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ABSTRACT To establish research requirements for development of modem,
specialized software for computational structural dynamics in support of Navy explo-
sive safety facilities, NCEL conducted baseline studies to assess commercial or cur-
rently available general purpose computer programs. Two widely available general
purpose computer programs for three-dimensional nonlinear dynamic finite element
analysis were applied to three types of reinforced concrete structures of interest to Navy
explosive safety facility designers: (1) a novel cylindrical missile test cell concept, (2)
flat slabs with variable shear steel, and (3) a soil-covered roof slab for a new high
performance magazine concept. Results from codified single-degree-of-freedom (SDOF)
methods for design of explosive safely structures were also considered and compared
with finite element technology. This report provides an overview of thee baseline
studies.
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ABSTRACT

To establish research requirements for development of modem, specialized software for
computational structural dynamics in support of Navy explosive safety facilities, NCEL
conducted baseline studies to assess commercial or currently available general purpose computer
programs. Two widely available general purpose computer programs for three-dimensional
nonlinear dynamic finite element analysis were applied to three types of reinforced concrete
structures of interest to Navy explosive safety facility designers: (1) a novel cylindrical missile
test cell concept, (2) flat slabs with variable shear steel, and (3) a soil-covered roof slab for a
new high performance magazine concept. Results from codified single-degree-of-freedom
(SDOF) methods for design of explosive safety structures were also considered and compared
with finite element technology. This report provides an overview of these baseline studies.

A commercial implicit finite element program was used to analyze the cylindrical missile
test cell. Three-dimensional model construction, nonlinear concrete material modeling, and
dynamic response were emphasized. Support for embedded reinforcement modeling was found
to be very useful in construction of the model so as to retain the inherent anisotropic behavior
of the composite structure. Concrete material modeling capability was highly sophisticated, but
problematical in application when substantial cracking accumulated in the dynamic response.
Results nonetheless demonstrated the value of computational structural dynamics technology in
providing detailed understanding of the behavior of complex explosive safety facility designs.

Analysts used an explicit finite element program to analyze the dynamic response of two
flat slabs subjected to conventional blast pressure levels. Elasto-plastic models included in the
material library were used to model the material behavior of concrete and steel. The rebar
pattern was modeled via the discrete reinforcement method; no embedded modeling capability
existed. Measured residual deflections from field tests were compared to calculations from both
three-dimensional finite element models and codified SDOF methods. In these limited data, the
codified SDOF method was prone to unconservative results, while the finite element method
bracketed the measured residual displacements, and further, successfully calculated observed
failure modes and the onset of buckling in the reinforcement.

We also applied the explicit finite element program in the analysis of the soil-covered roof
slab design. In this case, the blast load pressures were an order of magnitude higher, and the
concrete material response included hydrodynamic behavior. The three-dimensional finite
element model also included discrete reinforcement modeling and elasto-plastic behavior of the
rebar. The dynamic response of the slab was calculated up to onset of a localized failure mode.
This failure mode was consistent with initial field test observations of breach failure modes in
scale models of slabs. Further, the calculated velocity field over the surface of the slab
facilitated debris fallout distance prediction, an important performance aspect of the design.

This report concludes that commercial or available general purpose finite element
programs for nonlinear dynamic analysis of reinforced concrete structures merit wider recognition
and application in analysis and design of explosive safety facility systems. They are more £2
encompassing and forthcoming than codified SDOF methods in this regard, though their
application can sometimes be problematical. These programs have definite strengths and
weaknesses, and consequently proficiency in their application must be developed to exploit them
as resonrces.
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INTRODUCTION

Large structural/geotechnical systems generally represent a substantial capital investment
and a substantial strategic resource for the Navy. They may also be classified as essential and/or
high-risk facilities. Correspondingly, they require special attention in engineering design, hazard
mitigation and maintenance, and vulnerability studies. At the same time, substantial technology
in structural analysis capability exists due to advances in computational structural mechanics.
Unfortunately, existing technology is relatively untapped regarding design, analysis, and
vulnerability assessment of the Navy's facilities. We must gain experience in the application of
this technology.

Two classes of structural analysis problems are being addressed: (1) waterfront facilities
such as drydocks subjected to blast or earthquake loads, and (2) explosive containment facilities
such as missile test cells subjected to internal blast loads. In each case, development of the
corresponding structural analysis models for these systems must address the following issues:
What structural response must be replicated accurately, and which finite element modeling tools,
including elements, material models, and solution methods, are appropriate for the prescribed
task. The present study describes, through demonstrations, how such modeling issues can best
be resolved when using commercial/available general purpose nonlinear dynamic finite element
software for analyzing explosive safety facility systems. A companion study addressed, in the
same spirit, large waterfront structural/geotechnical systems such as drydocks and piers (Shugar,
Holland, and Malvar, 1991).

OBJECTIVE

The objective of this study was to demonstrate and assess the effectiveness of two general
purpose commercial/available computer programs for structural analysis by applying them to
current technical problems involving Navy explosion containment facilities.

BACKGROUND

Explosion containment systems such as missile test cells and conventional box and high
performance magazines support Fleet readiness through missile assembly and testing of missile
all-up-rounds (AUR), and reduce costs through concentrated storage of munitions that reduce
land encumbrances at Naval Weapons Stations.

A mishap during AUR testing could lead to inadvertent ignition of the rocket motor or
detonation of the warhead. Current missile test cell designs have been made obsolete by the
increased net explosives weight and changing size characteristics of new weapon systems.
Testing in some current missile test cells is accomplished under safety waivers with the
productivity restriction that only one missile can be tested at a time.

Current munitions storage facility designs do not exploit new materials and concepts for
mitigation of sympathetic detonation of stored munitions. In some instances in foreign countries
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(Republic of Korea, for example), these magazines are in noncompliance with U.S. explosive
safety regulations, and they continue to operate only by exemptions or waivers.

Analysis capabilities are needed that are supportive of: (1) innovative missile test c.hi
designs that provide for concurrent testing of missiles, and (2) high performance magazine
designs tha; provide for high densities of stored munitions. These factors can lead to a 50
percent increase in missile testing productivity, and to dramatic reductions in ESQD (Explosive
Safety Quantity Distance) arcs, as well as dramatic cost savings in optimal use of expensive real
estate surrounding munitions storage facilities.

STRUCTURAL ANALYSIS MODELS STUDIED

The main body of this report is divided into three sections, each describing the analysis
of a different reinforced concrete structure which is intended for explosive safety application.
The structures include a novel missile test cell subjected to an internal blast load, experimt nti,
flat slabs subjected to close-in blast loads, and a soil-covered roof slab subjected to an internal
blast load. The last configuration has been recently proposed for a high performance magazine
concept.

The unique feature of the missile test cell analysis is the complexity of the steel
reinforcement model which was constructed using the embedded reinforcement model method.
In contrast to this method, discrete reinforcement models were employed for the analysis of the
flat slabs and the soil-covered roof slab, both of which have comparatively very regular
reinforcement schemes. The missile test cell analysis was addressed with the implicit finite
element program, ABAQUS (Hibbitt, Karlsson, and Sorensen, Inc., 1989); whereas the flat slabs
and soil-covered roof slab were analyzed with the explicit finite element program, DYNA3D
(Hallquist and Whirley, 1989). The implicit AB3AQUS code is more suitable to analyses dealing
with slow, sluggish dynamic loads, while the explicit DYNA3D code is more suitable to highly
transient dynamic loads. On the other hand, the reinforced concrete modeling capability is more
substantial in ABAQUS than ir DYNA3D.

The DYNA3D analysis of the flat slabs was noteworthy because experimental field test
data were available which were used to compare the predidted and measured dynamic responses
of dhe slabs. Two slabs were studied: one with substantial shear steel reinforcement, and the
other with no shear steel reinforcement. Comparisons were also made with the dynamic response
as calculated with the standard Tri-Services Guide, NAVFAC P-397 Design Manual (NAVFAC,
1991).

The unusual feature of the soil-covered roof analysis was that the blast loads were an
order of magnitude higher than in the missile test cell analysis: 10,000 versus 1,000 pounds of
TNT MCEs (Maximum Credible Events). This necessitated an auxiliary study of DYNA3D
material models and material responses for concrete ia the hydrodynamic range as well as in the
shear deformatiori range. Tcchniques to simulate breaching of the slab ani soil blanket, and to
determine ini .ial velocity fields for predicting fragment and debris distance, are also discussed.
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STRUCTURAL ANALYSIS SOFTWARE

Though the demonstration analyses described above are the primary subject of this report,
they are regarded as preliminary to future development of a specialized nonlinear structural
analysis software system for selected structural/geotechnical systems in Navy facilities.

Application of commercial software products for finite element analysis to key Navy
facilities often result in an adhoc project wherein the analyst must compromise project objectives
to attain tractability with the software. The software architectures upon which most of these
products have evolved are first generation designs which do not provide for effective translation
of complex structures and dynamic loads into satisfactory models. Further, they are often found
to be technologically limited because their computational algorithms are outdated.

The proposed solution is to adapt certain general methods in computational mechanics and
combine them with several specific products from Navy-sponsored basic research in structural
modeling to produce a special purpose, nonlinear structural analysis system. In this regard, some
of these basic research products and their transition potential were reviewed in "An Eval, ition
of Numerical Algorithms for the No-linear Dynamic Analysis of Large Soil Structure Systems"
(Bayo, 1987).

The flexibility to accurately and expediticusly address and determine the essential
structural dynamic response of any critical facility subjected to strong motion earthquake or
severe blast loads is a desirable goal, and the proposed special purpose software system will
facilitate achievement of that goal. This software system concept is illustrated in Figure 1.

While commercially available technology is potent, as is demonstrated in this report, it
very often does not strictly apply to complex or specialized Navy structural systems. As a result,
the technical problem must inevitably be modified to accommodate the problem specification
requirements of existing commercial structural analysis software products. These products have
been developed for a very large market place in which the Navy is but a single customer. They
provide a general purpose capability and hence, they often do not strictly apply to specialized
problems. The contracting cycle is not suited to expeditious development and procurement of
new or modified commercial capability. Hence, timely acquisition of ihc required capability
most often is not an option. It is also often true that in complex nonlinear analysis problems the
required capability cannot be well defined until several attempts have been made to solve the
problem. All this points to the need for enhanced response via a flexible and modular software
capability in nonlinear structural analysis. Toward this end, a soft-.,are framework designed to
provide guidance for achieving this capability was developed. Some of the issues which were
considered are briefly summarized in the following. A full description is presented in "A
Software Development Specification for Nonlinear Structural Analysis" (Landers, 1990). The
software system proposed is primarily intended for the design and implementation of new
methodologies and techniques in finite element analysis, but it can be extended to production
situations as well.

Existing batch-oriented environments are conducive to creating inadvertent errors in input
data which negate long costly analysis computer runs. Further, they make the development and
testing of new methodologies and algorithms very difficult. Even with interactive text editors.
the construction and debugging of new concepts and ideas often involves many iterations of the
"edit-compile-debug" cycle.

