concrete,
steel, backfill, soil) elastic. !

Whereas the shelter structure analyzed in Phase 1 corresponds to the S1 configura-
tion, the structure analyzed in Phase 2 corresponds to the S4 configuration. This change

§ in configuration is made to support the closure design validation program; it tends to make

correlation of the results obtained in Phases 1 and 2 more difficult.

The air overpressure used as input to the Phase 2 calculations is provided by
the AFWL (Reference 8), based partly on test data, partly on design handbooks and partly

on two-dimensional numerical calculations.




: All Phase 2 calculations are made using Weidlinger Associates' TRANAL code, an
explicit inelastic three-dimensional dynamic finite element program (Reference 10). To

accommodate the rather complicated geometry and applied load distribution of the S4 con-
figuration, extensive modifications are made to the code and numerous subroutines written

with most of the changes occurring in the input module, element table processing, coordinate

and applied load processing. A brief summary of these changes and a description of the add-

ed code capability are given in Appendix A.

Results of Phases 1 and 2 calculations are described in Sections III and V,

respectively. Although it is not the purpose of this study to examine structural response
of the shelter in detail, some description of the structural response is necessary in order
i to lead into the main discussion of the study results. Accordingly, the description in ]
| Sections III and V will be brief and is presented on a calculation basis, as if each cal-

culation is performed alone.

These results are compared and contrasted in Section IV for Phase 1 and in Sec-
tion VI for Phase 2. Through such comparisons it is possible to (a) identify the shelter
deformation modes and their relationship to loading conditions and airblast characteristics;
(b) isolate vulnerable shelter elements and their modeling requirements; and (c) clarify
the effect of inelasticity on shelter response and hence the importance of an inelastic
analysis. The conclusions presented in Section VII lead naturally to a procedure for the

dynamic analysis of the shelter structure, the major goal of the present study.




SECTION III
PHASE 1 RESULTS

Results of calculations performed in Phase 1 will be described in this section.
Data presented consist of time histories of stiess/strain in the elements and velocity/
displacement of the nodes. A brief description of the finite element model, the air over-

pressure and ground motion input will be given where appropriate.

All Phase 1 calculations are based on a prototype shelter corresponding to the
HAVE HOST S1 test structure as shown in Figure 3-1 (Reference 3). The headworks is sym-
metric on two planes and the tube axis is coincident with the headworks axis. The closure,
a thick concrete slab, is simply bolted to the bearing area. In this configuration the
front face and part of the sides and top portion of the headworks are exposed to direct air-

blast load. There are no headwalls.
3.1. CALCULATION 1A--TWO-DIMENSIONAL ELASTIC CALCULATION WITH SIDE-ON INCIDENCE

The two-dimensional calculation considers deformation in a plane perpendicular
to the shelter longitudinal axis and the shelter is represented by a circular cross sec-
tion of the cylindrical portion, i.e., a ring. No displacement is allowed in the direc-

tion of the shelter longitudinal axis.

Model and Airblast Load--the plane strain model is shown in Figure 3-2. It

consists of plane strain quadrilateral finite elements (approximately 1,700 in soil and
70 in the structure). The refinement in the structure is determined from a preliminary
finite element calculation of natural mode shapes and frequencies of the structure in vacuo
which are compared with its analytical solutions, such as shown in Table 3-1. Improved
agreement for higher modes could be obtained by refining the grid further, but this is deem-

ed unnecessary for the purpose of the present study.

The elastic material properties for the native soil, berm and backfill are given
in Table 3-2. The grid sizes of the individual finite elements are selected so as to pro-
vide undistorted components of airblast-induced ground motion up to frequencies of 40 Hz
in the native soil and 20 to 25 Hz for the berm and backfill. The overall size of the model
is selected to give approximately 80 msec. of useful structural response time, or about two

cycles of the ovaling (n = 2) mode.

The airblast used in this calculation is generated by the AFWL HULL code, designat-
ed HULL 19.8042 (Reference 5). It is generated for free-air, but takes into account reflec-
tions due to the existence of the berm. Later on in the discussion reference will be made

to the Brode description which is the classical nuclear wave form for a flat rigid ground.




Because of the limited data on air overpressure which are available a direct investiga-
tion of the effect of variations in overpressure wave form is not feasible. By comparing
response results obtained using the HULL 19.8042 and the Brode wave forms, even though the
latter is not compatible with the berm, some insight into the wave form effect can be

obtained.

A comparison of the peak overpressure profile over the berm surface for the two
airblast descriptions is given in Figure 3-3. To obtain an understanding of the differ-
ences in temporal characteristics between the two airblast descriptions, the overpressure
time histories at selected points on the berm surface are scaled to a constant peak of unit
magnitude and the scaled histories compared in Figure 3-4. Note tkat the temporal charac-
teristics of the two airblast wave forms are quite similar for all points on the berm with
possibly the exception of the side away from GZ which is considered to have very minor
effect on structural response. Hence, it is fair to say that any sensitivity of structural
response to wave form is probably induced by differences in peak overpressures as illus-
trated in Figure 3-3, the more significant of which occurs along the blast side and also

at the top of the berm.

Deformation Mode--the deformation pattern of the structure is mainly that of the

breathing and ovaling (n = 2) mode. This is illustrated in Figure 3-5 which shows the
radial displacement (not to same scale as the ring radius) as a function of the circumfer-
ential distance along the ring at different action times. The dotted line corresponds to
the breathing mode contribution. It can be seen that aside from the breathing mode the
deformation is dominated by the n = 2 mode; the finding is also confirmed by a Fourier

analysis of the deformation pattern, shown in Figure 3-6.

Stresses--the stress/time histories for elements in the structure are consistent
with the deformation pattern just described. The circumferential stresses for the three

elements which make up the thickness of the ring can be used to estimate the amount of

bending and hoop compression which exist in the structure. Figure 3-7 shows the circum-

ferential stresses at the crown (12 o'clock position) for the innermost and outermost ele-
ments; these can be averaged to yield the hoop compression assuming plane sections remain
plane. The difference between the circumferential stresses and hoop compression is propor-
tional to the bending moment. Similar time histories are obtained for points at the bottom
of the structure (6 o'clock position) and at the springlines (9 o'clock position and

3 o'clock position).

The maximum bending moment thus obtained is approximately 2.4 X 10° in.-1b./in.,
and the maximum membrane stresses due to bending, i.e., bending stress at the extreme
fibre, is 11,000 psi.




Soil-Structure Interaction--the first wave to reach the structure is from the top

of the berm which is about 10 feet of overburden. The structure then senses the airblast
load coming from the windward side of the berm and finally that from the leeward side of
the berm. There is some evidence of outrunning ground motion in the native soil underly-

ing the backfill but its effect does not appear significant.

The initial airblast induced ground motion wave front is reflected at the crown
of the shelter and again reflected at the free-air boundary. Consequently, significant
ringing (vibration) is observed in the soil motion time histories (as Figure 3-8 shows).
This effect which is prominent in an elastic calculation is expected to diminish greatly
when more realistic nonlinear soil properties are used to model hysteresis and other dis-

sipative mechanisms inherent in the backfill.

Another soil-structure interaction phenomenon manifests itself at depths lower
than the crown, where the first loading of the soil is induced by waves propagated through
the shelter and out into the soil (an outrunning effect). The structure is flattened by
the ground shock at the crown and pushes out at the soil at the springline. This effect
can be observed before the arrival of the direct airblast-induced ground motion. Figure
3-9 shows the stress-time histories for a soil element left on the springline; the hori-
zontal stress (Ox) induced by motion of the structure precedes the main airblast load
which is almost all vertical (cy). Similarly, Figure 3-10 illustrates this phenomenon
for a soil element to the right of the springline. Note the synchronization of the Ox
pulse with that of Figure 3-9 and the main pulse from the overpressure load acting at the

top and sides of the beam arriving later in time.
3.2. CALCULATION 1B--THREE-DIMENSIONAL ELASTIC CALCULATION WITH HEAD-ON INCIDENCE

This three-dimensional calculation considers deformation symmetric to the center
plane of symmetry of the structure/berm configuration. Hence, only one half of the con-
figuration needs to be modeled. The airblast-load impinges on the front face, progresses
over the top and then travels down the berm in the direction of the longitudinal axis of

the shelter.

Model and Airblast Load--a view of the three-dimensional finite element model

which consists of eight node (brick) elements is shown in Figure 3-11. The model consists
of approximately 1,000 elements in soil and 600 elements in the structure and covers the
full length of the structure with approximately 40 feet of soil in front of, 20 feet below
and to the side of the structure. A cross-sectional view of the model is shown in Figure
3-12 and Figure 3-13 gives another view of the structure, with soil elements removed. Note
that special attention has been given to the transition region, where the main headworks

change from a rectangular box to a circular cylinder.
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In this calculation the front face is modeled simply as a monolithic plate, i.e.,
no distinction is made between the closure and its frame, and the gap between them is
ignored. The gap though small, allows the high reflected overpressure which exists on the
front face a passage inside the frame and is shown in Section 3.3 to have a significant
effect on the behavior of the frame when included in the model. Henceforth, the term
no-gap refers to the situation where the front face is modeled as monolithic and gap de-

notes the presence of the gap in the model.

The elastic material properties for the native soil, berm, backfill and struc-
ture are the same as those used in Calculation 1A, the elastic side-on two-dimensional
calculation. The grid sizes on the individual finite elements are not as refined as would
be desirable. For instance, the cylindrical portion of the structure is modeled by two
elements across the thickness of the ring in contrast to three in Calculation 1A and some
of the soil elements below and to the side of the structure are rather large. However,
the element sizes can still provide undistorted components of motion up to frequencies of

160 Hz in the structure and 14 Hz in the overburden.

The AFWL HULL 19.8041 éirblast (Reference 4) for free air is used in this calcula-
tion. Some model checkout results obtained using a modified Brode airblast for flat, rigid
ground will be referred to in a later section. This corresponds to using the Brode descrip-
tion unchanged everywhere in the configuration with the exception of the front face where
the nominal peak overpressure of 600 psi is scaled to 5,400 psi, the peak value in the AFWL
data. A comparison cf the peak overpressure profiles over the shelter/berm surface for the
two airblast descriptions is given in Figure 3-14. Scaled time histories at selected points
on the structure/berm surface are compared in Figure 3-15. Differences in wave form are
apparent, especially for points in front of the shelter which encounter the incoming air-
blast and then the reflected wave from the front face. A more important difference, how-
ever, is in the impulse or the area under the curves. Referring to Figure 3-15a for a point
on the front face, the Brode curve has about two times the impulse as the HULL 19.8041 in
the first 20 msec. alone. 1Its significance will be apparent when the response results are
described.

Both airblast descriptions are obtained assuming cylindrical symmetry, i.e.,
the axis of symmetry being a line at the burst point (ground zero) and perpendicular to
the ground. Hence, modifications would be necessary for use on a three-dimensional struc-
ture. In the HULL 19.8041 description the side of the front face is assumed to have the
same airblast load distribution as the top of the front face. 1In the modified Brode des-
cription, all points on the front face are assumed loaded uniformly. When the gap is

modeled (Section 3.3), the same pressure is assumed to apply within the gap. Loads at the
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exposed side and top surfaces of the headworks are obtained using magnification factors

measured in the HAVE HOST S1 test (Reference 11).

A comparison of the peak overpressure distributions on the front face for these
two descriptions is given in Figure 3-16. A portion of the front face is shielded by soil
and hence is not subjected to direct airblast loading. On the portion which is exposed
is plotted the peak overpressure distributions. The dotted line represents the HULL
19.8041 pressure and the dashed line represents the modified Brode pressure which of
course is constant over the front face. The volume under each spatial surface is the
total axial load acting on the front face in each case. The resultant force acts at a
point in the front face which is offset from the geometric center of the face. The pro-
duct of the resultant force and the offset gives a measure of the bending moment acting

on the headwork in each case.

Deformation Mode--the deformation pattern of the loaded structure is similar to

that of a beam-column on an elastic foundation. The tremendous airblast load acting di-
rectly at the front face dictates the deformation pattern that the structure follows. The
shelter is compressed as a column and because of the load/resistance imbalance acting at
the front, i.e., offset between resultant force and geometric (stiffness) centroid, a cer-
tain amount of bending (rotation) of the headworks in the plane of symmetry occurs; the
extent of this bending deformation depends on the magnitude of the resultant axial load and
the degree of load imbalance or offset. The airblast overpressure acting on the overburden
tends to push the shelter down and in so doing contributes somewhat to the aforementioned
longitudinal bending. These two actions, however, are not synchronous since one is effected
by direct airblast load whereas the other indirectly by induced ground motion at the over-
burden. The deformation mode is illustrated in Figure 3-17 where the displacements are

exaggerated for illustration purpose.

Some breathing and ovaling deformation in planes perpendicular to the longitudinal
axis are observed, although at this early time, they have not been fully developed compared

to the axial load induced deformations (both axial compression and longitudinal bending).

Stresses-~the direct load on the front face produces high axial stresses in the
front portion of the structure which become even higher as the stress wave propagates into
the transition region and finally into the tubular region (see Figures 3-18 and 3-19). This
follows immediately from the fact that the load-bearing cross-sectional area of the shelter

decreases as one moves along the structure.

For a particular cross-section of the tube the bending moments and stresses in

that plane can be estimated in exactly the same manner as in Calculation 1A.

=
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Similarly, the bending moment responsible for longitudinal bending can be
estimated using axial stress time histories (Figures 3-20 and 3-21) at the top and

bot:om of the shelter.

Maximum average axial compression is found to be 7,300 psi. The longitudinal
bending moment is estimated to be 3.4 x 10° in.-1b., and the corresponding extreme fibre
bending stress is 2,800 psi. The maximum bending and compressive stresses occur at dif-

ferent times.

The peak pressure exerted by the closure on the bearing surface has a distribu-
tion as shown in Figure 3-22. The pressure is highest at the top bearing ring and is in
general higher at midspan. The average peak pressure of 9,000 psi is slightly less than
twice the peak applied load whereas the ratio of the closure loaded area to bearing area
is 2.5. Since the front face of the headworks is monolithic in this calculation not all
of the closure load is supported by the bearing area. Some support is afforded by the sur-

rounding frame in this model.

Soil-Structure Interaction--at early times the berm overburden effectively iso-

lates the structure (tubular section) from most of the top airblast overpressure. For
instance it takes a little more than 10 msec. for an airblast induced ground motion to

transverse the overburden and reach the crown of the tubular section of the shelter.