Low-cost work stations equipped with owerful 32-bit processors, high-resolution graphic
displays, and inexpensive networking facilities are appearing rapidly, while the cost of raw
processing power is dropping rapidly. Further, and significantly, vendors are beginning to come
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to a consensus on standards for the tools they provide for intermachine communication, graphics,
and data bases.

Unfortunately, advances in structural engineering software development have not kept
pace with the rapid changes in the computer marketplace. Some attempts are documented
wherein existing, well-respected, monolithic finite element software systems which are
traditionally run on large computers have been "downloaded" to workstation environments.
However, little innovative software is available to the research and development community in
structural engineering. This group requires a computational environment that is responsive to
changes in the state of the art in computational mechanics and software development. Since new
techniques and algorithms must be tested and debugged as they are implemented, a modular
system that provides a high degree of flexibility and interaction is required.
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Structural analysis by special purpose computer programs - Concept.
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SECTION 1

NONLINEAR DYNAMIC FINITE ELEMENT ANALYSIS
OF REINFORCED CONCRETE MISSILE TEST CELL

INTRODUCTION

Traditional design of reinforced concrete explosive safety structures to resist blast loads
has been based on structural dynamics of elastic-plastic lumped parameter single-degree-of-
freedom (SDOF) models. Lumped parameter models are well explicated in the classical
reference by Biggs (1964), for example. In addition to this technology, design procedures are
based on field testing experience accumulated in explosive safety engineering for the past quarter
century. The combination of traditional structural dynamics and field test experience has led to
codification of a semi-empirical method based on SDOF models for the design of explosive
safety facilities as embodied by the standard Tri-Services Guide, NAVFAC P-397 (1991).

NAVFAC P-397 does not address modern computcr technology in structural dynamics
using finite element models, even as an alternative method to be considered for special problems
which go beyond the collective experience embodied in the codified procedure. Thus, it neither
promotes nor precludes this technology in the design of explosive safety facilities.

OBJECTIVE

The objective in Section I of this report was the assessment of modern structural
dynamics technology based on three-dimensional nonlinear finite element models for the analysis
of a proposed missile test cell (MTC) concept.

SCOPE

This baseline study addressed an existing design of a reinforced concrete MTC structure
subjected to internal blast loads. It employed commercial general purpose finite element software
for nonlinear static and dynamic analysis. The study featured accurate replication of three-
dimensional geometry and composite structural behavior for a complex reinforced concrete
design. To achieve this, the embedded reinforcement model was used to represent the steel
reinforcement. Modeling of reinforced concrete structures was emphasized, and the issue
concerning how current technology addresses nonlinear material behavior such as cracking and
crushing of concrete was studied.

Integration of the equations of motion for the MTC was accomplished by implicit methods
in this study. Ordinarily, for highly transient loads such as blast loads, explicit time integration
methods would be employed. However, existing commercial technology does not provide this
capability in conjunction with large complex reinforced concrete structures when the latter are
modeled using the embedded reinforcement modeling technique.

Construction of both two- and three-dimensional finite element models of the MTC was
addressed in detail. The study included linear static analyses, linear eigenvalue analyses, and
linear dynamic analyses of the MTC, and results for these analyses are briefly discussed.
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Emphasis is given to presenting the numerical test results for nonlinear concrete material
behavior and the nonlinear dynamic response of the MTC wall.

BACKGROUND

Loads on explosion containment facilities that result from accidental explosions of
ordnance are clearly highly transient phenomena. Such loads are apt to excite deformation mode
shapes corresponding to the first two thirds of the entire natural frequency spectrum of a
structure. Therefore, computational methods for calculating dynamic response for blast loading
must be capable of capturing high frequency response, as compared to earthquake excitation
where the focus is on only a few low frequency modes. At the same time, facilities are
proportioned to provide personnel safety, and a key concept in their design is ductility or the
capacity of energy absorption through nonlinear material behavior and large structural
deflections. This imposes a second requirement on the computational method which is the
capability to handle both material and geometric nonlinear behavior. Finally, for three-
dimensional analysis, computational solution methods must be numerically efficient.

The currently accepted approach appropriate to these requirements is a computational
method based on explicit temporal integration of the structural dynamics equations of motion.
Today, commercial finite element packages generally do not provide this capability. They are
limited primarily to implicit temporal integration methods and algorithms and architectures which
are numerically compatible with the implicit integration approach. There is currently a
commercial rush to develop monolithic nonlinear finite element programs having true explicit
temporal integration capability. However, these commercial products are only just emerging and
their maturity will take some time to develop. This is especially true for reinforced concrete
analysis, because it is not clear that they will support reinforced concrete modeling in their initial
releases. This commercial activity is generally thought to be inspired by the availability of the
DYNA2D and DYNA3D) explicit finite element programs developed by Hallquist and colleagues
in the Methods Development Group, Mechanical Engineering Department, Lawrence Livermore
National Laboratory under the sponsorship of the Department of Energy (Hallquist, 1988; and
Hallquist and Whirley, 1989).

Explicit temporal integration algorithms themselves are not complex or difficult to
implement. In fact, they are implemented in most commercial implicit codes. However, explicit
finite element programs can be made efficient only through special software design considerations
for the surrounding finite element architecture. Implementation of special finite element
formulations and material models that together promote the efficiency of explicit methods are
also necessary. Thus, explicit finite element program architectures are very different from
implicit program architectures.

Commercial software based on implicit temporal integration methods is more mature
regarding reinforced concrete structural modeling capability, as is demonstrated in this report.
Some previous examples of employing explicit codes for reinforced concrete structures subjected
to blast loads do exist, however. For example, Terrier and Boisseau (1989) computed the
nonlinear dynamic response of reinforced concrete slabs using DYNA3D, where they used a
modified DYNA3D concrete material model. However, this material model is not well
documented. Moreover, the reinforcement for the slabs was modeled by the relatively inaccurate
smeared reinforcement modeling methodology. However, an accurate discrete reinforcement
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model approach is available in DYNA3D and could have been used in this case because of the
very regular pattern of reinforcement inherent in slab design.

In addition to having mature, shear deformable concrete constitutive models for crushing
and cracking behavior, some implicit codes such as ABAQUS have superior modeling techniques
for complex reinforcement designs. They include the embedded reinforcement model approach
as well as the smeared and discrete approaches. There appears to be no fundamental technical
reason why explicit programs cannot eventually catch up in regard to support for modeling
complex reinforced concrete structures. However, they will have to employ algorithms that are
simple and efficient so that they conform to the philosophy of explicit program architectures.
This may be difficult because accurate reinforced concrete modeling for highly transient loads
is technically complex. Additional research is required to improve concrete constitutive models
for high rates of loading in three dimensions. However, steel reinforcement modeling could be
enhanced by adding existing embedded reinforcement modeling capability.

Commercial computational methods that may be used for the analysis of a complex
reinforced concrete missile test cell are therefore limited to ones based on implicit temporal
integration algorithms. This ultimately adversely impacts the requirement for computational
efficiency. For large scale problems this may mean that the analysis will be prohibitive. Codes
based on implicit temporal integration are technically capable of predicting high frequency
response, and technically capable of predicting both nonlinear material and nonlinear geometric
behavior; they simply require enormous computational power to do so.

MISSILE TEST CELL MODEL DEVELOPMENT

A missile test cell is a key Navy facility because it supports fleet readiness through missile
assembly and testing of missile all-up-rounds (AURs). One recent concept for an innovative
MTC design provided for concurrent testing of missiles and close siting the MTC to the control
room and other buildings of the test complex. It was estimated that these factors could afford
a 20 percent reduction in testing manpower while increasing missile test production by 50
percent. One such proposed concept was the NAVFAC Type VB MTC, a design based on a
thick-walled, reinforced concrete cylinder with flat circular end walls. This MTC design was
the subject of the present baseline modeling study.

Blast Load and Expected Structural Response

To model the proposed MTC so that its dynamic response can be computed, the internal
blast load to which it is subjected must first be determined as closely as possible. For purposes
of this investigation, the MTC is presumed subjected to the design (internal) blast load graphed
in Figure 2, which is based on inadvertent detonation of a missile warhead. This load was
computed by Murtha and Dede (1988), and a brief description of the computation is given below.

The bilinear pressure history shown is composed of a triangular shock pressure phase
followed by a triangular gas pressure phase. These triangular phases are computed separately
by different methods and then combined so that superposition is suppressed where they overlap.
Both calculation methods are semi-empirical, and are the current basis for determining shock and
gas pressure load data in the design guide, NAVFAC P-397 Design Manual.
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Figure 2
Assumed internal shock and gas pressure load for Type V MTC.

The calculation method for the shock phase allows for different standoff distances of a
concentrically located spherical charge internal to an assumed equivalent rectangular box structure
for the cylindrical MTC. Consequently, different shock pressure histories are predicted for
various flat rectangular surfaces surrounding the charge. The shock pressure history selected for
this study corresponds to that for the cylindrical wall of the MTC as contrasted with the flat end
walls; it has a 2,560-psi peak pressure with a duration of 1.75 ms and a specific impulse of
2,240 psi-ms. For purposes of this investigation, this pressure history is assumed to be
uniformly and proportionally distributed over all internal surfaces of the MTC.

The calculation of the gas phase is based on containment of the products of detonation
and is a comparatively low magnitude, long duration triangular pressure history. The semi-
empirical method of calculation used and the computer program developed for calculating gas
pressure loads are described by Tancreto and Helseth (1984). According to this methodology,
the gas pressure history depends on the shock pressure and various geometric and physical
properties of any venting mechanisms present. In the case of the MTC, a frangible circular
aperture in the center of the back wall constitutes a venting mechanism which is factored into the
computation. The resulting triangular gas pressure history shown has a peak value of 307 psi,
a duration of 177 ms, and a specific impulse of 27,155 psi-ms. Provided the MTC survives the
shock phase, the larger impulse might indicate that the gas pressure phase is the dominant phase
of the loading so far as structural response is concerned. However, this also depends on the
relationship between the fiequency spectra of the two blast load phases and the natural
frequencies of the structure.
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MTC Configuration and Steel Reinforcement

Structural design aspects of the proposed MTC are described in this section as they relate
to the development of a three-dimensional finite element model. The basic data required are the
overall three-dimensional geometry, the wall thicknesses, details of various substructural
components, and steel reinforcement patterns.

The MTC is fundamentally a reinforced concrete thick-walled cylinder with thick circular
plate end walls. Its overall concept is shown in Figure 3. The walls of the reinforced concrete
cylinder and flat end walls of the structure are 32 inches thick, and the inside dimensions of the
cylinder are approximately 20 feet in diameter and 30 feet in length. A circular apperture exists
in the back wall for venting and managing the force of an accidental explosion, and a rectangular
doorway exists in the front wall to provide access. These simple geometrical aspects are
deceiving because the geometrical complexity of the steel reinforcement is substantial. Modeling
this complexity represented the major challenge to the development of an accurate finite element
mndel of the MTC.

Definition of the steel reinforcement in a design is a preliminary task necessary to
accurate model development in complex reinforcement designs. Description of the MTC steel
reinforcement design was subdivided into three sections for tractability: the cylinder, the front
wall, and the back wall, as illustrated in Figure 4. These graphical data were developed using
a CAD system to define and locate each major steel bar in the rebar cage design. The CAD
system was essential to an accounting for, and an accurate geometric layout of, individual
reinforcement bars. In this way, reinforcement data were translated directly from design
drawings of the MTC into a digital form for organization, analysis, and visual display.

The layout of the hoop and longitudinal steel bars for the cylinder subsection is shown
in Figure 4a. This is indicative of the density and complexity of the rebar cage. These are #11
Grade 60 bars. Groups composed of four concentric hoop bars are located at stations every 6
inches along the length of the cylinder wall as shown in Figure 4b. To each of these four rings
of hoop bars, there are 156 corresponding longitudinal bars, which are spaced about the
circumference at intervals of 2.3 degrees. The resulting four concentric layers of longitudinal
bars in the wall are shown in Figure 4c.

The reinforcement of the back wall of the cylinder is shown in Figure 4d. It is primarily
composed of two identical layers of mutually orthogonal #11 hoop and #6 radial bars. One layer
each is embedded at cover depths just beneath the inside and outside concrete surfaces of the end
wall. To facilitate construction of the reinforcement cage, the spacing of the hoop bars was
varied with their radial location, and only every other radial bar extends completely to the inner
circular opening. Also, there are four hoop bars for local reinforcement of the circular opening
in the wall.

The front wall reinforcement design shown in Figure 4e is more involved since the
opening is rectangular. The radial steel is similar to the radial steel in the back wall in that only
every other bar extends to the opening. The radial reinforcement consists of 156 #6 bars. The
hoop bars are #11 bars. There are six rectangular-shaped hloop bars around the opening to
locally reinforce the rectangular doorway. As in the back wall, this pattern is repeated in two
identical layers embedded at depths of cover beneath the inside and outside concrete surfaces.
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(a) Cylinder hoop and longitudinal bars.

Figure 4
MTC steel reinforcement bar layout.
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(b) Cylinder hoop steel.
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(c) Cylinder longitudinal steel.
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(d) Back wall hoop and radial bars.
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(e) Front wall hoop and radial bars.
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In addition to the primary reinforcement described, the MTC walls have substantial
amounts of shear steel. For example, at each 6-inch station along the cylinder wall length,
stirrups are loc.4ted in 156 radial planes, every 2.3 degrees around the circumference. These
stirrups are intended to confine the concrete about the four concentric layers of the hoop and
longitudinal steel bars in the cylindrical wall. To this end, they are tied to the inner and outer
layers of the hoop and longitudinal bars.

Finally, 156 pairs of #11 crisscross diagonal bars reinforce the interface between the
cylinder and the front and back walls. Each pair lies in a radial plane and is spaced at 2.3-
degree intervals around the circumference. A summary of the primary reinforcing steel in the
MTC design is presented in TabIr. 1.

Other Components

In addition to the structural components of the MTC previously described, there are other
components of the MTC design that relate to the issue of structural modeling. These include
internal components within the enclosure of the MTC, and the external soil backfill surrounding
the MTC which is designed to be embedded to one-third of its diameter below grade. Though
the modeling effects of some of these components were neglected, they are discussed briefly for
the sake of completeness because in other circumstances their effects might be reconsidered and
they might be retained in the model.

Three secondary structural components could conceivably affect structural response: (1)
a rectangular blast-resistant steel door between the MTC and the hardened access corridor, (2)
a thin steel corrugated lining on the inside surface of the cylinder, and (3) a steel floor grating.

The effect of the steel door located in the front wall of the MTC was accounted for in
the model by application of an equivalent line load to the door frame. The load was applied
normal to the wall along the perimeter of the door frame. The magnitude of the line load is the
product of the prescribed internal pressure (Figure 2) and the exposed area of the steel door,
divided by the perimeter length. This approximates the effect of the steel door on the dynamic
response of the MTC. The strengthening effect of the door frame on the wall is regarded as
secondary. However, the dynamic response of the blast-resistant door is ordinarily of interest.
Although neglected for expediency in the present analysis, it could be modeled and analyzed
separately or in combination with the MTC model. Further, for the present analysis, the door
is assumed not to fail, and the line load on the door frame is assumed to persist throughout the
transient event as a proportional load.

The structural effects of the corrugated lining and the floor grating are completely
neglected in the finite element model. The lining is intended primarily as a form to facilitate
concrete placement during construction and is not meant to be a structural component. It is
designed as an articulated or loosely connected series of overlapping corrugated sheets, which
cannot develop the membrane stresses which otherwise could contribute to the total membrane
resistance of the cylindrical shell wall. Similarly, the floor grating design was not meant to
provide structural resistance or bracing of the inside wall and is therefore assumed to be
structurally inert.

The circular aperture in the back wall is initially sealed by a frangible cover which is
designed to fail early to vent combustion products, and thereby decrease the pressure on the
cylindrical wall. This effect was accounted for in the calculation of the design pressure load
history (Figure 2), and no further consideration was given to modeling the frangible cover itself.
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Table 1

Summary of MTC Reinforcing Steel

End Wall/
Reinforcement Front Cylinder Back Cnder

Description Wall Wall Wall Interface

Hoop: Layers 2 4 2
Spacing Variable 6" Variable
Size #11 #11 #11 -

Longitudinal: Layers - 4 -

Spacing - 2.3 deg
Size - #11 --

Radial: Layers 2 - 2
Spacing 2.3 deg 2.3 deg -
Size #6 - #6 -

Shear: Layers - 156 --

Spacing - 2.3 deg/6" --

Size - #6 --

Diagonal: Layers - - 2
Spacing - 2.3 deg
Size - #11

Ini the MTC design, both the rectangular and circular apertures were lined with 1-inch
thick steel plating. The liners are attached to the end walls by rebar anchors extending radially
into the end walls. The anchors were neglected in the reinforcement model, while the steel liner
plate was included in the MTC model. A series of 32 membrane elements for the liner plate of
each aperture were used for this purpose; they were assumed to be rigidly bonded to the concrete
surface of the aperture.

The effect of the soil embedment was ignored as a simple matter of expediency in this
study. It is otherwise believed that the soil backfill material would absorb energy through plastic
deformation and the additional surrounding soil would absorb energy through radiation damping
of the ground shock. This effect should enhance the performance of the MTC in resisting the
design blast load. It could conceivably be modeled with nonlinear soil finite elements, albeit at
much greater expense. Assessing the performance of the reinforced concrete cylinder was of the
first importance, and therefore it was intended that available computational resources, as listed
in Table 2, should be focused on the MTC itself. Thus, the effect of the soil was neglected and
replaced with either a rigid or free boundary condition on the portion of the surface of the MTC
which was in contact with the soil backfill.
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Table 2
Workstation Resources for MTC Analysis

Hardware

Sun 4/260 Computer: 11 MIPS
Memory: 32 Mb RAM
Disks: 688Mb, 688Mb, 280Mb
Seiko Color Printer, CH-5514
Apple Laserwriter II Printer
Sun Tape Drive: 60MB, 1/4 inch
Color Display Monitor, Keyboard and Mouse

Software

ABAQUS Version 4.8
PATRAN Release 2.4 with PAT-ABAQUS
UNIX Operating System
Sun Phigs 4.0
FORTRAN Compiler

Three-Dimensional Finite Element Model

The three-dimensional finite element model of the M.TC is shown in Figure 5. One plane
of symmetry is exploited due to symmetry of the structure, applied load, and boundary
conditions. Eight-node brick elements in which the displacement fields are interpolated linearly
were prescribed. Two elements were prescribed through the thickness of the wall. Larger
models, such as those shown in Figure 6, were also developed with two and four elements
through the thickness. Linear static runs with internal pressure loads indicated that the radial
stiffness of the MTC model was the same for either two or four elements modeling the wall
thickness. The MTC model possessed 1,300 nodes or 3,9C) degrees of freedom, and was
substantially smaller than the alternative models considered as listed in Table 3. PATRAN Plus
(FDA Engineering, 1989), Re'ease 2.4, was employed to generate the basic three-dimensional
models. It has ABAQUS file format translators for basic mesh and surface load information, but
it does not support the ABAQUS embedded reinforcement data files which describe the
reinforcement model.
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Figure 5

Three-dimensional finite element model of the MTC.
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Table 3
Three-Dimensional Model Data

Description Nodes DOF Element Aspect Ratios

Four-Element Wall Model 8400 25,200 1 x I x 1 to 3 x 3 x 1

Two-Element Wall Model:
Full 2600 7,800 1 x 1 x b to I x I x 2
Half (MTC Model) 1300 3,900 1 x I x I to I x I x 2

Embedded Reinforcement Model

Description of Embedded Element. The steel reinforcement is represented by the
embedded reinforcement model (Zienkiewicz, et al., 1972). The advantage of this model is that
it provides a reasonably accurate replication of the effect of reinforcement while being convenient
and expedient to implement into an existing finite element mesh. No changes to the finite
element model (in this case, see Figure 5) are required to introduce the reinforcement, no matter
how complex the reinforcement pattern. A more recent discussion is provided by Cervera,
Hinton, and Hassan (1987). However, the ABAQUS implementation of this model removes the
restriction that prevented the consideration of reinforcement in an arbitrary position inside the
element.

A sketch of an embedded element is shown in Figure 7. This element is typical of the
cylindrical wall portion of the MTC model, so that the principal directions are labeled hoop,
longitudinal, and radial in the figure. The thickness of the cylindrical wall is 32 inches and two
such elements, each 16 inches thick, model the wall through its thickness. This is the inner
element with the bottom node lying in the internal cylindrical surface of the wall and the top
node lying in the middle surface of the cylindrical wall. There are four layers of steel
reinforcement in the wall, so that two layers exist within this element.

The location of the two layers shown correspond exactly to the actual location of the two
reinforcement layers as measured from the middle surface of the cylindrical wall. The embedded
reinforcement model assumes that a group of parallel reinforcing bars running through an
element may be modeled as an equivalent continuous thin layer of steel. The thickness of the
layer is automatically computed according to the prescribed cross-section area and spacing of the
bars in the group. When, as in this case, the amount of steel in one direction (hoop) differs
from the amount in the other direction (longitudinal), two thicknesses are assigned to one layer.
In this case, there is a hoop thickness and a longitudinal thickness assigned to each of the two
layers shown.

To retain the directional behavior of bars, the steel layers of the embedded reinforcement
model are mechanically shearless in the plane of the layer. With this restriction, layers may be
described as orthotropic since the layer stiffness in the orthogonal hoop and longitudinal
directions may differ. However, the mechanical behavior in the two directions of the layer is
uncoupled.
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Figure 7
Typical embedded element for MTC model.

The mechanical properties in the radial direction would otherwise not be affected by the
steel layers for the element shown. However, radial layers were included in these elements to
represent the shear steel reinforcement (stirrups) in the design of the MTC cylindrical wall.
They were omitted in this discussion for clarity.