The soil shielding the lower portion of the shelter front causes the center of
pressure to become offset from the center of stiffmess. This offset, multiplied by the
applied load generates a bending moment and is the imbalance referred to in earlier para-

graphs.

3.3. CALCULATION 1C--THREE-DIMENSIONAL ELASTIC CALCULATION WITH HEAD-ON INCIDENCE AND
FRONT-FACE GAP

The gap refers to the opening between sides of the closure and the headworks
frame surrounding the closure. Despite its diminutive dimension, if it is assumed that
the high reflection pressure which acts on the front face penetrates into the gap cavity
as well, its effect on stress distribution in the headworks becomes significant as shown

by results of this calculation.

Model and Airblast Load--the finite element model used in Calcuation 1B is modi-

fied to include the presence of a gap between closure and headworks. This is achieved by
eliminating the connectivity between elements on the two sides of the closure/frame inter-

face. All other aspects of the model remained basically unchanged.
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The airblast description used in Calculation 1B, namely AFWL HULL 19.8041, is
again employed in order to assess the effect of the gap alone. Additional results have
also been obtained using the modified Brode airblast and important comparison results will
be presented later. The airblast loading which impinges on the front face is assumed to
act in the gap cavity as well and its action is one that tends to compress the closure,

but push the frame outward.

Deformation Mode--Figure 3-23 shows the deformation mode of the longitudinal cross-

section of the structure with gap when subjected to the AFWL airblast and should be com-
pared with Figure 3-17, the deformed shape of the structure without gap under the same load-
ing conditions. The snapshots are taken at 10 msec. after airblast arrival with front-on
incidence and for clarity the displacements are exaggerated by the same magnification factor

for both cases.

Definite and significant opening of the gap, as compared to deformation of the
other portions of the structure, can be readily observed. It is noted that the opening is

larger at the bottom edge of the closure than at the upper edge.

Another view of the response of the gap under loading is given in Figure 3-24
which shows the deformation portion of the front face at 10 msec. Again, it is clear that
the lower lip opens up much more than the upper lip and that significant shear stress is

induced in the headworks especially around the corners.

Stresses--to illustrate this point further, the stress time history at a point in
the lower corner of the headworks is monitored and the result shown in Figure 3-25 in the

form of generalized shear stress (V¥J ,, where J”, is the second invariant of the deviatoric

2

stress tensor) versus mean normal stress (J1/3, where J. is the first invariant of the

1
stress tensor) plots. Comparing the responses with gap and without gap and referring to
the approximate failure criterion for plain concrete included in the figure, it can be
concluded that the presence of the gap increases the possibility of failure, at least

locally, in the frame.

Similar results have been obtained for other locations on the headworks front

face. It appears that the four corner locations are susceptible to shear failure due to

the presence of air pressure in the gap, with the lower corners the more vulnerable. This

finding is consistent with the S-1 post-test observation that "all four sides of the head-
works (frame) exhibited gross shear deformation and the top and bottom edges sheared

1
completely off" (Reference 11). 1
|

Introducing the gap in the model also uncouples the sides of the closure from

the frame and the total load applied to the closure face is now supported by the bearing
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ring. As shown in Figure 3-26 the peak bearing pressures on the upper and side bearing
ring are increased as expected. However, the bearing pressure on the lower bearing ring
shows a decrease which is rather surprising. In any event the average peak bearing pres-
sure to peak applied load ratio is below the area ratio of 2.5. It should be emphasized
that the pressure quoted here is actually the axial stress which exists in the elements
which make up the bearing ring and hence is only an approximate measure of the contact

pressure in the closure/bearing interface.

Soil-Structure Interaction--the fact that the lower lip opens up more than the

upper lip can be due to one or both of the following two reasons. The applied pressure
is slightly higher in the lower lip than the upper lip and hence results in a slightly
greater opening force. Also, the passive resistance to opening of the lower lip due to
soil is less than the resistance applied to the upper lip due to direct airblast load.
The fact that the same phenomenon is observed in the modified Brode case where the upper
and lower lip (and front face) are loaded by the same overpressure load suggests that the

latter is more important.

3.4. CALCULATION 1D--THREE-DIMENSTIONAL ELASTIC CALCULATION WITH 30° OBLIQUE FRONT-ON
INCIDENCE

This calculation is performed to investigate the effect of the angle of incidence
(sometimes referred to as quartering attack) on structural response. The airblast approaches
the front face at an angle of 30° to the longitudinal plane, wherein it impinges the edge of
the front face on the blast side before sweeping across the face and the exposed headworks

surface and acting on the back side.

Model and Airblast Load--this is a full three-dimensional calculation in which

no plane of symmetry exists and the complete shelter/berm configuration needs to be modeled.
The head-on elastic model used in Calculation 1B is expanded to include both sides of the
soil-structure about the geometric plane of symmetry and the resulting model is illustrated
in Figure 3-27.

For lack of full three-dimensional airblast data, an estimate of the loadings
based on HAVE HOST test data (Reference 11) and AFWL HULL calculation data (Reference 4)
is used. The longitudinal component corresponds to that used in the head-on calculations
so that any change in shelter response observed in this calculation can be attributed to

the change in angle-of-incidence from zero to 30°.

In addition to the front face, the blast side of the headwcrks is subjected to
high overpressure loading due to reflection of the wave front by the headworks and berm and

the magnitude assumed for this loading is obtained from S1 test data with an approximate
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magnification factor of four. On the back side as well as on top of the headworks the
overpressure drops drastically and the nominal free-field pressure is assumed to act on

these surfaces.

Deformation Mode--the deformation pattern of the structure 20 msec. after first

arrival of the wave front is given in Figure 3-28 for a cross-section in the vertical

plane of symmetry (pitch plane) and in Figure 3-29 for a cross section in the horizontal
plane of symmetry (yaw plane). The pitch plane deformation is similar to that observed

in the head-on calculation. The yaw deformation consists of compression in the longitudinal
direction and lateral displacement of the headworks in the direction of wave propagation.

Again, the displacements are magnified to illustrate the deformation mode.

Stresses--axial stress—time histories (Figures 3-30 and 3-31 for the pitch plane)
are similar to those obtained in the head-on calculation. The effect of quartering shows
up mainly in stresses and bending moments in the yaw plane. As shown in Figures 3-32 and
3-33, in addition to exhibiting the expected amplification as it progresses along the struc-
ture, the axial stress-time history in the yaw plane also shows the effect of arrival time
since the wave front impinges first on the blast edge then progressively sweeps across the
closure and front face before the back edge experiences the loading. This imbalance in
axial stress in the yaw plane due to wave front arrival times generates a yaw bending
moment in such a way that the headworks is initially torqued toward the blast. Later on
the lateral load from over-pressure acting on the blast side of the headworks tend to
counter balance this torque and turns the headworks with the wind. This behavior is shown
in Figure 3-34, the bending moment being measured by the difference between the axial
stresses on the blast and back sides. The maximum yaw bending moment obtained is about

1.7 X 16 in.~1bs., approximately half of that observed in the pitch plane.

The effect of quartering on shear stress distribution as measured by /37; in the
headworks and shelter is also investigated and found not to be significant in general. A
typical comparison of the head-on calculation and quartering calculation with respect to
shear is shown in Figure 3-35. Each data point in the figure corresponds to the maximum
shear stress measured relative to the reference failure criterion at a location along the
structure. In both the head-on and the quartering cases shear stress is amplified as one
moves along the longitudinal direction of the shelter in much the same way that axial
stress is amplified due to the decrease in load bearing area. The quartering calculation
gives slightly higher shear stresses than those obtained from the head-on calculation; the

magnitude of the difference is however not significant.
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b. Front View

Figure 3-1. S1 shelter configuration
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Figure 3-4a. Comparison of pressure/time histories, free-field, side-on
incidence, Calculation 1A
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Three-dimensional finite element model of shelter and media, front-on incidence,

Calculations 1B and 1C

Figure 3-11.
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Figure 3-13.
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Figure 3-22.

Distribution of peak bearing load exerted by closure on headworks,

front-on incidence, Calculation 1B
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Figure 3-26. Effect of gap on peak bearing load exerted by closure on headworks
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Figure 3-32. Variation in axial stress along springline, blast side of struc-
ture, 300 oblique front-on incidence, Calculation 1D
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TABLE 3-1

SHELTER "RING" IN VACUO FREQUENCIES (HZ)

Flexural Mode Finite Element Model Thin Shell Theory
n=2 25-27. 26
=3 72. 73.
n=4 131-133.
n=>5 202.
n =56 280.
n=7 359.
Breathing Mode
n=20 138.
3-51
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Material
Native Soil
Berm
Backfill

Concrete

TABLE 3-2

ELASTIC PROPERTIES OF SOIL AND STRUCTURE

E
(psf)

1.016E7
2.46E6
2.46E6

6.48E8
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SECTION TV
INTERPRETATION OF PHASE 1 RESULTS

Major results of Calculations 1A through 1D all based on the S1 configuration are

discussed herein. The discussion begins with a brief summary of the structural response

mode in order to lead into the conclusions which follow. The response of the S1 configura-
tion is used only to illustrate certain observations on the methods of the dynamic analysis
of a shelter-like structure. Note also that the Phase 1 results are obtained through elas-~
tic calculations and the conclusions are drawn based on the elastic assumption. Some con-

clusions are modified as inelastic calculation results from Phase 2 become available.

4.1. DEFORMATION MODE

The main deformation mode of the shelter under head-on loading is similar to that
of a beam column in an elastic medium (see for example Figure 3-17). The tremendous load
acting on the front face dominates the response of the structure at early times and produces
two major effects: high axial stresses in the headworks and particularly the tube (Figures
3-18 and 3-19) and bending of the headworks as a result of the offset between the center of
pressure and the center of stiffness (Figure 3-20). The airblast on the top of the berm
tends to push the headworks downward and contributes to the bending effect. The effect of
the overburden load lags the effect of the front load because of the necessary transmission

time through the backfill.

When the airblast incidence is oblique, there exists in addition to the deforma-
tion described above a yaw deformation consisting of compression in the longitudinal direc-
tion and lateral displacement (Figure 3-29) and bending of the headworks in the direction
of wave propagation. The effect of the oblique incidence is first manifested as the cifect
of airblast arrival time at the front face, torquing the headworks initially into the blast.
Later on the lateral load acting on the blast side of the headworks tends to counterbalance

this torque and turns the headworks with the blast (Figure 3-34).

The longitudinal and lateral bendings of the headworks are transmitted to the
tubular section. Consequently the tube section closest to the headworks is under severe
distress especially at the crown. In addition, although only substantiated bv a two-
dimensional calculation the tube undergoes in-plane deformations due to the overburden

load. This in-plane deformation is dominated by the breathing and ovaling modes (Figure 3-5).

Other possible areas of distress have been identified as the inside corners of
the frame; the distress is local and is caused exclusively by the air pressure in the gap,

i.e., the space between the closure and the frame (see Figure 3-25).




The bending moment at the center of the closure is compared to the values given

by plate theory in Figure 4-1. It can be summarized that the closure in its elastic state

behaves like a thick plate in flexure with fixed edges when the gap is not present and is i
simply-supported otherwise.

The velocity-time histories for a point a«t the center of the closure in the mono-
lithic front face (i.e.. no gap) are shown in Figure 4-2 and contain a strong component
with a period of about 8 msec. The maximum midspan deflection relative to the support is
less than an inch. Corresponding time histories for the case with gap are not available

since that particular calculation is terminated at 10 msec. after airblast first arrival.
4.2. COMPUTER MODELING CONSIDERATIONS

It follows from the foregoing discussions that several regions of the shelter
need to be modeled in considerable detail. These are: the transition region between the
headworks and the tube including the front portion of the tube, the gap between the closure

and frame, the inside corners in the frame and the front face and closure itself.

Details in the transition region and tube should be sufficient to model the
longitudinal stress transfer/amplification and the severe distress induced by bending of

the headworks. The gap between the closure and frame should be included if air pressure

is allowed to get into this cavity, i.e., no gap seal is anticipated. The mesh in upper

and lower corners on the inner surface of the frame should be sufficiently fine to reflect
the high stress gradient which exists. Finally the front face details should adequately

represent the spatial variations of the overpressure distribution.

3 It has also been found during the course of the study that the soil region

immediately in front of the shelter plays an important role in the shelter response. The
airblast load acting on this surface changes very rapidly with distance from the front
face as the reflected overpressure decays rapidly from its full value at the front face.
This distribution can only be reproduced with a fine mesh for the soil surface in question.
Of course a fine mesh is also necessary to allow accurate transmission of the load irnto

the buried portion of the headworks.

A fine surface subdivision may be necessary for another reason. It is common
practice in most codes to distribute the load acting on a surface equally to nodes which
define that surface. Consider the discretized soil surface adjacent to the front face
which has nodes on the structure and nodes on the soil; it this surface is coarse (large)
part of the high soil surface load will act (erroneously) on the structure, trying to
bring it downward together with the soil. This pitfall is to be avoided, particularly in

an elastic calculation where the strength of the soil material is not limited.

4-2




Another important aspect of the model is the modeling of the material properties.
For example, in an elastic analysis, material modeling involves choosing the elastic material
constants (bulk and shear moduli) which best approximate the real material behavior in
particular situations. Although it is not considered as part of the scope of the present
study, the success of the methodology established here for the dynamic analysis of shelter-
like structures depends strongly on adequate material modeling for the reinforced concrete,
steel and the soil medium as is true for any analysis of this kind. In particular as will
be shown in Section VI, the effectiveness of the methodology in predicting closure response

depends on an accurate dynamic model representation of the closure materials.
4.3. AIRBLAST CHARACTERISTICS AND SHELTER RESPONSE

As far as their effects on shelter response is concerned, the characteristics of
the overpressure wave form can be discussed under two separate groups: spatial and temporal.
Spatial characteristics refer to the distribution of peak overpressures acting on the struc-
ture and ground surface. Temporal characteristics refer to the details of the time history
and include parameters such as arrival time, rise time, dominant frequency and overpressure
impulse. These two sets of characteristics are interrelated and it is often difficult to
isolate the effects of one from the other. The temporal parameter found to be significant
is the arrival time of the peak overpressure at a point and equivalently the relative timing
of the various peak load arrival times. Spatial characteristics are found to be important

in some situations and not so in others.

Before going into a discussion of these characteristics, however, it is emphasized
that the results obtained in this respect are limited because of the lack of authentic air-
blast data. What little comparison has been done is between the AFWL 19.8041 (Reference 4),
19.8042 (Reference 5) loads obtained under two-dimensional conditions and the modified
Brode. Accordingly, this aspect of the study is limited in scope and the conclusions tenta-
tive. Furthermore, the conclusions are based on elastic results which tend to exaggerate

the response sensitivity.