Mathematically, the embedded element formulation is based on superposition of the
stiffness matrix for the parent concrete element and the stiffness for thin layers of steel. As
implemented in ABAQUS, the edges of the steel layers are constrained to remain compatible with
the parent concrete element as the element deforms under load (Rebelo, 1989). The internal
forces generated in the steel layers are distributed to the nodes in a manner consistent with the
kinematics (of bilinear shape functions) for the parent element as well as with the location and
orientation of the layers. The embedded reinforcement formulation avoids the necessity of
additional nodes and elements that would otherwise model the reinforcement layers directly, as
is done in the alternative discrete reinforcement modeling approach. The advantages over the
smeared approach are: (1) proper location of the rebar, and (2) anisotropic behavior, i.e.,
accurate representation of the anisotropy due to the directional behavior of steel reinforcement.

Perfect Bond Hypothesis. In commercially available general purpose computer programs
for reinforced concrete finite eleuent analysis, the assumption is made that the concrete-to-steel
bond remains perfect throughout the entire load-deflection behavior, even for gross failure or
highly nonlinear behavior. No bond-slip behavior is allowed at the concrete-steel interface
despite the fact that relative displacement at the interface is regarded as a common occurrence
in nonlinear behavior. This assumption is implied in the present analysis of the MTC. This is
generally true regardless of the type of reinforcement model used. Using the discrete
reinforcement method, slide line or gap elements may be included to model frictional sliding of
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bars. However, bond-slip relations are not characterized by friction phenomena alone. Coulomb
frictional behavior cannot model crushing and splitting due to the lugs on bars which dominate
bond-slip behavior.

Potentially important energy absorbing mechanisms involving friction and crushing are
neglected as a result of the perfect bond hypothesis. The importance of these mechanisms will
vary according to application. They may be more important for earthquake analysis than for
blast analysis, for example. The energy lost due to historetic bond-slip effects under cyclic loads
may be regarded as important. However, for highly transient loads the concrete is often
ýeparated from the steel early (i.e., in the first or second cycle) in the dynamic response, and
from then on the concrete strength does not participate in resisting the applied transient load.

Bond-slip models are the subject of ongoing basic research under the auspices of the
Naval Civil Engineering Laboratory's (NCEL's) Structural Modeling Project (Cox and
Herrmann, 1992) as well as elsewhere. Such models have been used with embedded
reinforcement models for steel by some investigators (Elwi and Hrudey, 1989). However, the
technique remains tentative and embryonic as the discussion by Pandey (1991) suggests. Others
such as Schnobrich (1989) suggest that application of bond-slip models is prohibitively costly in
connection with large, nonlinear finite element analysis of reinforced concrete structures.

Single Embedded Reinforcement Element Analysis. Forces were applied to the nodes
of the embedded element (Figure 7) to numerically assess its elastic load-deflection behavior.
The node forces were applied in the longitudinal, hoop, and radial directions in separate tests,
and they were predetermined such that without the steel layers, the element would experience
I-psi normal stress in each case. The numerical results of the three tests are compiled in Table
4.

Table 4
Embedded Element Behavior

Node Displacement Concrete Stress*
Nodal (in. x I05) (psi)
Load

Direction Without Steel With Steel Without Steel With Steel
Top/Bottom Top/Bottom Top/Bottom Top/Bottom

Longitudinal 1.600/1.600 1.261/1.317 1.000/1.000 0.800/0.810

Hoop 1.600/1.600 1.240/1.310 1.000/1.000 0.790/0.800

Radial 0.533/0.533 0.533/0.533 1.000/1.000 1.000/1.000

*Concrete stresses are reported at the top and bottom Gauss points.
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The computed top and bottom node point displacements and element concrete stresses
agreed with the expected solutions in the absence of the steel. Comparison between these values
and the computed values with the steel layers included demonstrates the effect of the steel layers,
particularly the anisotropic behavior of the embedded reinforcement. For example, the numerical
results show that the steel reinforcement adds more stiffness to the upper portion of the element
in both the longitudinal and hoop directions, as would be expected from the placement of the two
steel layers in the upper part of the element. Correspondingly, the element concrete stresses
diminish because a portion of the load is redistributed to the steel reinforcement.

Embedded Reinforcement Model Description. The embedded reinforcement model is
described by constructing a *REBAR input data file which is part of the overall ABAQUS input
data file for the MTC analysis. Constructing this file was a substantial effort, and a description
of the procedure used along with an example embedded element is presented in Appendix A.

To verify and display the results of the embedded reinforcement model, ABAQUS also
provides procedures within a post-processor, ABAPOST. This program reads the *REBAR data
file and creates a graphics output file, ABAPLOT, which in turn drives a plotter to produce black
and white images of reinforcement models in impressive detail. The parent finite element
structure is also shown superimposed on the reinforcement images. During construction of the
*REBAR file for the MTC model, several data input errors were uncovered and corrected using
this capability; this capability was invaluable to modeling the MTC reinforcement design.
Figure 8 illustrates typical plots of the embedded steel reinforcement for the three-dimensional
MTC model.

A vertical slice through the steel rebar cage is shown in Figure 8a. This view shows a
longitudinal section that, for clarity, is only one element deep in the direction perpendicular to
the section. The four layers of longitudinal steel running through the cylinder wall and
terminating in the end wall sections are clearly visible at both the top and bottom. The unusually
thick layers are actually the edges of thin layers seen at a slight incline. These four layers model
the four concentric layers of hoop and longitudinal steel in the cylindrical wall design.

These graphics also show the crisscross diagonal bars ir. the haunch design of the MTC
model including their development lengths. This modeling capability facilitates unprecedented
accuracy in modeling crucial interaction between the cylinder and end walls. Design of
haunches, whether in the MTC or in a conventional box magazine, aims to provide fixity against
rotation to develop the strength in adjoining walls and slabs. Yet, conventional analytical
procedures supporting design typically ignore this interaction which nonetheless is important to
overall structural behavior.

The hoop and radial steel reinforcement model of the front end wall is shown in Figure
8b. The rectangular aperture included in the circular front wall was more difficult to
accommodate, but the elliptical hoop bars (see Figure 4e) surrounding the aperture were
eventually modeled successfully. Elsewhere in this wall, the hoop steel is circular and easier to
model. The back end wall reinforcement model is shown in Figure 8c. In the MTC design, the
radial steel is not always continuous through the wall (see Figures 4d and 4e), and this
discontinuity in radial reinforcement is modeled in both end walls, Except for the radial lines
of the parent finite element discretization shown in the graphical images, only every other radial
line (reinforcement layer) may be seen to extend to the aperture. In Figure 8d, top and bottom
layers of hoop and radial steel are shown.
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(a) Elements in vertical plane.

Figure 8
Embedded reinforcement model for MTC.
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(d) Isometric view of back end wall model.
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LINEAR ANALYSIS

The following describes preliminary three-dimensional analyses of the MTC which were
conducted to develop and demonstrate analytical technique while working toward a full nonlinear
study. The analyses include the computation of stresses in the MTC due to a static internal
pressure, and the computation of natural frequencies and mode shapes for the low end of the
MTC spectrum. A linear dynamic analysis was also conducted to determine computer run time
for the three-dimensional model which could then be used to estimate nonlinear run time. Due
to the inherent nonlinear behavior of the structure, particularly in concrete material behavior, the
structural analysis information provided by these linear analyses is limited.

Three-Dimensional Static F'inte Element Analyses

Two separate static analyses of the MTC model were conducted to assess at least the
initial affect that the steel reinforcement would have in reducing the level of concrete stresses.
A uniform internal pressure was applied to the model with and without steel reinforcement, the
highest stresses at various regions of the MTC were identified, and the percent reduction in stress
was calculated. These results are presented in Table 5.

Table 5
Reduction in Concrete Stress Due to Reinforcement in

Various Locations of the MTC

Rectangular Wall/Cylinder Circular Cylinder
Aperture Interface Aperture Wall

13% 20% 22% 29%

The locations of stress concentrations in the concrete material are depicted in Figure 9
where the distribution of stresses (von Mises stress) throughout the three-dimensional domain of
the unreinforced MTC model is shown. The most severe stress concentration occurred at the
corners of the rectangular aperture. The next most severe stress concentration was located at the
wall/cylinder interface followed by the region near the circular aperture. The least severe stress
concentration was in the cylinder wall at top dead center, where the maximum static displacement
of the MTC wall was 0.057 inches. It was concluded from these observations that the steel
reinforcement in the MTC tended to be less effective in reducing concrete stress wherc dhe stress
concentrations tended to be more severe.

Natural Frequencies and Mode Shapes

It is generally agreed that the natural vibration properties of a structure are important to
an understanding of its dynamic response. The linear, and to some extent the nonlinear, dynamic
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response of a structure can be thought of as a combination of the structure's natural modes of
vibration. The natural modes with frequencies that closely match the frequency spectrum of the
applied load history can be expected to dominate the response. To the extent that this theory is
relevant to the response of the MTC, the following natural vibration study is presented.

The design of the MTC by Ammann and Whitney Consulting Engineers (Ayvazyan, et
al., 1988) was based upon an assumption that the MTC would vibrate in one particular natural
mode. That mode was assumed to be a radial dilation or membrane mode for a thick-walled
cylinder (which excluded bending in the walls). This was consistent with a design procedure
founded in SDOF vibration theory. It isolates the cylinder and does not directly consider the
constraining effect of the end walls on the dynamic response of the cylinder. However, the
dynamic response of the MTC would likely include many vibration modes because of the
transient nature of blast loads, and because it is a three-dimensional contiguous assembly of two
thick circular plates and a thick cylindrical shell which are subject to bending as well as
membrane action. To examine this further, it is necessary to calculate a portion of the natural
frequency spectrum of the MTC.

ABAQUS employs the subspace iteration algorithm (see Bathe and Wilson, 1972) for
computing a specified number of natural frequencies and corresponding natural mode shapes for
very large finite element models. In this case, the first 10 modes of the MTC model were
requested and computed. The results are presented in Table 6 in which an attempt has also been
made to identify the mode types (see Blevins, 1979). To again assess the effect of steel
reinforcement, these modes were computed for the unreinforced MTC model as well.

The effect of the steel reinforcement was to increase the natural frequencies from 1.5 to
8.2 percent for the first through the tenth modes. This was a consequence of the added stiffness
provided by the reinforcement.

Calculation of the natural modes for the MTC model was extended to include the first 20
modes. (ABAQUS required two hours to compute these modes on the Sun 4 workstation.) The
MTC model was then modified by halving the percentage of steel reinforcement. The
modification was accomplished with only minor difficulty, and was based on simply doubling
the prescribed design spacing of the rebar in the *REBAR input data file for the reinforcement
model. Then the first twenty natural modes were recomputed. The corresponding reduction in
the magnitude of the calculated natural frequencies was least for the first mode and greatest for
the twentieth mode. The natural frequency for the tenth mode was reduced by 5 percent and
represented an average reduction among the first twenty modes. Thus, an average change of
only 5 percent in the fundamental dynamic properties of the MTC model results from a 50
percent change in the steel reinforcement. The linear dynamic properties of the MTC model
were relatively insensitive to the percentage of reinforcement.

The ten natural modes computed are dominated by bending deformations in the cylinder
of the MTC as shown in Figure 10. It may be useful to compare these shapes to the undeformed
model (Figure 5). The first few modes are pure modes of deformation, but the higher modes
become increasingly involved because they include combinations of higher order cylinder and
end wall bending deformations. A cylindrical membrane mode such Ls was assumed in the MTC
design was evidently not among the first ten modes. Such membrane modes for plate and shell
structural elements are known to be higher frequency modes. It is likely to exist, but its natural
frequency is clearly greater than 114 hertz.
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Figure 9
Distribution of von Mises stress in the MTC without reinforcement -

linear analysis.
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(a) Mode 1, fl = 19.8 Hiz.

y

(b) Mode 2, f2 = 36.4 Hz.

Figure 10

Natural mode shapes for MTC model.
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(c) Mode 3, f3 = 58.7 Hz.

Y

(d) Mode 4, f4 = 67.4 Hz.
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(e) Mode 5, f5 = 83.7 Hz.

(f) Mode 6, f6 = 87.4 Hz.
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(g) Mode 7, f7 = 91.2 Hz.

(h) Mode 8, f8 = 102.5 Hz.
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(i) Mode 9, f9 = 110.8 Hz.

(j) Mode 10, fl 0 = 113.9 Hz.
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Table 6
Lowest Ten Natural Frequencies and Symmetrical Natural Modes of MTC*

Mode W/O Rebar W/Rebar

No. (Hz) (Hz) Mode Type Description

1 19.5 19.8 Longitudinal shear mode or racking of MTC

2 34.6 36.4 Transverse bending in cylinder or cylinder pinching

3 57.8 58.7 Vertical shear or racking of MTC

4 63.3 67.4 Longitudinal bending in cylinder

5 77.2 83.7 2nd transverse bending mode in cylinder

6 82.9 87.4 Mode 5 plus end wall bending mode

7 86.0 91.2 2nd longitudinal bending mode in cylinder plus end
wall bending mode

8 97.8 102.5 3rd longitudinal bending mode in cylinder plus end
wall bending mode

9 104.3 110.8 3rd longitudinal bending mode in cylinder plus 2nd end
wall bending mode

10 105.3 113.9 Longitudinal stretching plus 2nd end wall bending
mode

"*These reu!lft do not account for the increase in mass due to steel rebar displacing lighter
concrete in the embedded reinforcement model.

The computed modes are symmetrical with respect to the longitudinal plane of symmetry
of the MTC; the MTC model excludes antisymmetrical modes such as torsional modes of
vibrations. Analysis of fully three-dimensional models (see Figure 6) showed that three torsional
type modes are included in the first ten modes. If the blast loading is symmetric with respect
to the longitudinal plane of symmetry (as has been assumed in determining the design load),
torsional modes would not be excited and therefore would not participate in the dynamic response
of the MTC. Otherwise, they would be expected to participate in the response.

The frequency spectra for the two phases of the idealized design blast load time history
(see Figure 2) were calculated in an auxiliary analysis to ascertain whi -h of the natural modes
of vibration would likely be more important to the dynamic response of the MTC. This is
accomplished by evaluating the Fourier transform of the two idealized triangular load pulses for
the shock pressure load phase and for the gas pressure load phase. Details of the calculations
are given in Appendix B. The graphs of these spectra are shown in Figure 11. Figure 1 la
shows that the gas pressure phase dominates a low frequency range below 143 rad/s (22 hertz),
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Frequency spectra for design load.
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and the shock pressure phase dominates a high frequency range above 143 rad/s. The gas
pressure phase is associated with much higher energy.

Since the lowest natural mode calculated for the MTC model is about 20 hertz, which is
near the upper end of the low frequency range dominated by the gas pressure phase, the MTC
design would have apparently successfully avoided the most severe part of the design load
spectra. Thus, the importance of the (higher impulse) gas pressure phase of the load to the MTC
response would likely be substantially diminished. Further, the frequency spectra showed that
the (lower impulse) shock phase would excite uniformly all the MTC natural modes up to 160
hertz (1,000 rad/s) and beyond. In such cases as when no particular frequency is dominant, the
load is referred to as white noise loading.

To the extent that these results apply to the nonlinear response of the MTC, it may be
concluded that essentially all natural modes of vibration for the MTC design would be equally
excited, and would equally participate in the dynamic response. Further, the gas pressure phase
of the loading would have been successfully managed by the venting mechanism in the MTC
design.

The design objectives for the MTC clearly excluded total containment of the blast
pressure. In such cases, it has often been natural to disregard the shock phase of the resulting
design load, and design the MTC to manage the gas pressure phase of the load since it is
associated with much greater impulse (see Figure 2, for example). However, the natural
vibration analysis as presented here demonstrates that the issue is not necessarily straightforward,
and the shock phase cannot always be conveniently disregarded, in favor of the gas phase.

Three-Dimensional Linear Dynamic Response

The linear dynamic response of the MTC model was addressed prior to attempting lengthy
nonlinear dynamic response computer runs. In particular, the expected computer run time for
the three-dimensional nonlinear finite element model can be estimated using data from the linear
model. This also entailed studying the effects of input data parameters associated with
*DYNAMIC, *AMPLITUDE, and *STEP data sets in ABAQUS. Additionally, the performance
of the implicit temporal integration scheme employed by ABAQUS, and time step sizes which
were reasonable for use in analysis of the MTC model, were sought in this preliminary study.

The *DYNAMIC data set controls the overall implicit integration procedure including the
step size, and whether or not the step size should be automatically adjusted while under program
control. The *AMPLITUDE data set specifies in a pointwise manner the magnitude and shape
of the applied pressure load history, in this case a triangular load pulse. The *STEP data set
controls the length of the computer run time and specifies a maximum number of time steps.

ABAQUS employs the Hilber, Hughes, and Taylor (1978) implicit temporal integration
algorithm to integrate the equations of motion for either a linear or nonlinear finite element
model. This algorithm features a numerical damping control parameter, a, for stability of the
direct integration process. Stability is not guaranteed for nonlinear problems. When a is set to
zero, the algorithm reduces to the Newmark 8 (38= 1/4) algorithm which is unconuitionally stable
for linear problems. A small amount of damping is otherwise prescribed by the default value
in ABAQUS, a = -0.05. This dampens artificial transients that tend to occur when the time step
&t is suddenly adjusted, to promote either accuracy or economy, under automatic program
control. The damping also has a minimal effect on low frequency response accuracy while
eliminating high frequency response, which is generally unwanted in implicit finite element
analyses.
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Automatic control of the time step subsequently proved to be a valuable aid in facilitating
nonlinear analysis of the MTC. It employs the "half-step residual" procedure proposed by Hibbit
and Karlsson (1979). The residual or out-of-balance force calculated at time t + &t/2 is
compared to a user-supplied force value HTOL (a *DYNAMIC parameter) which is typically
based on the applied load. The time step size is adjusted during integration of the equations of
motion, according to behavior of the norm of the half step residual force. Generally, if the norm
increases, the step size is reduced to promote accuracy, and if the norm decreases, the step size
is increased to promote economy.

The user prescribed HTOL parameter nevertheless became a burden and a constant source
of concern as its specification had to be adjusted often during subsequent nonlinear dynamic
analysis in attempts to control the frequency of time step changes. Furthermore, since the
applied load was changing, it was not clear how a good value of HTOL was to be calculated.
When solution progress was difficult, this parameter was often recalculated in an ad hoc manner
in attempts to control the solution. At the time of this writing, we learned that the HTOL
parameter was eliminated in Version 5 of ABAQUS.

The linear dynamic response of the MTC is shown in Figure 12 where the vertical
displacement history of the inside wall of the cylinder at top dead center (TDC) is graphed. The
applied load was the gas pressure phase of the loading (Figure 2), and also included an
equivalent line load applied to the rectangular door jam of the MTC which varied proportionally
with the gas pressure phase. The maximum response computed was 0.075 inches and occurs just
off the graph in Figure 12(a) at 0.015 seconds. The shape of this graph, as is expected for a
transient analysis, generally follows that of the applied triangular load pulse. Similarly, after
0.177 seconds, the response was free vibration. The time step size specified was &t=0.018
seconds, which was based on requiring ten steps for the duration of the load pulse.

A second analysis was conducted to refine the initial portion of the dynamic response.
Eighty time steps were prescribed for the first 30 ms of the response, yielding a time step size
At=0.35 ms. The dynamic response for 12 ms is shown in Figure 12(b). The maximum
response was 0.144 inches, occurring at 11 ms. That this response was almost twice the
previous value (Figure 12a) demonstrates the importance of choosing the time step size carefully.
The linear response yielded a dynamic load factor (DLF) of 2.53, based on the previously
calculated static deflection (0.057 inches). The actual response is nonlinear, but this DLF would
otherwise not be unreasonable.

Eighty linear time steps required 19 hours of compute time on the Sun 4 workstation, or
14.2 minutes per time step for the three-dimensional MTC model. The run was actually
accomplished in two successive working days by using the restart file capability in ABAQUS.

A final linear analysis was conducted with the full loading, including the initial shock
phase as well as the gas pressure phase of the design load. The maximum response increased
to 0.57 inches, and the time of the maximum response reduced to 9.4 ms. The prescribed time
step size was reduced to &t=0. 1 ms for 100 time steps. The run time required only 14 hours
or only 8.4 minutes per time step. This constituted a 59 percent decrease in the compute time
per step. This reduction was accomplished by flagging the LINEAR parameter option in the
*STEP input data set. This option prescribes that the analysis is linear, and causes the system
to calculate and factor the structure stiffness matrix only once at the beginning of the
computation. However, if one is interested in estimating the compute time for subsequent
nonlinear investigation, it is more relevant to omit this parameter causing the system to assume
the analysis to be nonlinear and to recalculate the structure stiffness matrix and resolve the linear
system for each time step.
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Summary of Linear Analyses

The linear analysis study of the MTC was primarily conducted to gain experience with
the three-dimensional MTC model prior to beginning more complex and time consuming
nonlinear analyses of the MTC. Except for the mode shapes, linear analysis results were neither
reported in absolute terms or discussed in detail since they were not relevant to the MTC
structural behavior, which is clearly nonlinear. However, some of the results discussed bear
summarization.

A three-dimensional linear static finite element analysis of the MTC revealed the relative
magnitudes of various stress concentrations that existed throughout the structure. A significant
stress concentration existed at the interface between the cylinder wall and the end walls. The
analysis shows that the steel reinforcement in this region tended to be less effective in reducing
concrete stress than at other regions.

An eigenvalue analysis for the three-dimensional MTC model determined that the natural
frequency range for the lowest twenty natural modes was between 20 hertz and 160 hertz. The
corresponding natural mode shapes were characterized by combinations of shear and bending
deformations in the cylinder wall and end walls. A simple, uniform dilation mode for the MTC,
similar to the mode implied in the MTC design procedure, was not found to exist among the
computed lower natural modes.

A frequency spectrum analysis of the design blast load revealed that the frequency content
of the shock pressure phase more closely matched the natural frequency range of the MTC than
the frequency content of the gas pressure phase of the design load. Further, the MTC excitation
due to the shock pressure phase was shown to be essentially white noise excitation. These results
show that a tendency to de-emphasize the role of the shock phase in such designs may not always
be appropriate.