The elastic response of the shelter depends a great deal on the peak applied
load and its distribution on the loaded surface area. This is so because of the peculiar
geometry of the shelter, with its exposed front face and sides, top, gap, berm, overburden,
etc., and the sensitivity of the peak overpressure to this geometry, the amplification fac-
tor being such a nonlinear and sensitive function of the reflection and diffraction angles.
This sensitivity is best illustrated by comparing the peak overpressure distributions used
in the two-dimensional studies (Figure 3-3) and three-dimensional studies (Figure 3-14).

In the three-dimensional studies, the peak overpressure suffers a big jump in value as the
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airblast encounters the door; the factor of reflection ranges from 7 to 9. This peak then
decreases rapidly as the airblast rounds the top and side edges of the structure and finally
regains the free air profile some distance down the berm. Meanwhile, the reflected airblast
acts on the soil medium in front of the shelter as well with peak value decaying rapidly

with distance from the front face.

To the structure the front load collected at the front face must be supported by
the headworks and the medium surrouncing it. High axial stresses result and the situation
is made more acute as the stress wave propagates along the structure due to a drop in load
bearing area in going from the headworks to the tube. This effect is, without doubt, the
single-most dominant effect of airblast characteristics. Hence, the front-face reflection

coefficient of the surface overpressure is an important airblast parameter.

The front-face reflection coefficient is not the only important parameter related
to the front face. Its distribution about the front face is another significant factor.
To illustrate this point, the modified Brode distribution (see Figure 3-16) which has the
same high peak overpressure (5,400 psi) as the AFWL 8041 load, but is uniformly applied
over the entire front face is used to generate results for comparison. This distribution
is different enough from the AFWL 19.8041 distribution to yield some interesting response
sensitivity observations. Figure 3-16 shows a portion of the front face shielded by soil
and hence not subjected to direct airblast loading. On that portion which is exposed is
plotted the peak overpressure distributions. The dotted line represents the AFWL 19.8041
pressure and the dashed line represents the modified Brode pressure constant over the front
face. The volume under each surface is the total axial load acting on the front face in each

case and the moment about the center of the front face can be measured accordingly.

Due to the presence of the layer of soil in the lower front-face area the center
of pressure is offset from the shelter center line. This offset in the modified Brode
description is larger than that in the AFWL description because of the uniform assumption.
So is the resultant load. This offset of about 4 feet in combination with the higher air-
blast load (4.7 x 10°® 1bs. for uniform distribution) generates a moment of 2.4 X 10'° in.-
1bs., which turns the headworks clockwise. Hence it is not surprising that the deformation
mode of the structure (illustrated in Figure 4-3) due to the modified Brode load shows both
a greater axial compression and higher bending of the headworks. In fact, the bending ac-
tion is so severe that there is a lift-off of the headworks at the toe, a phenomenon also
observed in the S1 test (Reference 11). The deformation mode of the same structure and at
the same time for the AFWL load is also included for comparison. It also follows that
compared to the AFWL load the modified Brode load should also produce higher mean axial
compression (14 ksi versus 7 ksi) and higher bending moment in the tube (1.3 X 10'% in.-1bs.

versus 0.36 x 10'° in.-1bs.) as shown in Figure 4-4. This load/response sensitivity

4~4




is the most evident because the load is not only directly applied to the structure, but

also the most dominant.

A similar conclusion can be drawn regarding the load distribution on the exposed
side of the headworks in the side-on incidence case, although the actual calculation has
not been made. An indication that this should follow the trend of the axial load in the
head-on incidence is given by results of the oblique front-on calculation. The relevant
parameters are now the lateral bending and shear in planes perpendicular to the longitudinal

axis.

When the loading is not direct, however, this sensitivity is greatly diminished.

Such are the effects of the overburden load on the headworks and tube. First of all the

overburden load effect is delayed somewhat because of the berm. For instance, for the
material assumed, it takes a little more than 10 msec. for the airblast-induced ground

motion to traverse the overburden and reach the tubular section of the shelter. Accordingly,
the magnitude of this loading, small to begin with when compared to the front load, is further
attenuated due to propagation through the backfill material. An indication of this decrease
in sensitivity can be obtained by looking at the results of the elastic two-dimensional

calculation.

As shown in Figure 3-3, the peak overpressure at the blast side of the berm ex-
periences amplification of a factor of two above the pressure for flat ground (Brode). This
load, however, must travel through about 80 feet of backfill material in order to reach the
structure and hence, as one would expect, the effect of this amplification of two on struc-

tural response is small. For instance, the tube response shows slightly higher hoop com-

pressions in the structure, but not in the same proportion as the amplification (see

Figure 4-5). The bending stress due to the ovaling mode is also quite insensitive to the
details of the overpressure distribution also (3,800 psi and 2.5 x 10°® in.-lbs./in. for

the AFWL load and 3,200 psi and 2.6 X 10® in.-1bs./in. for the Brode load). In particular,
when more realistic soil properties are used to include hysteresis and damping, any sensi-

tivity shown in the elastic calculations will diminish even further.

With regard to temporal characteristics, there are at least two important para-
meters which need to be addressed: the rise/decay time associated with the overpressure
peak and the impulse associated with the load. From a frequency viewpoint, the former is

considered a high frequency effect and the latter belongs to the medium/low frequency regime.

The importance of these parameters and the sensitivity of the structural response
to them again depends on the loading configuration. In the front-on case, the direct applica-

tion of the load to the exposed surface of the structure affords the best conditions for
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the transfer of the high frequency vibration to the structure. Potential problems are
resonance of the closure, if it remains elastic, and shock isolation of missile/equipment
inside the headworks. Farther down the shelter, the pulse wave form is dispersed and dis-
torted due to the geometry of the structure and the medium; the frequency content is modi-
fied. When loading is not direct, the backfill and soil mass surrounding the structure
will filter out high frequency contents of the overpressure and structural response is

expected to be much less sensitive than in the direct loading case.

The overpressure impulse appears to be the most difficult parameter to be isolated
and studied. It is usually a long time effect with influence on the maximum displacement,
permanent set and ductility ratio, etc. An analysis of this parameter is made more difficult
because the results obtained from such a calculation are usually masked by different loads
originating from different stations. It is probably more pertinent to address this para-
meter in an inelastic calculation, as is done in Phase 2 in discussing the inelastic

response of the closure.
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SECTION V

PHASE 2 RESULTS

Since the initiation of this study, the design of the MAP shelter prototype has
undergone several major changes; it was decided that the Phase 2 studies should parallel
the concurrent design of the shelter, designated the S4. Furthermore, the scope of the
Phase 2 studies was modified in order to provide analytic support to the testing of a
one-half size shelter in the HAVE HOST DABS (Reference 12) series. This test was even-
tually cancelled and replaced by the HEST S4 test (Reference 13). The structure, however,
is basically the same one and will be referred to simply as the S4 structure hereinafter.

The full size S4 structure is studied in Phase 2.

Some of the major changes in the design from S1 to S4 are (see Figures 5-1 and
5-2):

+ A smaller front face which slants at 10° to the vertical.

* A smaller shelter diameter and a thinner wall.

* A different closure/frame design; the closure is a thick composite slab (con-

crete supported by steel side and back plates) with bevelled edges. {
* The bearing ring (closure support) area is smaller.

* The headworks remains basically rectangular, but has a thicker wall on the

hinge side to accommodate the power actuator.

* The center line of the rectangular headwork cavity is offset from the center

line of the tubular portion of the shelter. {

* Only the front face and a very small portion of the top of the headworks are

exposed. The top is covered by overburden and the sides by two wing walls and fill.

These changes and the requirement to include as much detail as possible of the !
closure/headworks resulted in a formidable finite element model. The advantage of such a
model is that detailed response of the structure, especially the closure/headworks sec-
tion can be obtained; the disadvantage is that small integration time steps must be used.
Even with the subcycling capability of TRANAL, this requirement still results in long

computation/run time.

All Phase 2 calculations use basically the same model which includes the gap
between closure and frame. They are all made in the head-on loading condition with the
same overpressure description. Major results of these calculations will be described in

j this section; a detailed interpretation of the Phase 2 findings is given in Section VI.
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5.1. CALCULATION 2A--THREE-DIMENSIONAL INELASTIC CALCULATION WITH HEAD-ON INCIDENCE ?

Model and Airblast Load--symmetry is assumed about the center vertical plane of

the tube and the model includes only half (hinge side) of the shelter/berm configuration.
The finite element model which consists of about 18,000 hexahedrons is shown in Figure 5-3.
As can be seen from this figure special attention has been given to details in the closure,
headworks and transition region. In addition to the gap, the steel side and back plates
encasing the concrete closure are modeled using two elements across the plate thickness.
The steel bearing ring and the steel plates in the frame are modeled likewise. The clo-
sure is assumed rigidly bonded to the bearing ring where contact is made. Two elements

are used across the thickness of the shelter cylindrical wall.

The in situ soil and backfill are modeled as "CAP" materials; the corresponding 3
CAP parameters are given in Table 5-1. The in situ soil model as presented is identical
to that designated as DRY SAND-1 in Weidlinger Associates' ground motion study DNA 001-77-
C-0036 (Reference 9). DRY SAND-1 has a density of 110 pcf and an uniaxial loading modulus
corresponding to a wave speed of 1,500 fps and an unloading wave speed of 3,600 fps. Its

uniaxial behavior is illustrated in Figure 5-4.

The backfill model is based on data obtained from the AFWL (Reference 7) and cor-
responds to the so-called medium backfill of the AFWL data. The uniaxial behavior of the
model is compared in Figure 5-4b with the AFWL data; the loading wave speed is 800 fps and
the unloading wave speed 3,600 fps.

The concrete and steel are modeled as elastic perfectly plastic materials, the
concrete having an exponential yield surface based on a compressive strength of 6,000 psi
and the steel a von Mises' vield surface corresponding to A36 steel. The model parameters

are listed in Table 5-1. 1In the concrete model the tension cut-off point is varied based

approximately on the amount of reinforcing steel that exists in different parts of the
prototype structure (i.e., headworks, frame, closure and tube) and the basic yield surface

is kept unchanged.

Since detailed airblast loading on the S4 shelter configuration does not exist,
a combination of test and handbook data is used for this calculation based on recommenda-
tions from AFWL (Reference 8). A sample of these data are given in Figure 5-5 where they
are compared with the axisvmmetric AFWL HULL results. The loading at the front face is

found identical to the HULL values and close to that measured in the HAVE HOST S1 test.

The integration time step used in TRANAL can be different for different groups of

elements called zones. Within each zone, however, the time step is constrained by the




minimum transit time across an element in that zone, In Calculation 2A the time step for
the zone containing the closure details is necessarily small due to the small size (2.5
inches) of the elements used to model the steel side and back plates. Consequently the
computation time per major cycle is long: about 50 CDC 7600 CPU seconds for 0.1 msec.

of real time and approximately 18,000 elements. (This figure, of course, would be higher
if not for the subcycling capability of the code.) Because of the formidable run time
only about 10 msec. of structural response time has been obtained for Calculation 2A.
Although not long enough to fully examine the behavior of the tube portion of the struc-
ture this response time is sufficient to yield results for an analysis of the headworks

and closure.

Deformation Mode--an illustration of the deformation pattern of the headworks

is given in Figure 5-6 with magnified displacements for points on the longitudinal plane.
It is seen that the early time response of the structure is basically longitudinal compres-
sion. Front loading acting at the closure tends also to push it downward in addition to
backward due to the 10° incline and the bearing support is forced to move with it since
perfect bond is assumed in the model. The overall downward movement elsewhere in the
headworks, however, is not significant. This is because at early times the soft over-

burden effectively isolates the structure from top airblast loads.

In Figure 5-7 are shown the displaced profiles of the backplate vertical center
line at different times. Profiles for the horizontal center line are given in Figure 5-8.
The deformation pattern is one of punching. or shear, where the plate yields along the

support edges, but retains a relatively uniform (flat plate) displacement elsewhere.

The development of this deformation mode is illustrated in Figure 5-9 which shows
the growth of inelastic regions with time in the back plate. It is apparent that the area
near the bottom support vields first, followed by areas near the side support and finally

those near the top support.

The deformation pattern in the concrete portion of the composite closure is
shown in Figure 5-10 where three patterns are given for each action time corresponding to
(from left to right) the top, mid and bottom layers which make up the concrete slab model.
The bottom layer undergoes inclastic deformation first which is then seen to propagate to
the mid and top lavers at later times. It is also clear that inelastic deformation is
initiated in the concrete before it is initiated in the back plate. giving some evidence
to the theory that shear deformation propagates from back to front of the concrete slab;
it is only after the completion of the so-called shear crack that the load is transferred
to the backplate causing it to yield also. Results obtained appear to be consistent with

this theory although the deformation pattern is more complex due to dynamic and wave

propagation effects. 5-3
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Velocity-time history for the closure center of gravity (cg) is shown in Figure
5-11. It is a predominantly longitudinal motion with some downward component, due to the

10° incline of the closure.

Stresses--the stress invariant plot of Figure 5-12 is typical of result obtained
for points in the concrete portion of the closure where it becomes inelastic. Notice that
the mean pressure (J1/3) remains compressive and the inelastic deformation is due to shear.
For regions in the closure which remain elastic the stress invariant plot looks like Fig-
ure 5-13.

Stress pattern in the backplate falls into two categories, supported or unsupport-
ed. The supported or edge region behavior is shown in Figure 5-14; the unsupported regions
is dominated by the membrane tension and the resulting stress invariant plot has the char-
acteristics of Figure 5-15. The maximum shear allowed (ZTTE) is 20,800 psi and corresponds
to a uniaxial yield stress of 36,000 psi for A36 steel.

Experience from Phase 1 results indicates that other vulnerable areas in the struc-
ture are the inner corners of the frame. Figures S5-16 and 5-17 are the stress invariant
curves for the upper and lower corners, respectively, of the steel ring lining the frame.
Two elements are used to model the ring thickness, and in both the upper and lower corners,
the inner ring element (which is in direct contact with the gap pressure) sustains hoop
tension while the outer ring element (which is adjacent to the frame concrete) sustains
compressive stresses as the ring is bent and the corner '"rounded.'" Yielding is observed

in both cases.

Minor inelastic deformation is also observed in the concrete portion of the frame

near the corners and center gussets as Figures 5-18 through 5-20 indicate.

The stress invariant plot of Figure 5-21 is typical of the results obtained in
the transition section which remains elastic, due to the beneficial confining effect of
the neighboring soil. As the stress wave travels onward to the tubular section, the de-
crease in load bearing area results in an increase in the longitudinal stress. This axial
compression is sufficient to cause inelastic deformation in the tubular section behind
the transition section. Figure 5-22 is typical of the results obtained at the crown and

springline. The invert portion remains elastic at this early time.

This amplification of the longitudinal stress as shown in Figures 5-23 and 5-24
has been mentioned in previous discussions (Sections 3.2 and 3.4). In the case of the
inelastic calculation, the amplification factor measured is less than 2 which is much
less than the ratio of the load bearing areas (about 6 for the S4 configuration). There

are two possible explanations: the axial stress which can be sustained in the tubular

5-4




section is limited for an inelastic material depending on its yield strength and the
lateral confinement. Secondly, the front load which acts on the closure is not completely
transmitted to the transition section due to the shear or punching deformation at the sup-
port edges. More insight into the former can be gained by looking at results of Calcula-
tions 2B and 2C to be presented later (Sections 5.1 and 5.2). The matter of the bearing

load is examined in the next paragraph.

The ratio of the closure area versus bearing area is approximately 12. Hence,
it follows that in static uniform loading of the closure, the average bearing pressure
is 12 times that of the loading, or a peak of 64,000 psi in this case. The bearing pres-
sure obtained in Calculation 2A is shown in Figure 5-25 for points located on the top,
bottom and side of the bearing ring. The peak pressure is higher at the top and bottom
mainly because the bearing area is less there than on the side. In any event, its value
of 30,000 psi is only half of the corresponding static value. One element length away
from the edge of the bearing ring, about 5 inches, the peak bearing pressure drops to
14,000 psi as Figure 5-26 shows. A similar though less drastic drop is also observed in
the bearing load one element length back of the contact surface. These results indicate
that the bearing load is highly localized. The fact that the bearing ring extends into
and forms an integral part of the base of the frame makes interpretation of this kind even
more difficult

Analysis of the response of the tubular section of the shelter is somewhat limited
because of the early cut-off time. However, some quantitative design values can still be
obtained for the fore portion of tubular section, i.e., the region behind the transition

section.

From the axial stress plots of Figures 5-27 for sections behind the headworks
the peak mean axial compression is estimated to be 9,000 psi. Similarly, the peak hoop
stress and the peak in-plane bending can be obtained from Figure 5-28 for the tube cross-
section immediately behind the headworks and from Figure 5-29 for the cross-section half
tube diameter behind. Note that whereas the crown immediately behind the headworks is
flattened (the outer fibre stress is higher than the inner fibre stress at the crown,
Figure 5-28) the crown half tube diameter behind the headworks shows the opposite response
(the outer fibre stress is lower than the inner fibre stress at the crown, Figure 5-29).
The difference in the response pattern is depicted in Figure 5-30. It should be noted that
at this early time all tubular section response is induced by loading up front and ground

motion induced by airblast at the berm has yet to come into play.
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Strains--as might be expected from the description of the closure deformation
mode, the shear strains in the closure, especially for points near the support are signif-
icant. A maximum of 14 percent in the steel backplate is found near the bottom edge and
shear strains of 2 to 6 percent are not uncommon. A typical strain invariant plot (/T7;

versus Il) for a point in the backplate is given in Figure 5-31.

Shear strains in the closure concrete are in general of the order of 1 to 3 per-
cent, with the highest strain (8 percent) occurring in the vicinity of the top and bottom
shear crack. A typical strain invariant plot is given in Figure 5-32 which is based on

the strain/time histories of Figure 5-33 for a point near the upper support. Comparing

Figure 5-33 to Figure 5-34 which is for a point at the center of the closure clearly
indicates that much deformation occurs near the support while the center part of the clo- 1

sure is relatively unstrained.

5.2. CALCULATION 2B--THREE-DIMENSIONAL CALCULATION WITH HEAD-ON INCIDENCE; INELASTIC
MODEL FOR CONCRETE ONLY

Model and Airblast Load--the basic model and airblast loading are identical to

those of Calculation 2A. The only changes in the model are: the steel side and backplates
are assumed elastic and only one element is used across the plate thickness. This is done
for two reasons. Dropping the number of elements across the plate thickness from two to
one relaxes the constraint on the integration time step somewhat and computation time per
major cycle is decreased. Secondly, the change is made to investigate what effect details
in modeling of the backplate have on the overall response of the closure and the main

shelter structure. Using an elastic material for steel will also show up the effect of

steel properties (A36 versus A415, for instance) on closure response. As a final change,

the overburden is given a rather high stiffness (wave speed of 3,500 fps) in order to il-

lustrate the effect of this parameter on structural response.

Deformation Mode--the deformation pattern of the headworks at about 15 msec. after

airblast arrival is illustrated in Figure 5-35. The displacements are magnified as in
Calculation 2A. The early time response is seen to have the headworks pushed back and down;
the latter is no doubt due to the stiff overburden assumed. In Figure 5-36 are shown the

displaced profiles of the backplate vertical center line at several action times. Profiles

SE—

for the horizontal center line is given in Figure 5-37. The deformation pattern of the

closure, that of punching, is relatively unaffected by the elastic backplate assumption.

A spot comparison of the deformation in the concrete closure indicates that the

closure response is also similar to that in Calculation 2A.

5-6
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A comparison of Figure 5-38 which shows the closure cg velocity time history
with its counterpart from Calculation 2A (Figure 5-11) also confirms this view. Minor

differences are observed in the downward velocity.

Stresses--a typical stress invariant plot for points in the concrete closure is
given in Figure 5-39 which is similar to the results obtained in Calculation 2A. Figure
5-40 consists of stress invariant plots for points in the backplate. Because of the
elastic assumption there is no yielding. However, two trends are evident. Had the steel

been replaced by a A36 material with octahedral shear stress limit of 20,800 psi, inelastic

s LN S S VAR 18l S 12 T

deformation would certainly occur near the edges, an observation which is confirmed in
Calculation 2A. Secondly, for the plate to remain elastic a steel with grades much higher !
than A36 is necessary. However, this upgrading does not seem to have significant effect

on the behavior of the closure as was pointed out earlier.

Behavior of the two corners of the frame is also examined. While the concrete
response is similar to that of Calculation 2A, as is exemplified in Figures 5-41 and 5-42,

the elastic assumption for steel brings out an interesting observation. Referring to

Figures 5-43 and 5-44 for points in the upper and lower steel frame corners, respectively,

one sees now that the lower corner sustains a higher shear stress whereas the upper corner

is lightly stressed by comparison. Limiting the shear load in the steel transfers part
of the bottom load to the top as observed in Calculation 2A and pushes both the upper

and lower corner beyond the elastic range.

From invariant plots obtained for points in the headworks and tubular section, it

is observed that the response is quite similar to that of Calculation 2A.

Loads exerted by the closure on the bearing ring are shown in Figure 5-45. Since
the direct bearing (contact) area is modeled by one element width the contact stress given
in the figure lies roughly between the upper and lower bound values given by Figures 5-25
and 52-6 for Calculation 2A. Again the bearing load transfer does not seem to be signifi-

cantly effected by the lack of details in modeling of the backplate in this case.

Similar remarks can be made about the propagation of the longitudinal stress along

the shelter. One significant difference is noted, however: referring to Figure 5-46

which shows the longitudinal stress/time histories for points in the tubular sections
behind the headworks the differential between the longitudinal stresses at the crown

and invert (a measure of the bending moment acting in the tubular section) is larger

than that shown in Figure 5-27 fcr Calculation 2A; furthermore, it does not seem to
diminish with time or distance along the tube. This bending moment can be attributed to
the effect of the downslap force acting on the headworks. The stiff backfill properties

assumed make the effect far more significant than it is in Calculation 2A.

o= v
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The in-plane bending moment indicates an ovaling deformation of the circular
cross-section immediately behind the transition section and of higher mode deformation
for the section about 6 feet back (see Figure 5-47), not unlike the results obtained in

Calculation 2A.
5.3. CALCULATION 2C--THREE-DIMENSIONAL ELASTIC CALCULATION WITH HEAD-ON INCIDENCE

Model and Airblast Load--the model and airblast load of Calculation 2B are used

with all material properties assumed elastic. Consequently, the response of the closure
so obtained corresponds to one which is designed to remain elastic under the prescribed

load.

Deformation Mode-~the deformation patterns of the headworks at 15 msec. and

22 msec., after airblast arrival are illustrated in Figure 5-48, the displacements having
been magnified. Aside from the expected backward and downward movement, there is an al-
most rigid-body like appearance about the deformation pattern which is typical of an
elastic solution (see Phase 1 results, for instance). Note that the closure support point
is no longer pushed straight backward as is observed in Calculations 2A and 2B. Instead

the support point moves as part of the rigid body which is the headworks.

In Figure 5-49 are shown the displaced profiles of the backplate vertical center
line at several action times. Profiles for the horizontal center line are given in

Figure 5-50. Maximum deflection at mid-span relative to the support is about two inches.

The velocity-time history of the closure cg is shown in Figure 5-51 and is os-
cillatory as typical of an elastic system. The dominant period of the longitudinal com-
ponent is between 7 and 8 msec., giving the closure a natural frequency of 125 to 140 Hz.
The downward velocity on the other hand contains a 250 Hz component superimposed on the

overall headworks motion.

Stresses--typical stress invariant plots for points in the concrete closure are
given in Figure 5-52. The concrete near the support edges would have yielded if the yield
criterion as shown also on the figures had been imposed. The concrete at the center of the
closure, on the other hand, remains elastic; it would appear to remain so even when the

yield criterion is imposed.

The behavior of the backplate is illustrated in the invariant plots of Figure 5-53
for points near the support edges and for a point at the center of the backplate. As
expected the plate center sustains high tensfle stresses as the closure deforms as a plate

under uniform load.

5-8
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i Behavior at the upper and lower corners of the frame is shown in Figures 5-54
through 5-57. It is seen that hoth steel and concrete (being elastic) sustain tensile
stresses. One can readily surmise that if the shear and tensile stress bearing capability
of the concrete is limited most of the tensile stress will be transferred to the steel
liner and this is indeed the case as shown in Calculation 2B (Figures 5-43 and 5-44).

Stress invariant plots for a point in the tubular section of the shelter are
shown in Figures 5-58 and 5-59. When compared with the yield criterion for concrete they
show that inelastic deformation will take place at the crown and springline and to a

nominal extent at the invert.

Loads exerted by the closure on the bearing ring are shown in Figure 5-60. Note
that the top and side bearing pressures are almost identical and are higher than that at
the bottom, a behavior also observed in the elastic results of Phase 1. Further the time
histories have a dominant oscillatory component with a frequency close to that of the clo-

sure vibration. The peak bearing load is about 32,000 psi.

Longitudinal transfer from headworks into the tubular section follows the usual
pattern with an amplification factor of slightly higher than two (see Figure 5-61). The

axial stresses at the crown and springline are higher than that at the invert. It is also

worthwhile to point out that the pulse behaves like an exponential pulse with a rise time

of 5 msec. (the airblast load rise time) and main pulse duration of 20 msec.
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Figure 5-1. S4 shelter configuration
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Figure 5-7.

119 Msec.

Deformation mode of backplate, vertical centerline, Calculation 2A

5-21




5o

Vg UOT3eInO[e) ‘2UlTI9luay [ejuozraoy ‘ojerdyoeq jo apow UOIIBWIOIA] *§-C 21nd1g

30
2INS0T)

5-22

— — —

/
/
/

/
— \\ /
O9SK ¢C1 |

I
w *29sK TZI \

\ V\
{ 298K 611 \/// w
0
1

(*1ld) I1vOS ILNIWNIOVIdSId

R G b T 343 Ach N .o s




-, . e A P A R R AN N A (2w a i

*oasuw g1
ST 3ISBTQITE JO 2WT3 TBATAY °yZ uoIle[nd[e) ‘@3e[dydeq UT SaUO7 JIIseTaul jo Judwdolaaag ‘ee-g 2In3Tg

5-23

098 6TT = 3

998K 811 = 3

n
o

TO9SK /T

auoz o1iseraul




*09su ¢TT ST 3IsSe[qire

JO SWIl [BATalay - (PO9nNUTIUOD) Yz UOTIBTNOTE) “@3eTd}OBRq UT PUO0Z DT3ISBIaUT Jo Juawdolaaaq °qg-¢ 2Ind1g

5-24

*O8SK 771 = 3 *09SK 121 = 23 *O9sK 0zT = 3

Quoz dTase[au]

scxiimin e

=

B imiseidtis e : — .4 #‘u»'i




JO PwWyl [BATIlY

*J9sw ¢[] ST 3ISe[qirE

» -G 2an31y4
aur jo juawdolaaaqg BO1-S
€239210U0D 3INsSOTd UT ‘Pduoz d13se]
*yZ uorje[noye) ‘o3

5-25

auoz JdI3seTaur

*O9sK GTIT = 13

. A —————.