The results of a linear dynamic analysis study using the three-dimensional MTC model
are summarized in Table 7. To expect reasonable simulation times for the entire 177-ms forced
response and any free vibration response afterward, specification of very coarse time step sizes
must be anticipated. However, it was shown that the maximum response in the cylinder Vwall
occurred within 10 ms and that refined time step sizes are needed for accuracy.

Table 7
Linear Dynamic Response Results

Time Step Max Wall Time of Max Compute Time
Sizes Response Wall Response per Step

Blast Load (ms) (in.) (ms) (min)

Gas Pressure Phase 18.0 0.075 < 18 14

Gas Pressure Phase 0.35 0.144 11 14

Shock + Gas Pesssure 0.10 0.57 9.4 8
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NONLINEAR CONCRETE MATERIAL MODEL

There seems to be an understanding among those who design explosive safety systems to
manage internal explosions that, compared to the steel reinforcement, the concrete contributes
little to the restoring forces within the structure, while contributing more substantially to the
inertial forces resisting the load. Indeed, concrete tends to crack and to release internal restoring
forces to the reinforcement very early in the dynamic response. It is therefore believed to
contribute primarily inertial resistance forces throughout the majority of the dynamic response.
In view of this, it is sometimes concluded that modeling of concrete material behavior is not an
important requirement for purposes of design in such cases.

On the other hand, the necessity of modeling the linear and nonlinear material behavior
of concrete in explosive safety applications of finite element technology seems reasonable when
it is considered that these structures are often designed to sustain severe damage while containing
or managing internal explosions. The anticipated extent of nonlinear material behavior might
well vary with the particular facility, and therefore modeling this behavior may be more
important for some explosive safety designs than for others. Compression behavior in the
concrete material is important. Compressive stresses equilibrate tension forces in steel rebar in
cracked sections which are subject to flexure. Even when the compressive strength is not
exceeded, the stress-strain behavior of concrete may still exhibit nonlinear behavior. Moreover,
in most cases, failure of concrete in tension precipitates cracks which propagate and control
subsequent dynamic response causing nonlinear structural behavior. Therefore, nonlinear
concrete material modeling is necessary for accurate determination of the initial fracture modes
that tend to govern the subsequent dynamic response of the structure.

At the same time, nonlinear concrete material models are generally very complex from
both a theoretical and a computational viewpoint. To achieve accurate simulation of the
nonlinear structural response in the aforementioned sense, it will be necessary to sustain the price
of this complexity.

The overall complexity of modeling reinforced concrete is reduced somewhat by the
common strategy of separately modeling the reinforcement (e.g., using either the discrete or the
embedded reinforcement model) and the concrete. However, the interaction between the two,
known as bond-slip behavior, is generally not included. Instead the perfect bond hypothesis is
generally implied in reinforced concrete analysis.

Theoretical Aspects

Theoretical complexity derives from the concepts of the theories of plasticity and
continuum damage mechanics as applied to the failure of brittle materials which exhibit very
different behavior for compression and tension loadings. Both theories require a nonlinear path-
dependent formulation. The ABAQUS concrete material model uses the former for crushing
behavior in compression and the latter for cracking behavior in tension. These theories are used
to derive a nonlinear constitutive, or stress-strain, law for the material behavior. The constitutive
law is ultimately expressed as a system of several nonlinear differential equations.

There are two basic approaches to modeling concrete fracture behavior. The discrete
fracture approach seeks to model the initiation and propagation of cracks by providing for actual
discontinuities in the finite element model for representing cracks. The smeared crack approach
seeks to model the initiation and propagation of cracks by an equivalent continuous model
exhibiting a softening behavior in the stress-strain relationship in regions of tensile failure. This
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approach may be further subdivided into either a smeared crack approach based on plasticity
theory, or a smeared crack approach based on continuum damage mechanics. The ABAQUS
concrete material model employs the latter approach to model the tension behavior of concrete.

Continuum damage mechanics postulates that a single variable (either a scalar, vector, or
tensor quantity) called a damage parameter can represent progressive degradation of the elastic
properties of concrete, ABAQUS uses a scalar damage parameter. An evolution law controls
the rate at which damage progresses (i.e., the rate at which the elastic properties degrade and
soften). A crack detection technique and post-failure model for tensile cracking, which is due
to Resende (1989), governs tension behavior.

In addition to elastic behavior, the ABAQUS plasticity concrete model includes a yield
surface, a flow rule, and a hardening rule to describe compressive behavior. This plasticity
model is a modified version of the model developed by Chen and Chen (1975) and it is discussed
by Chang, et al. (1987).

Computational Aspects

The constitutive law must be integrated in a manner analogous to an initial value problem.
In this case, the initial value problem is constrained. The constraints arise from the yield
surfaces and hardening laws that restrict the admissible stress states. The initial values are the
stress increments from the previous integration step. Computational complexity derives from
material behavior which can change drastically (yield, crush, crack, load, unload, etc.), and from
the path- or history-dependent nature of plasticity models. In these models, the determination
of the direction of the change in material behavior (material loading or unloading) is not
straightforward. An incremental analysis formulation of stress and strain in which the variables
are analyzed as stress and strain rates is required.

Various numerical algorithms are used to integrate the constitutive system of nonlinear
differential equations along the highly nonlinear stress-strain path. The integration is specified
at special points within each finite element known as stress points or Gauss points. The
nonlinear concrete material model implemented in ABAQUS, as described by Resende (1987,
1989), contains over 4,000 lines of code. In an implicit nonlinear dynamic finite element
analysis, this code sequence must be traversed for each Gauss point, within each element, for
each iteration, within each load step, over the history of the dynamic response. For a single
three-dimensional analysis using the MTC model, this could amount to over one million traverses
of the material model loop. Clearly these analyses are not suited to personal computers, and
require at least very powerful workstations. Supercomputers are even more suited to this type
of analysis when multiple analyses are required for evaluating alternative design concepts.

In the ABAQUS strategy for integrating conventional plasticity models, Hibbitt (1985)
describes an implicit solution procedure to advance the material response solution along the
stress-strain path. In the context of dynamic problems, ABAQUS is historically also an implicit
code, and therefore this strategy seems natural. Further, the unconditional convergence
performance usually associated with implicit methods for linear problems, provides an
expectation of enhanced robustness for the nonlinear material model solution. Further, the
conditional convergence and stability limit of the alternative explicit solution methods for
integrating the constitutive equations restricts increments of strain to small values (compared to
the yield strain magnitude).

A backwards Euler implicit algorithm is used to numerically discretize the nonlinear
analytical form of the constitutive equations in the description by Hibbitt. The primary algorithm
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used to solve the resulting nonlinear algebraic form is Newton's method. This is also the method
used to solve the global system of equilibrium equations for the structural model in ABAQUS.
Thvus, the process of integrating along the path-dependent stress-strain curve using a local
Jacobian matrix (material matrix at a point) is analogous to the process of integrating along the
nonlinear load-displacement path using the global Jacobian matrix (tangent stiffness matrix of the
structure). Since the local problem solution is nested within the global solution, it is important
that the local problem be solved with a tight convergence criterion so that the global solution
does not accumulate error and converges satisfactorily. However, for plasticity models such as
the concrete model, the potential for breakdown in tl'e overall solution exists, and therefore
robust behavior can in fact be problematic. The high cost of nonlinear analysis of reinforced
concrete structures is largely due to the difficuldes encountered in the stability and accuracy of
these solutions. These difficulties are a direct consequence of the specific numerical
implementation of the concrete material nonlinearities (Bathe, et al., 1989).

Practical Aspects

Despite their apparent sophistication, nonlinear concrete material models have limitations
on their application. The ABAQUS concrete material model seeks a balance betwveen capturing
essential behavior and numerical reliability. It sacrifices some modeling detail for numerical
tractability as discussed below.

The ABAQUS nonlinear concrete model is limited to confining pressures below three to
four times the concrete compressive strength, f,'. The model incorporates an associative flow
rule which is valid for concrete for a low range of confinement pressures. At higher pressures
the direction of flow in the material (i.e., the plastic strain) would no longer be expected to be
normal to the failure surface as assumed by an associated flow rule model. Thus, calculations
would not be reliable in this domain. To overcome this pressure limitation, hydrodynamic
material model capability is required. This capability is available in the computer program
DYNA3D, which is discussed in later sections of this report.

Furthermore, while the ABAQUS concrete model handles reasonably severe loading, well
beyond the elastic response, it is limited to relatively monotonic loads. This is a result of using
a simplified hardening rule that cannot replicate accumulation of damage to the material due to
successive cycles of loading.

The ABAQUS concrete material modt:l should therefore be applicable to problems
involving overpressuriatinn of containment structures such as nuclear reactor containments or
missile test cells. Conversely, it is not suited to high performance magazine concepts wherein
design pressures are of an order magnitude higher than fc', or to severe seismic loads because
such problems involve cyclic inelastic response.

Usage of the ABAQUS concrete material model requires three input data sets for
definition of material properties as follows:

1. The *ELAST1C data set defines the elastic properties.

2. The *CONCRETE data set defines the compressive stress-strain relationship
outside the elastic range.

3. The *TENSION STIFFENING data set defines the post-failure stress-strain
behavior across a smeared crack.
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Additionally, an optional *SHEAR RETENTION data set is prescribed to define the reduction
in shear modulus associated with crack surfac..b, as a function of the tensile strain across the
smeared crack.

The *ELASTIC data set consists of the modulus of elasticity and the Poisson ratio for
concrete. These data are presented in Table 8 for the MTC analysis, along with the compressive
and tensile strengths for the material model.

Table 8
Mechanical Properties for the Concrcte Material

Model Specified for the MTC Analysis

Property Prescribed Value

Modulus of Elasticity, E 4.415 x 106 psi

Poisson Ratio, v 0.20

Shear Modulus, G 1.840 x 106 psi

Compressive Strength, f, 6,000 psi

Tensile Strength, ft' 540 psi

The *CONCRETE data set is a prescribed list of coordinate points along a uniaxial stress-
strain curve, be). -,d the elastic limit, in compression. The data set used in the MTC modti is
graphed in Figure 13. The compressive strength 1C' is specified in this manner. and in this case
allowance for high rates of loadirg has resulted in a value of 6,000 psi. The elastic limit was
set at 4,000 psi. The nonlinear behavior prior to failure of the material is clearly represented
in these data which were processed from test data reported in Park and Pauly (1975). Unloading
in compression occurs ýJong a straight line having a slope equal to the modulus of elasticity, E.