, *Jasw ¢ SI 3Ise[qaie jo
dWTl TEATIIY *(PANUTIUO0D) yz UOIIBTND[E) 9IDIDU0D 2Ins0d ul ‘auoz diise[aul jo Juawdopeadq - qQ1-¢ =andrjg

5-26

“29sK 91T = 3




S ninaits o . ’ S S o g . ;

S ——

"o9sw g1 ST ISEIQITE jO

Swr3l [EATIIY °(PONUTIUOD) yg UOTIIBTNO[E) °d3I2IDUOD AINSOTD UT ‘duoz DIISeTAUT jJo Jusawdoraaaq - dQ1-S 2indig

5-27

*09SK LT = 3 ]

i

g




‘J9sw ¢ ST ISB[QAIE JO BWI]
TeAT11y *(PONUTIUOD) Yz UOTIEBTNOTE) ‘9313I0U0D IINSOTD UT ‘duoz OdT3Iselaul jo Juswdoraasaq ‘pOI-¢ 2ind1g

5-28

23Sy 8TT = 3




i i S S A S RS A5 T S e S

AN - . S i R T iR 4
w *d9sw ¢TI ST 31seTqare jo awi)l
, TeATIIVY .Aﬂwﬂﬂ.ﬂuGOUv Y7 uorieindied ¢339212U0D 3ANSOId ur ‘3uoz d13se[aur jo UEUEQC.M@\rUC *9071-¢ Uh—dw.ﬂh
(=]
o~
1
w
*99SK €21 = 3 ;




9t i

yg uotieindaie) 90 2Inso[d JO SBTA0ISIY BWII/AITO0Ta)

. (22587 3W]L
2} hai naL* I
1 1 1 1

Q
Ly¥]

el
o [

301"
1

hot-

*0C0c

LI

10239
(Sdi)13A

-5

*JCh

*03gt

‘11-¢ 2an814

5-30




VZ uorierndre)y ‘3icddne iesu 93910u0d 2ansoTd ur sjurod 103 30Td IUBTIBAUT SS313S Teo21d4]

a2 hn 09 ¢

00°¢

(y
ob° 2
1

0ix)

LISdIr

08 1
1

e
|

00°

*Z1-6 @an3yy

wm:oamou IeTTUTS
aAey czo:ﬁ sjurod TV

*0cce 1 00s

"00%h

(18d1ders

"00C9

' UCCh

5-31




VC UOTIETNOTER) ©333I0U0D 2INSOTD JO 193uUsd Ul sjutod 103 307d 3JueTieAUT SS2135 TedTdAL ‘gT~C 21n81y

(,_0IX) (IS

02" » 097 € 03¢ 0on* 03 S HE ] oo 29 o
1 1 1 | 1 1 e
7Y
2
w
Q
O
<
-
L.
n
]
—_
£
S
=
ﬁl R
! o
M ©
: o
< .\ 52
I
-d
(]
&)
j=]
L UOTI33TI) danyrey i
93310u0)
w
0
4]
S

-dﬁhﬂ@mﬁ&ﬂn&m«a«auuwmhvamnwmmyw;4

5-32




vz uorjerndTe) °3ioddns ieau a3eTdyoeq ur sjurod 10j 107d JueTIRAUT SS3I13IS TEOTdAY

00°8 009 D0 b~ c0 9- 00 g5

(L2 1 , . il -

o

o

9suodsai IeTTWIS 2
aaeYy umoyg sjurod [TV

~

ot

(=]

\ i

- o

o

£

- o

<

o

o

o

—

n

o

*$1-¢ 2an31y

1Sd1dars

(

5-33




V¢ uorijerndte) ‘pajaoddnsun ajefdyoeq ur sjurod 1oy jord juetraeaur ssaa3ls [ed1dA] ¢T-¢ 8an8r1y

{a@nne (ISd)Ir
o' g 00" 9 o0 # oe2 DD" - Do’ 2- 00" b~ 00- 3- 00 g5
1 i [ L | 1 :
.41&

3 / ﬁl m
osugdsoa IBTTWIS
aARYy umoys sjutod TTV

T
Ok &

FESddal

-
03¢
5-34

gix)

h

-
v

0@
It

o

oer




Vg uoTiernore) ‘Bururl T993s Iauur ‘I2u10d dweaj iaddn 103 joTd JUBTIBAUT SS313G

‘B9T-G 2In814

(, OLX] (Is4d)ir
008 00°9 0+ o’z 00" - 0o 2- 00" h- 00" 3- 00°g5
| | — sl 4 1 A | -
: 8
-7y
o
=
- r e,
e
N
0
T
w
B
o
>
==
£
rmah
@

5~35




i

S

it LRI 1 0 I S T, 3 Rt 0

V¢ uorie[ndTe) ‘Suruly [923S I9In0 ‘12ui0d Sweaj iaddn 103 joTd JUBTIBAUT SS81IS

(n_00X) (1Sd)1
8.@ 00" 9 8., 8.m 8.-

P
a0 e- 00 h- 00 3-
1 1 1 1 7] 1 1

‘qQ9T-G 2an31g

T
Oh'<

03'¢
(18d1d2r}

0ix)

5-36



i

PSP

VZ uorie[noTe) ‘SUTUT] [o93IS I2UUT °IdUI0D dWelJ I13MOT] J10J 30Td JUBTIBAUI SS313§

(n_00X) (ISd)Ir
008 00°9 00" # 002 00" - 00 2-
- |

00" h-
| S 1 1 1 1

00°9-
!

"e/1-¢ 2an814

g

LJE'IL_-

o
S

T

Ok 2

03¢
(18d1d2r}

01x)

5-37




B anaiann e an b Sl L 4 s - vy

m—
V¢ uor3eInNdOTe) ‘SUTUI] [923S I9IN0 ‘I2UI0D SWEIJ IIMOT 103 307d 3JueTaeAul S$S911S *q/T-C 2inS1g
(o OIX)  (ISdIIP
0C 8 [0 | 03" 4 oQ*e 0o - B0 2= v 00" 8- 00" g5
L 1 1 | I 1 ] 5
o
rls-.b
c
ry
b e
QL
nJ
s}
.
w
e
o o
.u
¢ n
o
(“'h -
=
o {
- o |
o ]
~
)




Vg uoTlendTe) ‘1duiod aweiaj iaddn ut 2331d0u0d 103 3J0Td JUBTIRAUT SS313S Teo1d4g

00°€

(4,
o' 2
|

olxJ

(Isd)ir

08" |
eS|

0z 1
1

ac o

B3~

=5
a

9suodsaa aeTTWIS
aaey umoys sjutod TV

00" -

T

Ok

(18d)dcrt

el
09

021

g1x)

‘8T-G 2an8y1y

5-39




Vo

bl Ay

VZ UOT3IETnOTE) ‘I2UI0D dWelJ ISMOT UT 23210U0d 10J 3J0Td JueTIEAUT SS213IS TEITALAL °*ET~C 2andT1g

(,_0LX) (ISd)Ir
02" h 09 ¢ oc'e o' 2 09 0
l

[ 09 0o o 03" -,
| 0 1

>
a1 ol

=
S

e

oL
Oh*

(16d1dart

T
a9

asuodsai 1eTTWIS
aaey umoys sjurod 1TV

01x)

[
U
I
08
Iy

~

o

5-40




Vg UOTIBTNOTER) ‘s3assnd aweiy ur 93310uo0d 103 3JoTd JueTiEAUT SSai1ls Ted1dA] °gz-¢ =2in81g

(n_00X) _(ISd)Ir
02" h 09 € 00°€ on'2 08 { 02 ! 09 ac’ o 03,
1 1

00*

T

Oh*

(18d)dart

9guodsai aeTIWIS
aaey c%o:m sjutod TV

T
09*
5-41

01x)

.

T
00

001




yg uorle[ndye) ‘syaompeay ur sjurod 10j 3joyd 3Jueraeaur ssails [edTdA]  [z-¢ @2an314
(h_0IX] (ISdIIr
02 h 09 ¢ 00" ¢ Gh™ < 08 { oc i Cy oot 1 S
I o | i 4 1 .
7 o
c
)
4 o
9suodsaa ieTTUWIS
oaey umoys sjurod TV Sregs
=
N
£
-
w
"3 S
I
~ v
>
O
e
o
8
- A
o

A A SR | i 0L e BB




yz uorjerndore) ‘asurr8urtads pue umoid
‘syiompeay Iesu uOTIVAS 1engnl 3yl ur siurod 10y Jo7d JuETIPAUT SSAxls TeoTdAL *22-S 2and1yg

! (_01X) ({Sd)Ir

0 h 09 ¢ 03¢ On° ¢ 03 1 0c | 09 03" 0 T
= 1 1 1 1 9 .
2
k-
! 2
3
4
|- ey
: 5S¢
nJ
L
osuodsax aeTrurs 9avy umoys sjurod TTV mw
3 .IQ.“
<) o
i <
— 1
g \ > 3
o
P 0 © -
o

R,




VZ uorjernore)y ‘aa3jrays aaddn Juole sjutod 10j $d1103ISTY QW3 /SSd13S Teulpnitluor]

2 i J35) 3WII
g€t 4 acl” hel: N2t 911 g1t 800 "ot ,
 CTESEESPRRSRIEY, T e WS TR T . —RR . VRS 1 L- =
£
|
|
%m
= n
£ -
~
-
— -
| R
b inm
o
D —
>
| = |
e
j -

T
o' |

92" |

- uorssaadwo)

091

*€Z-6¢ 2and1g

5-44




VZ uorleinore) °ia3[ays iamo] Suole sjutod 10j saT1I103ISTY

SWT]/$sd13S Teuipnitsduo] *Hz-¢ 2and14

(Y]

S RPN .

hhk*

DL -

I
k'

(1S41AA918

e K
63
5-45

01X

—
g
Ly

2

uorssaadwo)

9,

i




gel”

V¢ uoraendre) ‘3jazoddns iauur e aanssaid Sutaeag -Ggz-¢ 2an31y4

(Jd5 ]
pet”

s

WL
3t
1

v

831"
1

KC1°

S S e e ]

L

uotrssaadwo)y

OR" -

T T
o€ 2 Ok
(1Sd)AA9IS

01x)

T
£

g’
(h

5-46




VZ uoraernore) ‘3aoddns 193n0 e 2anssaad Buraesg ‘9z-¢ 2In8ryg

St

h01-

uorssaaduo)

Ok -

oS

sellir
Ok 1

I

e 2 .
(18d1AAQ1S

01X

T
02 ¢
[

5-47




V¢ UOI3BINOTR) “SNI0MPEaY PUTYaq ‘SUOTIDAS aqnd *Sa1403ISIY oWl i/sSsad1s [eulpniiduo]  */z-¢ aan8ig

(04S) HUWIL
il 0z1 " 97T A i 01" VAN

T T T

SSAULS

1S5d)

NP GPCR I TRPICIP = RPN e S s B laes o - . . i a 4




(04S) dWIL

bl 0¢t” 91T " (A4 8 i Al QG CHE Ly %oq” oct- gl Zin”

.
|
|
H
|
Vg UOTIB[NOT[E) ‘SYI10MpEaY PuTYaq UOTIDIS 2¢nl 10j SITI0ISTY dwyl/sead13s dooy °gz-¢ 2andrg |
W
ﬁ
.
|

470001

4°00Z¢

5-49

(1Sd) SSaYLS

*008%

L

0

193N

{-00%9

uotrssaadwo
-

170008

- - ‘0096

i en




¢s)I0MpEDY puTYaq I93dWEIpP aqnl J[EBY UOTIDSS agqnl 10j

VZ uor3IBInNOIE)

$971103STY 2wl /ssa13s dooy *gz-G 2and1g

(04S) dWI1L
YEE® ON%M‘ 911" CLL” el ® Qo CEOES 498 el I 0zl 91T’ cil”
i 0
7 40001
)
o
83
o
Iauug o
»
w
g e  4007¢
aauug = oF
1auuj ‘
3 7 - +4°008%
400%9
\
m 40008
|
{
. N ) 5 | i N . 0096

SSAYLS

(18d)

5=50




i A A AN L L ST et

"SRIomMpEdY PUTYSQ IDILWETP SqnI-J[BY ST § U013V ‘SNIOoMPEIY pulyaq ATs3EBIpowuy S|

Y U0or303§ *(Afuo osodind UOTIBIISAT]I 10J) AQNl JO SUOTIDAIS—-SSOID JO 9pow uoTIEWIOI3([ "(f-G 2an81g

g uor3loveg °q Y uorioag ‘e

5=51




yZ uorje[ndTe) ‘lioddns iesu a3eTdydoeq utr sjutod 103 Joyd JUBTIBAUT UTBIIS Ted1dA] *1g¢-¢ @2an31g

(h- QLX) (ONJ LI
VIV 02 9 00+ 0872 0y - S0 e 00 +- 00 9= 00 &
1 ks i 3 mun.,‘ =k 1 L i
“ .
%
Fre
~
asuodsax aeTTWIS {
aaey umoys sjurod [TV |
o<
L
nJ
T
- e
s o
@ . )
7 Fo ]
e | o vy
] |
u i
|
_ l.o
~ o
|
A




vz uorieTnoTe) ‘31i0ddns 1eau 23210uU0d danso[d Ul siutod 1oy j01d Jueraeaur ure1ls Ted1dL]  czg-¢ 2andry

(ONJ L1
en” (012 (i e - e 1210 i 80" - ny° - cl - 5} S |
J i 4 1 - {
2 |
==
w
9suodsai IBTTWIS '|WAJ
aaey lumoys sjutod TV <) nI
m O
° =
~ a~
//////, - 5
® =
s —
TR 2
o 3 |
[T
\\\\\\
-
o\ 5
-




Bhesrinast

|

vz uorjernore) ‘3izoddns aeau ‘2INSO[O UT 232IJUOD 10J SATI0ISTY awij/uieals jedrdi]

(AN

0crt-

ST
T

9T

Xz

£x

bkt

(03S) dWilL

et 4 e 0z1° 811" 911"
i i L €0 -
0
{zo"
X
sl :
1S%0 °
O
(o]
2
o
-
(1]
g :
17}
a = ozo-
=]
_ Jc60-
_ . s . 0z1*

‘€g-¢ 2an814

(%) NIVYLS

5-54




VZ UOTIB[NOTE) ‘I93UaD 1BAU ‘3INSOTJ UL DIDIDUOD 10J SOTIOISTY dwIil/urelals [ed1dLy

(0dS) dWI1L

*Hg-¢ 2In314

A Zel” 0z1" 811" 911" AN 54 0z1* 811" 911"
. r — . - T 0€0°
wa Xz
1\|W||\\4.\er|\||\\«.l\|&l ) — Js00°
AX 3
3
i | i 20
X
i .
Z s
g Z
i g 15402
(@] N
o]
| =
el
ia)
&
" i ¢ Joco-
o]
=
0
! | 4560°
L - y - — I A A oN.Ho

[ TR

P o TR &

5-55




47 UOTIBINOTE) OUIPIDUT UO-PpEIY ‘SHIOMPE3Y JO Sapow UOTIewiojod ‘GE-¢ 2In81g

BN

S 0
e
(ur)
9180 Juawaderdsi( 32
3INnsSo1)

5-56

*O09sSK Q¢TI 3B O ﬁ
*O9sK 8¢T 1B+ _

Y .

----——;ew
3




Figure 5-36.

Closure
cg
Pal

Deformation modes of backplate vertical centerline, Calculation 2B

123 Msec.
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119 Msec.

121 Msec.
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Figure 5-47a. Hoop stress/time histories, tube section immediately behind
headworks, Calculation 2B
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Hoop stress/time histories, tube section half-tube diameter behind

headworks, Calculation 2B
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Deformation modes of backplate vertical centerline, Calculation 2C
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SECTION VI

INTERPRETATION OF PHASE 2 RESULTS

Major results of Calculations 2A, 2B and 2C all based on the S4 shelter configura-
tion and head-on incidence are discussed below. Since emphasis of the study is not on struc-
tural response per se, the discussion on structural response will be kept to a minimum; de-
tails are given only to provide a common data base for subsequent discussions which address

the main purpose of the study.
6.1. DEFORMATION MODE

The overall deformation pattern of the shelter is consistent with that observed
in Phase 1 which is based on the S1 configuration. The dominant force comes from the direct
head-on load acting on the front face. The structure responds like a beam-column supported
by the soil medium; the headworks is pushed back in the longitudinal direction by this load
with some downward motion due to the inclined front-face and overburden load. The moticn of
the headworks in turn induces some bending of the tubular section behind the headworks, not-
ably in the longitudinal plane. In-plane bending of the tubular section of the shelter also
exists as a result of the longitudinal load at first and later on as a result of the over-

burden load acting on that section.

An imbalance of the longitudinal stress exists in the upper (top) and lower (bottom)
portions of the headworks. The imbalance is due to two factors; (a) the shielding effect of
the soil which protects the lower portion of the front face from direct airblast load; and
(b) the higher load bearing capability of the medium supporting the lower portion of the
shelter. Consequently, the top portion of the headworks and part of the tubular section

which follows sustain greater motion than the lower portion.

The downward motion of the headworks on the other hand depends on the overburden
load and the timing of this downslap depends on the wave propagation speed of the berm
medium. For a soft berm (loose backfill) the overburden load does not reach the structure
for the first 10 msec. or so after airblast arrival at the front face; it is effectively
screened out for short-time response consideration. Little downward motion of the headworks
results. When the berm material has a higher wave speed (dense backfill), the downslap

force is immediate and downward motion is almost concurrent with the longitudinal motion.

Since the bulk of the headworks remains elastic it is not surprising that the
vral deformation pattern as summarized above holds true for Calculations 2A, 2B and 2C.
wlantic deformations in the frame and closure support areas account for some of the

letalls in this general pattern (see Figures 5-35 and 5-48 for instance).
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The closure is pushed straight back by the incident airblast into the bearing ring
and its support area in the headworks. Consequently, the steel bearing ring and in particular
the concrete region behind it are severely deformed. The 10° incline of the closure also
causes a downward component of the closure motion which is evident at the bottom edge of the

closure and lower bearing area.

The deformation of the closure is very much affected by the closure material des-
cription. This is because the closure behaves like a thick plate in flexure (which is slight
because of the large thickness-to-span ratio) in the elastic range and like a slab in punch-
ing deformation in the inelastic range. The two deformation modes are significantly differ-
ent as can be seen by comparing Figures 5-7 and 5-49 showing the deformed profile of the
backplate. Because of its importance in subsequent discussion the extrusion or punching mode

will be described in the following paragraphs.

For the closure the airblast load at the front face (lateral surface of the slab)
is transformed into shear forces in the slab. High shear stresses first develop in the con-
crete portion near the support edge as a result of the high frontal load and the equally
high reaction forces along the support edge. This shear stress is highest at the bottom
concrete which is next to the backplate. Upon yielding of this bottom concrete, i.e.,
when the shear bearing capability of the concrete is reached, the surplus shear stress is
transferred to the concrete immediately in front which in turn yields. This process which
continues for sufficiently high applied load until the front-most concrete in the closure

is similarly affected, is often referred to as the shear crack propagation phenomenon.

Once the propagation is complete, i.e., it extends through the thickness of the
closure concrete any additional load must be carried by the steel backplate. When the
additional load is sufficiently high as is the case in Calculations 2A and 2B the backplate
undergoes a shear deformation at the support edges. The closure in effect is extruded or
punched into the headworks cavity shearing at the edges, but with the overall backplate re-
maining relatively flat.

This punching deformation of the closure is not sensitive to the backplate details
at least as far as the first 10 to 15 msec. of response is concerned. Changing the backplate
material from elastic to elasto-plastic and increasing the number of elements across the
plate thickness from 1 to 2 do not seem to have significant effect on the deformation pattern
of the closure. What is found to have significant influence on the closure response is the
shear bearing capability of the closure concrete. Changing the closure concrete material
from elastic (infinite shear bearing capability) to elasto-plastic (limited shear bearing

capability according to confinement pressure) causes an estimated four-fold increase in the

6-2
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maximum deflection as measured by the center deflection of the backplate relative to its

support.

This sensitivity can also be observed by examining the motion of the closure cg
for the two cases, elastic closure and inelastic closure, reproduced in Figures 6-1la and
6-1b. Discounting the 10° incline, the Y-component of the velocity can be viewed as the
component perpendicular to the plane of the closure. In the elastic case the cg is seen to
exhibit an oscillatory response with a period of about 8 msec. The velocity is similar to
that of a single degree-cf-freedom elastic system subjected to a triangular pulse with dura-
tion several times that of the period of the system. The onset of inelasticity and the
formation of shear cracks, however, change all that. The velocity-time history of the in-

elastic closure cg is not unlike that of a single degree-of-freedom elasto-plastic system.

These conclusions have great ramifications in cost-hardness trade-off of the
shelter (closure). High cost and low sensitivity for the steel backplate suggest that it
may not merit the amount of attention that it has received. On the other hand, low cost
plus great sensitivity for the closure concrete dictates that it be considered as a very

important cost-hardness trade-off parameter.

Once the closure is extended into its punching deformation mode the airblast
impulse in the main pulse duration governs the response, i.e., how fast or slow the pres-
sure pulse decays from its peak value. Hence, it is expected that higher frequency contents
which may be important to the closure response in the elastic realm (for vibration and
resonance considerations) are no longer as important since they do not greatly change the
load impulse. 1In other words if the closure is designed to respond in the punching mode
the only overpressure wave form parameter of interest (aside from peak magnitude) is the

total impulse and how fast this impulse is achieved.

The tubular section of the shelter immediately behind the transition section
undergoes an ovaling deformation partly due to the oncrushing headworks (short-term effect)
and partly due to the overburden load from the top (longer-term phenomenon). The section
about half shelter diameter behind the headworks shows the deformation pattern of a mode
higher than ovaling, possibly the n = 3 mode although the results obtained are not compre-

hensive enough to be conclusive.
6.2. STRESS DISTRIBUTION IN SHELTER

The airblast load acting on the front face (frame/closure) is transmitted
through the headworks to the tubular section. The peak magnitude of this longitudinal stress
is amplified in going from the headworks to the tubular section because of the abrupt drop

in load bearing area available in the latter although the amount of amplification is not as




¥
¥

high as would be expected based on bearing area consideration alone. There are two contribut-
ing factors for this: the load bearing limit in the tubular section which corresponds to
the strength of concrete used (6,000 psi, unconfined), and the load transfer between closure

and bearing plate, which will be discussed presently.

Accompanying the amplification in longitudinal stress is a change in wave form
partly due to geometric dispersion and partly due to inelastic deformation. The change
due to dispersion can be measured by the elastic results of Calculation 2C and the contri-

bution due to inelastic deformation by comparing these vith the results of Calculation 2A
or Calculation 2B.

The longitudinal stresses in the upper portion of the shelter are invariably
higher than those in the lower portion as has been mentioned in discussing the deformation
mode. This difference in the tubular section tends to diminish farther away from the head-
works. Although not verified directly it is expected that the longitudinal stress differ-

ential vanishes altogether about several tube diameters down the tube.

P The axial stress transmitted to the tubular section is sufficiently high in areas
[ close to the headworks that inelastic deformation is observed there both at the crown and

springlines and to a lesser extent at the invert.

The stress state in the closure itself has also been covered in connection with
the discussion on the punching deformation of the closure. In the following paragraphs

the stress state at the closure/bearing interface will be described.

Much like a plate under lateral load, the airblast loading acting on the closure
induces reaction forces at the bearing ring. In the static situation the ratio of the re-
action pressure to the uniform applied load is proportional to the ratio of the loaded sur-
face to the supported area. Results of Phase 2 indicate that the dynamic reaction load

] induced in the bearing ring is lower than the static equivalent. Furthermore, the reaction

ioad is concentrated at the innermost edge of the ring which is consistent with the punch-

ing deformation of the closure. The average bearing pressure is found to be insensitive to
the details of the interface model whether the backplate is elastic or inelastic and whether

it has two elements or only one element across the plate thickness. A fine mesh representa-

tion of course should be used to represent the bearing area if the stress concentration

nature of the bearing load is to be reproduced.

The model used in Phase 2 assumes a bonded interface between the closure and bear-

ing ring. The actual physical interface condition is of course complicated and appears
time dependent. The gap pressure wave which precedes the main airblast load at the front

face will tend to slip past the bearing interface into the headworks cavity. This was
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observed in the HAVE HOST S1 test (Reference 11) and the so-called blow-by is sometimes so
significant that it knocks off equipment and cables inside the headworks. During this period

which occurs when the closure is relatively unloaded the interface condition is one of slip.
Upon the establishment of the full airblast load on the closure the interface is one of
friction or no-slip depending on the normal force and the relative motion of the backplate
with respect to the bearing ring. When loaded on its front face the closure will tend to
extend sideways. The confinement pressure on the other hand will tend to move it in the
opposite direction. What actually takes place is not totally clear and no doubt depends on
the relative magnitude of the confinement (gap) pressure and front airblast load. The effect
of interface condition on shelter response is expected to be minor. The interface (or edge)

condition may be important to the response of thc closure, and its effect needs to be assessed.

The aformentioned aspects of stress distribution in the shelter, namely, the bear-
ing pressure, the peak mean longitudinal stress and bending moment in the tubular section,
etc., are found to be insensitive to the modeling details of the closure (comparing results
of Calculations 2A and 2B). Although the observation is based on short-term response we
believe that it applies also to long-term response as well, leading one to conclude that as
far as the overall response of the shelter is concerned a crude model of the closure suf-
fices. By the same token for detailed analyses of the closure the headwork and tubular
section may be replaced by some equivalent, but much simplified system suitable chosen to

maintain the correct impedance and energy transmission properties.

Based on results obtained in Phase 2 and the discussions of Sections 6.1 and
6.2, the following observations on the effect of inelasticity (and elasticity) on shelter

response can be made.

A. Effect of Inelasticity

The foremost effect of inelasticity on shelter response is manifested in the
deformation and response of the closure. Limiting the shear bearing capability of the
closure concrete results in the formation of a shear crack causing the closure to respond
in the punching mode wherein it is extruded into the headworks cavity for sufficiently
high loadings. Consequently, the steel bearing ring and the concrete region behind it are
also severely stressed. This distress is more evident at the bottom edge of the closure

and lower bearing area.

An indirect effect of inelasticity in the closure is that, once the closure is
in the punching mode, the closure deformation is governed by the loading impulse and is no
longer as sensitive to high frequency components of the overpressure wave form as is when

it remains elastic.

kst




o

Inelastic deformations are found in the frame, notably at the upper and lower
inner corners. The effect of inelasticity is local in the sense that it does not affect

the response of the main headworks and shelter structure.

Incipient plastic deformations are also found in the tubular section immediately
behind the headworks where the high axial load at the crown is limited by the concrete
strength and is redistributed to the lower portion of the tube causing a more uniform dis-

tribution over the tube cross-section.

B. Elastic Versus Inelastic Analysis

By comparing the elastic and inelastic response obtained it is observed that an
elastic analysis of the shelter is valuable in identifying both the overall deformation
modes of the structure especially those that are uneffected by the onset of inelasticity
and possible regions of distress. Some examples from the S4 configuration are the head-
works deformation, load transfer from closure to headworks, load transfer from headworks
to tubular section, stresses in the frame, stresses in the closure and tubular section,

and response of the closure provided that it remains elastic.

The usefulness of an elastic analysis can be further enhanced when its results
are interpreted based on sound engineering judgment. For example, by comparing the
elastic stresses against the failure criterion of the material, an indication of whether
the material may be overstressed can be obtained. Imposing a limit on the load bearing
capability of the material an experienced analyst might be able to transfer the surplus
load to other parts of the structure as is indeed what actually happens. The transfer be-
tween the upper and lower corner of the frame, the transfer between the upper and lower
portion of the tubular sections, the transfer from rear closure concrete to the

front are some of the lessons learned in the case studies of Phase 2.

Elastic analyses of the shelter can provide useful transient (short term)
response data here because the structure under study is semi-buried and subjected to a
direct loading which dominates the short-term response. The elastic analyses will be
more effective if some allowance is made for energy dissipation inherent in the real

material.

For a detailed quantitative analysis of the shelter and particularly the clo-
sure, there is no substitute for an inelastic analysis. Whereas the motion of the clo-
sure cg can be approximated readily by an equivalent single degree-of-freedom system,
the punching deformation mode and the shear crack propagation phenomenon are prevalent
only in an inelastic three-dimensional dynamic analysis of the structural component

involved.
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Figure 6-1.
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SECTION VII
CONCLUSTIONS

This section begins with a summary of all modeling considerations found to have
significant impact on shelter response. Basic deformation modes of the shelter under dif-
ferent loading conditions are described and their sensitivity to airblast loading charac-
teristics summarized. The effect of inelasticity on modeling, deformation pattern and air-
blast sensitivity is then delineated. Once the effect of material nonlinearities has been
identified the merit and limit of the use of elastic analyses (and hence inelastic analyses)

will become apparent.

With knowledge gleaned from these conclusions a viable approach to performing
dynamic analyses of the shelter is developed and described. The procedure involves model-
ing the shelter-like structure and its medium according to the guidelines established,
factoring in those characteristics of the air overpressure which have been found signif-
icant and separating the analysis into complementary components: short-term analysis

and long-term analysis.
7.1. STRUCTURAL MODELING CONSIDERATIONS

Several regions of the structure need to be modeled with attention. These
are the closure, the front face, the inside corners in the frame, the gap between the

closure and frame and the transition region including the front portion of the tube.
7.1.1. Closure

Details in the closure model do not seem to significantly effect the response
of the remainder of the structure. When only the gross response of the structure is de-
sired a crude model may be used for the closure in order to accommodate a large integra-
tion time step for an explicit code. This is essential in computing the long time response
of the shelter. When accurate response of the closure itself is desired the closure model
should be sufficiently refined to preserve its response characteristics (natural vibration
in the elastic realm and punching or shear failure in the inelastic range). The remainder
of the shelter, however, may be replaced by an equivalent system provided the replacement

system retains the same impedance and radiation damping.