The *TENSION STIFFENING data set is likewise a prescribed list of coordinate points
describing stress-strain behavior. In this case the behavior of interest is tensile and it applies
only after fracture has occurred. It represents the relationship between tensile stress and strain
acting normal to the face of a smeared crack. In this sense, stress and strain are fictitious since
a crack is in fact a free surface. However, the artificial stiffening concept, called tension
stiffening, allows for the effects of the interaction of reinforcement with the concrete (perfect
bond effects) to be simulated in a simple manner. Further, cracking is assumed to occur over
a portion of the finite element associated with an integration point. The data used to describe
this behavior for the MTC analysis are graphed in Figure 14 where the stress is normalized on
the uniaxial tensile strength, ft', and the strain is the total strain minus the strain at cracking.
These data are based on deformation-controlled tests on concrete conducted by Cornellissen,
Hordijk, and Reinhardt (1986) where the emphasis was on measurement of the descending branch
of stress-strain behavior, also termed strain softening behavior.
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The *SHEAR RETENTION data used for the MTC analysis are presented in the inset of
Figure 14. These data provide a multiplying factor, p, which defines the shear modulus of
cracks, pG, where G is the elastic shear modulus of intact concrete. (The value for G is
determined automatically from the prescribed values for E and v.) The shear retention model
assumes that the shear stiffness of smeared cracks reduces linearly to zero as the crack opening
increases. In the expressions, et denotes the normal strain at the smeared crack, and el,•
denotes the opening at which both the normal and shear stress become zero. Provision is also
made for crack closing by restoring the shear modulus to the initial elastic value.

Once a crack forms in the ABAQUS model, the direction of the crack is recorded.
Subsequent element stress and strain calculations are made in the corresponding local coordinate
system defined by the crack direction. Subsequent or secondary cracks are constrained to
directions orthogonal to the primary crack direction.

Single Element Tests

Single element tests were conducted to verify the nonlinear concrete material model.
Static, displacement-controlled numerical tests were conducted using a single three-dimensional
finite element having a size typical of the elements used to model the MTC cylinder wall (48 by
48 by 16 inches). Large displacements and large strains were permitted to allow for nonlinear
behavior. The resulting nonlinear concrete model behavior for a uniaxial tension test is shown
in Figure 15. A smeared crack forms at the prescribed value of 540 psi and subsequent loading
indicates a gradual nonlinear strain softening behavior of the smeared crack. Upon unloading
and reloading, the behavior is constrained to a straight line directed toward the origin. That the
slope of this line is less than the intact concrete stiffness, E, is significant and an indication of
accumulated damage to the material. It is a consequence of the elastic damage model assumed
for tension behavior. There is a progressive loss of material stiffness for unload/reload cycles
at increased levels of strain softening. Conversely, no progressive damage occurs for successive
loading cycles along the same unloading line.

NONLINEAR DYNAMIC RESPONSE OF THE MTC WALL

The nonlinear dynamic response of the MTC using the aforementioned three-dimensional
model could not be computed satisfactorily. This was apparently due to extreme sensitivity of
the concrete material model when simulating cracking In the material model, cracks form when
the direct stress exceeds the tensile strength of concrete. Secondary cracks form in planes
orthogonal to the plane containing the initial or primary crack. At most, only the first 1.6 ms
of the dynamic response was simulated before secondary cracking took place, which apparently
could not be handled by the material model. This deficiency has since been documented in
ABAQUS version 4.9.

Simplified Model of the MTC Wall

To determine the cause of the difficulty, a simpler model of the MTC wall was
constructed as shown in Figure 16. This model consisted of a transverse section through the
cylinder, and was formed directly from a ring of solid elements from the center of the three-
dimensional model. Plane strain conditions were imposed on this layer of elements, so that the
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Behavior of a single concrete element in tension.

subsequent dynamic response computed with this model would be strictly applicable to the wall
of an infinitely long tube possessing the cross-sectional shape of the MTC.

Attempts to run the simplified model were eventually successful, but not before many
failed attempts occurred which were similar to those experienced with the three-dimensional
model.

Post-mortem data of failed runs indicated that primary radial cracks had formed in the
wall in a rational manner, but that the directions of secondary cracks which also formed were
arbitrary and meaningless. Furthermore, the occurrences of secondary cracks were correlated
with occurrences of hashing in the reported hoop stress data in the MTC wall. The hashing, or
occurrence of large spikes in the response, was spurious since subsequent to formation of radial
cracks, the concrete hoop stress response should have diminished smoothly to zero with
continued loading according to the elastic damage model assumed for tension behavior.

Boundary conditions at the base of the MTC injced high bending moment in the wall
which caused severe cracking to occur, and this overburdened the concrete material model's
capacity to handle cracking correctly. The difficulty in running the simplified model was finally
resolved when boundary conditions representing support at the base of the model were removed.
Subsequent to that adjustment, the simplified model ran reasonably successfully.
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Unfortunately, similar adjustment to the boundary conditions at the base of the three-
dimensional MTC model did not noticeably improve subsequent simulation attempts. This model
is more challenging to the concrete material model since the additional geometrical complexity
induces severe stress concentrations, particularly at the interface between the cylinder and end
walls, which lead to widespread cracking. These stress concentrations were clearly visible in the
results of preliminary linear static runs with the three-dimensional model (Figure 9).

Dynamic Response of the MTC Wail

Using the unrestrained simplified model of thc MTC wall, the nonlinear dynamic response
was computed relative to the prescribed blast load (Figure 2). The simulation terminated after
33 ms. The displacement fields at four intermediate stages of the response are depicted in Figure
17 where the basic behavior of the radial expansion of the wall and base are indicated (shown
exaggerated for clarity).

Wall Section Behavior at TDC

The nonlinear dynamic response at top dead center (TDC) of the wall is shown in Figure
18. The first peak occurred at 12 ms and the second peak occurred at about 28 ms, as shown
in Figure 18a. The second peak is slightly larger at 2.3 inches displacement on the cylinder
inner radius.

The hoop stress response at TDC is shown in Figure 18b. These data are remarkable
because they show the relationship between radial cracking of concrete and the progressive
transfer of hoop force to steel reinforcement at this section, This information is important to a
detailed understanding of how the MTC wall behaves in resisting load. It would otherwise be
difficult to obtain this information experimentally in full-scale or model field tests of any
reinforced concrete structure or structural element subjected to severe blast loading. It typifies
the potential contribution of modem computational structural dynamics methods in supplementing
information gained from full-scale or model tests in explosive safety research.

The radial stress response in the concrete at TDC is shown in Figure 18c. The initial and
peak response is 2,560 psi. This is as expected since the peak pressure applied on the inside wall
surface of the MTC is 2,560 psi (Figure 2), and it is a result of satisfying the stress boundary
condition on that surface. A beating phenomena is also present in which two frequencies
predominate. The lower frequecy corresponds to the oscillation in dynamic response of the wall
(Figure 18a). The higher frequency could be that of the radial stress wave traveling between the
inner and outer surface of the 32-inch wall. However, it has a period of about 1 millisecond
which is twice that for an elastic plane wave in a 32-inch concrete slab. The combined
oscillation has a mean amplitude of approximately 500-psi compression, and a dynamic amplitude
of 500 psi, so that the radial stress oscillates between 0- and 1,000-psi compression during the
post-shock phase of the response. A measure of material damping, which was provided
indirectly by specifying the maximum possible numerical dart ping in the temporal integration
algorithm, was included in the simulation. The effect of this damping was barely evident in
dissipating the radial stress oscillation and it was not very effective.
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Dynamic response at TDC.
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The aforementioned response results are from the inner finite element at TDC. Similar
results also occurred for the outer element as shown in Figure 18d, thus indicating that the 32-
inch wall was completely fractured at TDC. The peak tensile stress shown for the concrete is
540 psi, which was precisely the value prescribed in the material model for the tensile strength
of concrete. The section completely cracks within the first millisecond. That is, the concrete
strength of the section was not a factor after the first millisecond in resisting the residual gas
pressure impinging on the wall.

The hoop steel reinforcement was seen to carry the load for the great majority of the
dynamic response. These results tend to corroborate the assumption made in the MTC design
that the concrete strength plays a negligible role in resisting the internal blast load and may be
ignored (Ayvazyan, et al., 1988).

The two inner layers of hoop reinforcing bars are shown to yield at the prescribed value
of 86.7 ksi (Ayvazi an, et al., 1988) within the first 3 ms. Again, these data were typical of the
entire section. Prescribed strain hardening of the bars was also evident in the response data
(subsequen. to yield) until such time as the wall rebounded, after 12 ms had elapsed, causing the
bars to unload. Complete unloading of the hoop reinforcement was indicated, and in fact the
bars momentarily experienced compression before the onset of the second cycle of the response.
These data warn that buckling of the reinforcing bars designed primarily to resist tension forces
is often a possibility due to rebound. A similar observation is made in a subsequent description
of the computed dynamic response of reinforced concrete slabs (see Section 2).
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Hoop strain response in the steel bars is graphed in Figure 18e. The maximum value of
strain for the two inner hoop bars is 1.5 percent. If the yield strain value is taken as 0.3 percent,
this represents a ductility ratio of 5, which is close to the design goal of 6 for the MTC. Yet
there is far more ductility to exploit in the stress-strain behavior of Grade 60 steel bars, as shown
in Figure 19. The potential of high strength bars in this regard for MTC designs is also
indicated (see ASTM A722-88a, 1989).

Wall Section Behavior at 90 Degrees from TDC

To investigate the response of the MTC wall further, the displacement, hoop stress, and
radial stress histories were graphed for the section 90 degrees from TDC. These data are shown
in Figures 20a through 20d. In Figure 20a, the maximum dynamic response is 2.5 inches on
the inside radius of the MTC, slightly greater than at TDC. Otherwise, when compared to the
corresponding data from the TDC section (Figure 18), the responses at both sections were seen
to be very similar. Thus, the aforementioned discussion of the dynamic response of the section
at TDC generally applied to the entire MTC wall.

Overall Stress Response for the Wall

Maximum principal stress contour data for concrete in the MTC wall are shown in Figure
21. These data were very similar to hoop stress data (not shown) where the primary action was
due to tensile hoop forces in the wall. The stresses are shown to increase to the specified
cracking level in Figure 21b and then to diminish simultaneously throughout most of the wall.
The stresses diminished with loading according to the prescribed tension stiffening data (Figure
14). Radial cracks through the 32-inch wall were implied by the data to have occurred
throughout this region during the first millisecond of response.

SUNMARY

Two- and three-dimensional finite element analyses of a proposed novel missile test cell
(MTC) design constructed of reinforced concrete were conducted. A two-dimensional nonlinear
dynamic analysis of this structure was carried out using the general purpose implicit finite
element program, ABAQUS. The finite element models account for a very complex steel rebar
cage design by using the embedded reinforcement model capability provided in ABAQUS.
Unfortunately, the fully three-dimensional model could not be successfully processed due to an
error discovered in the ABAQUS concrete material model which caused spurious oscillations in
concrete stress to occur once secondary cracks formed in the MTC wall. These oscillations
became unstable and contaminated the global solution which caused the computer simulation to
crash very early in the simulation. The error is now documented in version 4.9 of ABAQUS.
It is noted that the version of ABAQUS used (version 4.8) is fundamentally an implicit finite
element code, and the nonlinear dynamic analysis of the MTC model was a particularly
challenging problem for any such code, and probably better suited to solution by an explicit finite
element code.