Closure resporse, in addition, is very sensitive to the material description
of the closure constituents and in the case of a composite slab, the sensitivity to con-
crete properties is much higher than that to steel. Hence, an accurate material model

for the closure concrete should be used.
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The effect of support condition on closure response needs to be assessed but does
not appear significant. Hence the closure/bearing interface model may be crude as far as
closure response or headworks response is concerned. If it should become desirable to ob-
tain the peak bearing load, however, a fine mesh is necessary since this load is concentrat-

ed near the edges and decays quite rapidly with distance away from the edge.
7.1.2. Frame and Gap

The effect of the gap pressure is significant especially when the inner frame is
unprotected. The pressure tends to push the frame outward and this action is most severe
at the interior corners. Accordingly the gap and the frame corner areas should be included
in a detailed model. The effect is, however, local in that the headworks response is un~

affected by it.

The degree of refinement in the front face (frame/gap and closure) should be
compatible with the overpressure distribution since the latter dominates the shelter

response and bending of the headworks in particular.
7.1.3. Headworks

The sensitive region in the headworks appears to be the region behind the bearing
ring which is severely stressed as the closure is pushed against the support. Otherwise

the bulk of the headworks is relatively unstressed and a nominal model suffices.
7.1.4. Transition and Tube

A large axial stress gradiant exists in the transition region from headworks to

tube. This together with the abrupt change in cross-sectional shape (at least in the con-

figurations studied) make the transition region one of the most important segments of the

1 shelter as far as overall shelter response is concerned.

The front tubular section of the shelter, i.e., the portion of the tube immedi-
ately behind the transition region, is another sensitive region in the shelter response.
In addition to transmission and merging of the axial loads from the headworks it transfers
the bending moment exerted by the headworks on the tube. 1Its deformation is further con-

strained by the relatively rigid transition region and includes contributions from modes

higher than simple ovaling and breathing which are standard for the remainder of the tube.
7.2. DEFORMATION MODE

: The deformation mode under head-on loading is studied quite extensively using
elastic and inelastic calculations. The studies of side-on and oblique front-on loadings |

are limited and based exclusively on elastic analyses. The following discussions are
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limited to the short-term response for the first 10 to 15 msec. after airblast first

arrival.
7.2.1. Head-On Loading

The basic deformation of the structure under head-on loading is one of axial
compression with minor variations in the form of headworks rotation, longitudinal bending
and downslap motion depending on details of the air overpressure distribution on the expos-

ed surfaces, shelter front~face configuration and berm material.

The response is dominated by the tremendous front load acting at the frame/

closure; consequently, is influenced by its distribution at the front face. More will

be said about this in the section on airblast characteristics. Suffice it to say at this
point that the headworks is pushed back into the tube section causing severe distress in
the transition section and the front portion of the tube. In addition there is a down-~
ward motion induced by the 10° incline of the front face such as in the S4 configuration
and/or the overburden load. There is also a rotation/bending of the headworks, the nature
and severity of which depend on several factors: any imbalance in the front loading, off-
set between center of pressure and center of structure stiffness, magnitude of overburden

load and inclination of the front face.

In the environment considered the closure deforms in the punching mode where it
is pushed back against the bearing ring and extruded into the headworks cavity. The re-
mainder of the slab remains relatively flat. Large shear deformations occur in the clo-
sure both in the concrete and steel backplate, mostly along the support edges. The shear
deformation initiates at the back concrete, then propagates toward the front face. Upon
completion of the "shear cone," the excess load is transferred to the steel backplate

which then yields in the punching mode.

Gap pressure which acts in the opening between the closure and frame tends to
push out on the frame and contain the closure. As a consequence the frame sustains
high hoop tension especially at the two inner corners where tension failure at the con-
crete and yielding of the steel lining is observed. The gap is also opened by this in-

ternal pressure and the lower lip opens more than the upper lip.

The high axial stress and any longitudinal bending of the headworks are trans-
mitted to the tubular section with the fore portion of the tube bearing much of the load.
In~plane deformation of the ring cross-section in this region is mostly ovaling (n = 2)
with some n = 3 mode contribution, for the short time considered before arrival of the

overburden load from atop.
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7.2.2. Oblique Front-On Loading

In the elastic calculation the deformation mode in the yaw plane shows the longi-
tudinal compression accompanied by displacement of the headworks with the blast. Bending
of the headworks in the yaw plane is first toward the blast because of the arrival time
effect of the load at front face and is then reversed due to the effect of loads acting
at the blast side of the headworks which is exposed for this calculation. The yaw bending
moment induced in the tubular section is about one-half of the pitch plane moment for the
distribution of airblast loads assumed. The shear stress in cross-sections of the head-
works perpendicular to the longitudinal axis does not seem to be greatly affected by the

additional out-of-plane load.
7.2.3. Side-On Loading

The deformation mode due to side-on loading under the two-dimensional assump-
tion wherein only the tubular section of the shelter is analyzed as a ring consists mainly

of ovaling with some breathing mode contribution.
7.3. AIRBLAST CHARACTERISTICS AND DEFORMATION MODES

The conclusions of airblast characteristics are based on limited airblast data

and mostly clastic results.
7.3.1. Spatial Characteristics

Because of the direct application of load to the exposed surfaces in the shelter
concept the airblast overpressure distribution about the exposed surface has significant
effects on the resulting structural response. This is especially true because of the com-
plex geometry involved and the sensitivity of the overpressure characteristics to this

geometry.

In the front-on loading case the single most important parameter is of course
the reflection coefficient related to the front face. Peak stresses in the headworks and
tube are directly governed by the peak front load. The load distribution about the front
face is another significant factor which affects the amount of rotation imparted to the
headworks. Its significance is diminished for an inclined front face. The main action
of the overburden load which is to push the headworks downward is mostly indirect in that
the overpressure wave has to transverse the backfill medium to reach the structure and
does not exhibit as much sensitivity as the front load. The magnitude of the overburden
load is also substantially less than the front load, making it of secondary importance.
Loading on the sides of the headworks contributes to the confinement pressure and its
effect is probably significant only in the oblique incidence case when it contributes to

deformation of the structure in the yaw plane.
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Another front-face load parameter which merits consideration is the pressure dis-
tribution in the gap. Its magnitude governs shear deformation in the inner upper and lower
corners of the frame and in addition provides confinement to the closure concrete. The ef-
fect of its distribution in the gap space is not studied here. It appears that the effect
of minor deviations from uniform distribution will not be detected in the response. In any
case the impact of the gap on the frame and closure is localized to these regions and is

not felt in the headworks.

In contrast to the direct load the effect of indirect loads such as those acting
on the berm is moderated by passing through the dissipative backfill material. Any varia-
tion in its spatial distribution is tempered by material damping by the time the ground
shock reaches the structure. This insensitivitv is indicated in the two-dimensional cal-
culation where a two-fold increase in the load on the blast side of the berm does not cause
any significant increase in the structural response as measured by peak bending moment and

hoop stress.
7.3.2. Temporal Characteristics

Among the many characteristics which fall under this category the most important
one is probably the impulse associated with the front load for the front-on loading condi-
tion. When the closure deforms in the punching mode the impulse-time history becomes the
parameter which governs the closure response. The magnitude of the total impulse and the
rate at which this impulse is applied have a direct impact on the¢ maximum and permanent
deformation of the closure. This is in contrast to the situation when the closure remains
elastic where the important closure response considerations are vibration and resonance
and the important airblast characteristics the frequency content at the natural frequency

of the closure.

In general, the remark made earlier about spatial characteristics can also be
made about the temporal characteristics, i.e., when the loading is direct the transfer of
the temporal characteristics of the load to structure is most complete, especially the
high frequency components. However, when loading is not direct the backfill and soil mass
surrounding the structure will act to filter out any high frequency content of the over-

pressure and only the lower frequency components are expected to be important.

Arrival time or rather the sequencing of arrival times of the overpressure at
different points of the structure is also another important characteristic. In the front-
on situation phasing of the front load and overburden load determines the aaount of rota-
tion imparted to the headworks. Arrival time differential in the fr t loads in the

oblique incidence case determines the initial bending moment into the blast. Theseeffects
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are transmitted down the shelter to the transition section and tube section where they be-

come really important.
7.4. EFFECT OF INELASTICITY

As far as response of the shelter is concerned the foremost manifestation of the
effect of inelasticity is in the closure deformations, i.e., the punching phenomenon dis-

cussed in Section 5.1. This response is sensitive to the strength of the concrete assumed.

Other inelasticity effects are observed in the frame notably the inner corners,
in the bearing ring and concrete region behind it in the headworks, and in the fore portion
of the tubular section near the headworks. These effects are mostly confined locally to
the region mentioned and do not influence response in other parts of the shelter. The only
exception is the inelastic deformation in the closure bearing region whereby the headworks

deformation is uncoupled from the effect of front load acting at the closure.

Limiting the strength of the concrete in the tubular section also limits the
amount of axial load the tube section can transmit and thus facilitates the uniform dis-
tribution of axial compression in the section. The impact of this effect, if any, has not
been identified.

Inelasticity in the medium has the effect of modifying the stress pulse before
it reaches the structure and provides material damping. It follows then that its effect
is proportional to the expanse of medium separating the structure from the load. Hence
it can be surmised that the most significant effect of inelasticity in the medium, aside
from its effect on the overburden load described earlier, is to diminish long-term re-

sponse and affects only the gross response of the shelter.
7.4.1. Elastic Versus Inelastic Analysis

Having identified the effect of inelasticity on the response of the structure,

the merits of elastic analyses performed for the same structure can be assessed.

By themselves elastic analyses of the shelter can yield useful (and exaggerated)
information on (a) possible deformation modes of the structure under different loading
conditions; (b) sensitivity of these deformation modes to variations in overpressure dis-
tribution and wave form; (c) possible areas of distress which need further examination;
and, of course (d) stress states in parts of the shelter where the material remains

elastic.

When used in conjunction with engineering judgment the quantitative data obtain-
ed in elastic analyses can be extended to yield qualitative data on inelastic behavior.

When used in conjunction with inelastic analyses an elastic analysis serves as an excellent
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baseline to be referenced and compared to in order to assess and identify certain effects

of inelasticity and their sensitivity.

An elastic analysis, of course, will not provide data pertaining to deformation
and mechanism which are purely inelastic in nature, e.g., closure response. Nor will it
provide good estimates for long-term effects due to the lack of damping and it invariably

overestimates peak values for short-term response.

The reason an elastic analysis is more useful here than in other situations is
that the shelter structure is semi-buried and subjected to direct loading which dominates
the short-term response. It would be less effective, for instance, if the response of

the tubular section under side-on loading is sought.

In the current application inelastic analysis also has its limitations. Fore-
most is the uncertainty of material properties (modeling, parameters, etc.), especially
in the dynamic realm. Dynamic plain concrete properties are not readily available, not
to mention reinforced concrete properties which reflect the complex reinforcing patterns
in the shelter configuration. Soil properties have always been a major difficulty in
structure-medium interaction analyses, although in the case of the shelter the interac-

tion effect is not critical.
7.5. GROUND MOTION EFFECT

The effect of airblast induced ground motion on shelter response has not been
studied and hence, definitive conclusions on this aspect of the dynamic analysis and
the role of the soil island approach in shelter-medium interaction calculations cannot

be made.

Because direct airblast loading dominates the shelter response, in the short
term ac least, it is expected that the ground motion effect, if any, will affect only
the long-term response and the gross behavior of the shelter structure such as the
longitudinal bending and in-plane deformation of the tube but not, say, the closure

deformation.

Based on ground motion results obtained in Weidlinger Associates' study, DNA
001-77-C-0036, there is no appreciable outrunning ground shock in the (revised) baseline
site at the 600 psi range. In the outrunning region (100 psi to 20 psi), the motions ex-
hibit a sustained low frequency (1.5 Hz) response in both the horizontal and vertical
directions. Ground motion effect, therefore, is expected to influence the response of a
shelter located at this range, the direct airblast effect no longer as dominant due to

the lower overpressure involved.
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Depth of water table (100 to 300 feet) is found not to have significant effect on
the surface ground motion. The effect of water table at depths less than 100 feet has not

been studied.

From the above discussions it can be concluded that the direct ground motion ef-
fect on shelter response is probably secondary to the airblast effect for the site and en-
vironment considered. However, if the site profile is changed, for example by raising the

water table, a reassessment of this tentative conclusion will be necessary.

From a numerical analysis viewpoint the use of appropriate ground motion at the
soil island boundaries effectively extends the size of the island thereby enabling dynamic
calculations to be carried out for a longer period than would be possible otherwise. This
is absolutely necessary in large-scale three-dimensional calculations such asthose attempt-

ed in the present study when long-term structural response of the shelter is analyzed.
7.6. SHELTER ANALYSIS METHODOLOGY

From the foregoing it appears that a three-dimensional dynamic analysis of the
shelter using numerical methods can best be performed in two parts: short-term and long-
term. In the short-term analysis, response of the front end of the shelter which is ex-
posed to direct airblast load is examined. Peak stresses in the headworks, frame and
closure and peak deformation of the closure are obtained. Long-term analysis includes
what happens afterwards and addresses mostly the response of the tube and the gross motion
of the shelter. (In the rear-on incidence case the short-term response would include the

time from first arrival at the rear-end to arrival at the front.)

This distinction of short and long-term responses follows directly from the
shelter concept wherein the structure is subjected both to direct airblast and indirect
ground motion loads. Detailed subcomponents of the shelter are located up front (e.g.,
frame, gap, closure) and their response is dominated by the direct airblast load. Their
important response time is both short, about the order of magnitude of the main pressure
pulse (up to 30 msec. at the most for the environment considered here), and local. The
fundamental period of the closure for instance is about 8 msec., whereas the period for
longitudinal bending of the tube is 100 msec., and ovaling of the ring cross-section about

40 msec.

The distinction can also be made from a frequency viewpoint. High frequency
effects, if any, are more likely to come from the direct airblast load. Airblast induced

ground motion by its nature is more appropriately called low frequency input.
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The short and long-term response distinction is also one of (modeling) analysis
expediancy. Modeling of the front end is by necessity a detailed task in order to repro-
duce the response characteristics of the subcomponents, say, the closure. The detailed
model usually puts a strain on the capacity cf the computer. The core storage of the com-
puter is taxed if the fine mesh used for the front end is continued all through the shelter/
berm configuration. Small element sizes for the front end imply small integration time
steps for an explicit code (an analysis program which uses an explicit solution procedure).

Either of these restraints is undesirable and is to be avoided if possible.

Results obtained in the present study indicate that the two-part analysis metho-
dology is both practicable and correct. The key observation based on Phase 2 studies is
that minor details of the closure do not significantly affect response of the main shelter
and vice versa. This suggests that analysis of the closure and main shelter can be un-
coupled to certain extent, leading to the short-term and long-term methodology proposed

here.

An analysis procedure for performing dynamic three-dimensional finite elemeat
analyses of a shelter~like structure can be formulated based on this methodology. The

procedure is outlined in the following.

As in any finite element analysis, the procedure starts with modeling considera-
tions then moves on to guidelines on performing the dynamic analysis in two parts, short-
termand long-term. An attempt has been made to keep the comments and references general
enough for the class of shelter-like structure considered; specific examples are made to
illustrate a point even though the example may not be valid for a particular shelter con-

figuration.

A. Modeling Consideration

Special attention in modeling should be given to the following shelter subregions:

* Closure--sufficient details should be included to reproduce the basic deforma-
tion mode which is punching and shear in the inelastic range and fundamental period in the
elastic range. Any steel back and side plates should be so modeled as to reflect its bend-
ing capability. Concrete material properties should be as accurate as possible since the
closure response (but not the main shelter structure) is sensitive to the material properties

used.

* Front Face--the front face model should be as detailed as the air overpressure
distribution on it dictates in order to bring out any axial load imbalance which acts to

rotate the headworks.
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* Frame/Gap--existence of the gap (and gap pressure) must be included in the model.
The inner lower and upper corners of the frame, for a square closure, as well as any other

steel lining on the frame must be modeled.

* Bearing Ring--a high stress gradient exists in the bearing area supporting the
closure. A fine mesh is necessary here to reproduce the stress concentration that is the
bearing load. Yielding and deformation of the bearing region will affect the overall re-

sponse of the closure.

* Transition Section--the high axial stress from the front load is amplified as
the load bearing area decreases and a high stress gradient results in this region. A moder-
ately detailed model for the transition section is probably sufficient although any abrupt

change in cross~sectional shape (such as those in S1 and S4) should be modeled with care.

* Fore Tube Section--the front portion of the tubular section immediately behind
the headworks tears the axial compression and bending moment transferred from the headworks.
A fine subdivision of elements should be used in this critical region and at the crown in
particular. It should also be sufficiently detailed to accommodate in-plane deformation

modes as high as n = 3.

* Main Tube Section--the model for the main tubular section of the shelter should

reflect its dynamic characteristics such as longitudinal flexure and in-plane bending.

* Soil Medium~-careful modeling of the soil medium immediately in front of the
shelter is necessary not so much to admit correct transmission of the airblast load as to
prevent erroneous distribution of this load to the structure. Modeling of soil medium else-

where should be consistent with the dynamic characteristics of the tube section.

B. Airblast Characteristics

Special care should be exercised in determining the following airblast character-
istics since they have significant influence on structural response. The exact effect, of
course, varies with loading conditions. In general the characteristics are more important

in the event of a direct loading than otherwise.

* Head-On Condition--airblast parameters of importance are the front-face reflec-
tion factor, its spatial distribution about the front-face and impulse and impulse time
constant. The reflection coefficient governs the peak pressure and hence the peak stresses
in the headworks and closure Its distribution about the front face is also important in
determining the amount of bending of the headworks. Impulse is important to the closure
when the latter deforms in the punching mode and the peak inelastic deflection is then
determined by the impulse.
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* Oblique Front-On and Side-On Condition--reflection coefficient at the blastward
and rear sides of the headworks, if exposed, is an important parameter. It governs the
amount of bending in the yaw plane and its importance increases as it approaches the front-

face reflection coefficient in value.

The effect of pressure distribution on the gap, especially the differential be-

tween the blastward side and the rear sides, needs to be assessed.

* Overburden Load--effect of overburden load on the shelter, whether it is head-
on, side-on or rear-on, is not expected to be as significant as the direct load parameters.
Its action is to push the structure down and with the blast and is usually tempered some-
what by the expanse of backfill surrounding the structure. Its characteristics should be

as refined as the backfill properties and tube response characteristics require.

C. Short-Term Analysis

A short-term analysis of the response of the front-end should be based on a fine
model of the closure, front face, frame/gap, bearing ring and transition section (see Sec-
tion 7.1). It may be desirable to begin with an elastic analysis which can serve as a

baseline for the subsequent inelastic calculations.

That portion of the shelter after the transition section may be replaced by a
simpler model which can reproduce approximately (i) the impedance to axial load; (ii) the
energy radiation along the longitudinal axis; and (iii) the resistance to bending of the
headworks. Springs and dashpots for instance can be used to replace the aft-half of the
tubular section and medium in the longitudinal direction while holding it fixed in the
transverse direction. The short-term analysis should be terminated after peak stresses

in the headwork and frame/closure and maximum deflection in the closure have been obtained.

An inelastic model of the closure should be used and it should be sufficiently
refined to produce the punching deformation mode and the shear crack propagation phenomenon
for sufficiently high loading.

D. Long-Term Analysis

Long-term analysis includes also the structure response from wave front arrival;
but it is not designed to yield response of detailed substructures (e.g., closure) pro-
vided by the short-term analysis. It should therefore be based on a course model of the
front face, closure, frame/gap and bearing ring, but using the appropriate models for the
transition section, tube section and medium as described in Section 7.1. Care, however,
must be used in choosing the approximate front face model so that important overpressure

characteristics are not lost. The approximate closure model also must be choosen so that
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it is still capable of transferring the front face load to the headworks. For instance,

the composite closure of the S4 configuration may be replaced by an equivalent all reinforc-

!
i
!
11
|

ed concrete model for analysis purposes so that the steel back and side plates no longer

impose constraints on the time step requirement.

To carry the calculation out for a long period (about 200 msec. for the S4 case)
i the soil island approach must be used to limit the interference due to unwanted signals com-
: ing from the boundaries. The extent of error introduced by boundary signals depends on the
loading condition, size of the soil island and dissipative properties of the medium. An
elastic analysis is probably not appropriate for a long-term analysis mainly because it
lacks material damping characteristics. Ground motion input at the soil island boundaries

is definitely necessary in this case. In general an elastic analysis tends to overestimate

the response and introduce spurious signals.
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APPENDIX A
MODIFICATIONS TO TRANAL

TRANAL is designed to treat three-dimensional soil-structure systems subjected to
airblast and induced ground shock loadings. The structure is assumed totally buried and the
airblast loading surface a flat ground. The air overpressure is fashioned after Brode and

is retained in its analytical form in the family of subroutines BR73.

In preparation for the planned soil-structure investigation and the S4 pretest
calculation extensive modifications have been made to the code to facilitate the rather com-
plex geometry and applied load distribution. The airblast loading surface is no longer flat
nor a single surface and the overpressure time histories are given in digitized format. In
addition, because of the size of the problem involved, other modifications to the code are
also necessary in order to fit the maximum size into the computer. These changes will be
described briefly in this appendix which, however, is not meant to be a formal documentation
of the code. Most of the necessary programming is done by John Baylor of Weidlinger Associ-

ates, New York.
A.1. APPLIED PRESSURE LOAD MODIFICATIONS

Pressure load can be applied to the exposed surfaces of the structure and berm in
one of two ways depending on the details of the geometry and overpressure involved and of

course the users' choice.
A.1.1. Overall Loading

This method of applied load is intended for large surface areas (such as the berm
surfaces or any large expanse of exposed surface). Where the geometry is simple (plane) and
the pressure load does not change drastically from one location to another. This loading
mode constitutes a generalization of the code's original applied pressure (Brode) module.
Discretized pressure time histories are given for points on a spatial network covering the
surface to be loaded. The required loading at any point on the surface is obtained through

spatial interpolation of the data involved.
A.1.2. Detail Loading

This mode of applied load is tailored to complicated surface description (such as
those on the front face, headworks and gap in the structure, neighboring soil surfaces and
cutouts in the driveway) and irregular pressure distribution. In its most refined form,
each discretized structural element can have its own pressure loading description (or pres-

sure cell) consisting of time-pressure pairs, loading direction and time of arrival.
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A.1.3. Code Modifications

Changes to the code are made to the input module, element table set up and applied

load processing.

UNT

PRT

CAP

CHK

RED

RED

CHK

ELM

ELM

ELM

CHK

CHK

CNG

ELM

BLD

ILZ

ILZ

SET

MAT

RUB

OPT --

0P ——

75R --

LCL* -

LOD* -

TBL* -

LOD* -

SET --

MAT* -

RED* -

ELM --

MAT* -

NAM* -

SRT* -

TBL --

ZON* -

ELM* -

ELM* -

PTR --

MAT* -

The modified and new subroutines are described briefly below approximately

in their order of execution; names with an asterisk correspond to new subroutines.

READ PROCESSOR

expanded to include input data unit option for pressure cell specifica~

tion
expanded to include option to print pressure cell data

material property specification is expanded to include pressure cell

"property,'" with zero mass and scale factor and arrival time substi~

tuted for elastic bulk and shear moduli

pressure time history number is checked for validity
pressure data are read in

pressure time history pains are read in

pressure data is checked for validity

new name for old block of codes in SRTOUT

pressure cell subroutine

pressure cell specification data are read in

cell specification is checked for validity

pressure cell specification is checked for validity
utility routine, name of a data block is changed

utility routine, elements are rearranged according to processing

(zone) order

element table set up routine, modified for pressure cell applications
utility routine, sets up zone count parameters

utility routine, sets up element count parameters

element table entry is updated for pressure cell applications
material pointer is inserted in element table

utility routine, a data block is erased
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COORDINATE
B MATRIX -
NOD MAS --

XEQ PTR --

PROCESSOR
slight modification to accommodate pressure cell specification
slight modification to accommodate pressure cell specification

expanded to set up pressure cell related parameters for execution

phase

TIME PROCESSOR

ZP HEX* --
CHK LCE* -
UPL CNF#* -
LOD CELP* -
LOD CELY -
UP LCNV* -
STRS BD --
MAS CHK* -
FC CNTR* -
FELIX W* -
WONG FX* -

CHK IDX* -

DMP PAK* -~
NORMAL* -~

PAK WRD* -~

UNP WRD* -~

A pressure
material description
applied. As such it
indeed used for that

expanded to include new pressure options

element to be processed is checked to see if it is a pressure cell
nodal forces for a pressure cell are updated

pressure in a pressure cell is computed

forces in a pressure cell is computed

nodal velocities for a pressure cell are updated
modified for generalized overpressure load

mass of boundary node is checked for non-zero value
utility routine, determines centroid of a surface element
generalized overpressure load is determined

generalized overpressure load is determined

utility routine, surface index for pressure cell is checked for

validity
utility routine, a packed-word data block is unpacked and dumped
utility routine, unit normal vector to a surface is determined

the six surface indices are packed and meshed into the element table

entry for each element
unpacked the word packed in PAK WRD

cell is designated by an element with zero mass and has a corresponding
with material number equal to the pressure-time history number to be
is equivalent to specifying the material property of an element and is

purpose. Since ordinarily the material description in TRANAL is des-

cribed in terms of region (a region can have more than one element, but all elements within

a region must have the same material property). This affords the user another option in
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specifying material makeup of a region and has been found to be quite useful especially when

only a few elements of an existing model need to be changed.

Prescribing the pressure load within an alement is only part of the pressure cell
description; additional information must be given to specify which of the six faces which
make up an element are acted upon by this load. This is done by specifying any or all of
the surface indices 1, 2, 3, 4, 5 or 6. These data are then packed into one word and stored
as an entry to the element table. Before each subsequent use then this word must be unpacked
and the required data retrieved. This process enables the original structure of the code,
i.e., element table with one word per element, be conserved although a nominal penalty in

execution time is incurred.
A.1.4. Sample Check Problem

The elastic axisymmetric problem of a steel-lined cavity in rock is used as a for-

mal check case for the applied pressure load modifications.

Uniform load in the form of a triangular pressure pulse is applied at the surface
of the steel liner. Three TRANAL runs are made using the model of the steel and medium as
shown in Figure A-1. The same pressure time history is used in all three runs, but a differ-
ent mechanization is exercised each time corresponding to the original (old) loading module,
the overall loading module and the detail loading module (pressure cell method) described

previously.

Results obtained from the three runs are identical. The TRANAL code results have
also been compared with numerical results obtained by Lockheed Palo Alto Research Laboratory
and this comparison is given in Figure A-2 for membrane stress in the steel liner and in

Figure A-3 for the radial displacement also in the liner.

Extensive functional checkout of the routines has also been performed, but is not

described herein.
A.2. OTHER MODIFICATIONS
A.2.1. Region Coordinate Edge Processing

The region coordinate edge processing is changed from the whole soil island basis
to a zone basis; this change is made so that larger soil island (problem) can be accommodated
in the machine, at least through the COORDINATE PROCESSOR stage and that the approach is more
consistent with the subsequent TIME PROCESSOR, which also processes the elements on a zone
by zone basis. Four additional peripheral units need to be declared; one for coordinate
and the other three for x-edges, y-edges and z-edges, respectively, if these are not linear

edges. The effected subroutines are:
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READ PROCESSOR

REG CRD -- modified to accommodate new coordinate edge processing approach
REG EDG -- modified o accommodate new coordinate edge processing approach
COORDINATE PROCESSOR
COR DPP -- modified to accommodate new coordinate edge processing approach
RGN CRD -- modified to accommodate new coordinate edge processing approach
BLD RGN* - region coordinates for a zone are built and saved
BLD RDG* - region edge coordinates are built and saved

A.2.2. Stability and Volume Check

For an explicit code using the finite differencing scheme to step forward in
time the integration time step used must satisfy the Courant's stability criteria, i.e.,
the time step used must be a fraction of the smallest transit time across an element. This
check which prior to this time is the responsibility of the user is mechanized. At the same
time and a negative volume check is also made to detect errors in coordinate data which may

result in a negative volume for the element. The modified and new subroutines involved are:
COORDINATE PROCESSOR
COR DPP -- modified for stability and volume check
STB ILZ* - stability check zone parameters are set up
DST RCP* - utility routine, determines distance between points
STB CHK* - the stability characteristics of an element are checked
STB DMP* - utility routine, the stability table is dumped
STB SET* - parameters for stability check are set up
A.2.3. Region Material Description

Prior to this change the region material data are read in according to zone; this
has the disadvantage that any change to the zone makeup will necessitate a corresponding
change to the region material input data. This modification enables the material data to
be read on the soil island basis, hence independent of zone configuration. The modified
subroutine is ZND CRP. Naturally it is no longer possible to designate a whole zone as

VOID and the necessary VOID regions must be included in the input data.
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