Nonetheless, substantial information was obtained on the nonlinear dynamic response of
the cylindrical wall of the MTC by using a simplified model consisting of a two-dimensional
slice from the center of the cylinder in the three-dimensional model. By virtue of its simpler
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geometry, this model was better behaved. Analysis of the calculated dynamic response showed
that the 32-inch-thick cylindrical wall would completely fracture radially all around the
circumference within the first 1.5 ms, which is during the shock phase of the simulated blast
load. Also, section hoop forces were redistributed to the hoop steel, all of which is loaded into
the plastic range within 2 to 3 ms. This redistribution of load within the wall and the dynamic
response of the wall were clearly explicated by the analysis and computer graphics. For
example, the gas pressure phase of the loadin7 continued to cause forced vibration of the
cylindrical wall after the shock phase. The hoop steel was shown to unlQad and reload two
times, elastically, during the first 33 ms of this load phase. Maximum radial deflection was
about 2.5 inches on the 10-foot inside radius of the cylinder during this interval, and it occurred
on the second oscillation at about 28 ms. The two-dimensional simulation eventually terminated
abnormally at 33 ms for the same reason as discussed above for the full three-dimensional model.

Tensile stress (ksi)
200 200

1504 -150

100./ -. 100

50 •50

ASTM A615 (Grade 60)

ASTM A722 (Type II)

C 0
0 0.025 0.05 0.075 0.1 0.125

Strain

Figure 19
Ductility of high strength steel.
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SECTION 2

NONLINEAR DYNAMIC FINITE ELEMF2T ANALYSIS OF REINFORCED
CONCRETE SLABS SUBJECTED TO BLAST LOADS

INTRODUCTION

Critical Navy reinforced concrete structures such as missile test cells and graving
drydocks are designed to withstand large deformations under severe blast and strong-motion
earthquake loads. The development of design criteria for these structures requires the evaluation
of their response in the nonlinear range. Due to their complex configuration, consideration for
their three-dimensional geometry is also required. Current finite element technology offers the
capability of handling large three-dimensional nonlinear models, although Lliese are
computationally intense and expensive. In this regard, the Naval Civil Engineering Laboratory
(NCEL) has evaluated existing technology and its applicability to specific Navy problems.

The discussion in this section represents an assessment of the explicit finite element code
DYNA3D (Whirley and Hallquist, 1991). In this study, DYNA3D is used to predict the
response of two, two-way reinforced concrete slabs subjected to blast loads. A three-dimensional
nonlinear reinforced concrete model was employed to accurately represent the progressive crack
formation and to reflect the consequent stiffness degradation associated with the dynamic
response of the slabs. The results of DYNA3D calculations are compared to test results and to
results from standard NAVFAC P-397 single-degree-of-freedom (SDOF) methods.

BACKGROUND

Dynamic blast load tests were conducted on 12 two-way reinforced concrete slabs to
verify shear steel reinforcement criteria for NAVFAC P-397 (Tancreto, 1988). The scaled
standoff distance of the bare explosives was small (0.65 to 1.10 ft/lb"13) to verify the criteria in
relation to breach failure of slabs. Tests were also designed to obtain large deflections for
verification of the criteria in the presence of tension membrane effects. Test specimen variables
included main steel percentage (0.15 to 2.54 percent); shear reinforcement type (lacing, stirrups,
or none); spacing of stirrups (d/2 to d); slab thickness (4.5 to 10 inches); and L/d ratios (10 to
30).

Results of the first six tests were reported by Tancreto (1988) and Woodson (1990).
Results of all 12 tests and preliminary comparisons of the measured response to that predicted
by SDOF models and DYNA3D were reported by Tancreto and Malvar (1991).

OBJECTIVES

The numerical simulation was directed at:

• Predicting the load-displacement time history of the center of the slabs.

• Comparing the predicted deflections with measured residual values.
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0 Comparing predicted and measured residual deflections with design values based
on NAVFAC P-397.

* Evaluating the steel rebar stress/strain histories, including the buckling potential
and the need for confining steel.

0 Evaluating deflected shapes to predict failure modes.

TEST PROGRAM

Test Setup

The test setup is shown in Figures 22 and 23. A 7.5- by 7.5- by 8-foot deep cubicle was
used to support the test slabs. The 10.5- by 10.5-foot slabs (with a two-way clear span of 7.5
by 7.5 feet) were bolted to the top of the cubicle with a steel fixture that clamped the outer 1.5-
foot width. The steel fixture was held via a total of 32 1-3/4-inch diameter A325 bolts installed
through 2-1/2-inch diameter holes provided in each slab. The clamping procedure developed the
moment capacity of the slab and provided lateral friction resistance. The slabs' oversize holes
could have allowed some lateral slippage, but none was observed during the tests.

Test Specimens

Only two test slab configurations (slabs I and V) were analyzed. Slab I was the baseline
configuration with stirrups at each longitudinal steel intersection. Slab V had no shear steel but
was thicker (6 inches instead of 4.5 inches). The main (longitudinal) steel for these two slabs
was the metric equivalent of #2 deformed bar with a measured yield stress, fy, of 74.5 ksi. The
wire shear reinforcement (ASTM designation WI) used in slab I had a yield strength of about
60 ksi.

Slab I had 1.06 percent (each way, each face) longitudinal steel (#2 bar) at d/2 spacing;
W1 stirrups at each intersection of the longitudinal steel; a thickness of 4.5 inches; an effective
depth, d, of 3.1 inches; and a clear span to effective depth ratio, L/d, of 29. Slab V had a low
steel percentage of 0.31 percent with #2 bars at d, no shear steel, a slab thickness of 6.0 inches,
an effective depth of 4.0 inches, and an L/d ratio of 23. The steel cage for slab V is shown in
Figure 24.

Explosive Charge

Spherical composition C4 explosives were used to obtain the blast loads. Explosive
weights of 60 pounds were used for these two slabs (with a TNT equivalency by weight of 1. 13).
The scaled standoff distances were 0.69 and 1.1 ftllb1/ 3 for slabs I and V, respectively.
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FINITE ELEMENT MODEL

A brief description of the three-dimensional nonlinear finite element models used in
conjunction with DYNA3D for analysis of reinforced concrete slabs is presented. The
development of the models featured a substantial examination of available material models, the
details of which are included in Appendix C.

Model Discretization and Simulated Load

The explicit finite element program DYNA3D was used to model slabs I and V. Eight-
node solid elements were used to represent the concrete and 2-node truss elements were used to
represent the steel bars. The latter modeling technique is referred to as a discrete reinforcement
model.

Due to double symmetry, only one-fourth of the slabs needed to be discretized. Figure
25 shows a typical 45-inch by 45-inch mesh. The 8-node solid elements are 3 inches by 3 inches
with variable thickness through the depth. A discrete reinforcement model was employed. The
steel truss elements are located below the thin first layer on each face. Wherever the
reinforcement spacing did not coincide with the mesh size, the corresponding steel area was
lumped at 3 inches on center in the discrete reinforcement model. Transverse steel was also
lumped accordingly.

Figure 25
Finite element (quarter) mesh for slab models.
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To provide for a direct comparison to SDOF models, which are based upon codified
procedures that ordinarily assume uniform load conditions, the load was first assumed to be
uniformly distributed over the slabs in the finite element analysis. The equivalent uniform load
was obtained using the program SHOCK* which determined impulses and pressures from which
the time histories were derived. For slab I, the simulated load decreased linearly from an initial
5,724 psi to 0 psi in 0.2 ms. For slab V, it decreased linearly from 3,564 psi to 0 psi in 0.264
ms. A subsequent analysis considered a more realistic nonuniform load distribution which was
also obtained via SHOCK. In this case, the load intensity varied across the surface of the slab,
and with respect to time, the load distribution varied in a proportional manner. In addition to
a description of the slab geometry, input data for the program SHOCK included the explosive
weight and standoff distance.

Material Properties

The material properties used in the predictions were:

Concrete Steel

E = 4,000 ksi E = 29,000 ksi
= 0.20 . = 0.30

6,000 psi (DIF = 1.25) fd = 97 ksi (DIF 1.3)

fdu = 102 ksi (DIF = 10.5)

where E = modulus of elasticity

S = Poisson's ratio

fd' = dynamic concrete compressive strength
= dynamic steel yield stress

ff = dynamic steel ultimate stress
DIF = dynamic increase factor

Each dynamic quantity is the product of the static quantity and the corresponding DIF,
(e.g., fdy = 1.3 f ). DIF values were obtained from NAVFAC P-397 for close-in design range.
For the steel yield stress, the DIF was refined based on calculated strain rates. A measured
value for fc' was not available and 4,800 psi was assumed. Concrete pressure versus volumetric
strain curves for the equation of state used were obtained from Whirley and Hallquist (1991) and
Matuska, et al. (1982).

*Naval Civil Engineering Laboratory. SHOCK User's Manual, Version 1.0. Port Hueneme,

CA, Jan 1988. The user's manual has not been published as of this writing.
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Steel Material Model

To examine the behavior of the different DYNA3D) material models available to represent
steel, a single truss element was subjected to tension then compression and the load displacement
response analyzed. These simple numerical models showed reasonably good agreement with the
expected elastic-plastic behavior of steel bars in tension or compression when Material 3 was
prescribed (see Appendix C). This is an elastic-plastic material model with isotropic or
kinematic (or both) hardening. Isotropic hardening was specified with a tangent modulus of 48
ksi (0.17 percent of E). This material model was used in the analyses of the slabs.

Concrete Material Models

To examine the DYNA3D concrete material models, a unit concrete cube was modeled
with a single 8-node solid element and was tested both unaer tension and compression. The
applied load (or stress) was quasi-statically incremented linearly with time so that the time axis
can effectively be replaced directly by a stress axis for the purpose of graphing stress-strain
behavior.

Material 17 was first considered because of its simplicity. Although a hardening modulus
was specified and lateral confinement on all eight nodes provided, it was not possible to obtain
a yield plateau in compression: typically, the compression stress would reduce to zero as soon
as the yield stress was reached (see Appendix C). It was not possible to include an equation of
state to handle very high pressures with this model. In tension, the model cracked at the
specified fracture strength and released the stress satisfactorily, but exhibited an erroneous
modulus of elasticity. This use of this material model was limited to an initial run.

Material 16 was then considered, with an internally generated equation of state (equation
of state 0). It was found to behave properly and was used in the simulations. Material 16 has
been used previously in similar DYNA3D analyscs of reinforced concrete slabs (Terrier and
Boisseau, 1989).

NONLINEAR DYNAMIC RESPONSE OF SLABS

The nonlinear dynamic response of the two reinforced concrete slabs is discussed. The
data from the field-tested slabs were limited to knowledge of the explosive charge weight and
close-in standoff distances, measurements of post-test or residual deflections at the center of the
slabs, and post-test photographs of the slabs. The measured residual deflections were compared
with residual deflections from two different computational procedures for the dynamic response
of slabs. The discussion focuses on the accuracy of the DYNA3D computational procedures.
The discussion is also extended to the observed and computed failure modes of the slabs, the
computed stress response of the main steel reinforcement, and the effects of confinement steel.

Measured Residual Deflections and Observed Failure Modes

Large deflections and rotations were observed in the field-tested slabs. The post-test or
residual deflections were measured and were generally less than the maximam deflections that
occurred during the tests due to rebound. The residual deflections at the center were 8 and 8.3
inches for slabs I and V, respectively. The corresponding support rotations were 10. 1 and 10.4
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degrees.* These rotations exceeded the maximum allowable design rotation which is 8 degrees
for slabs assuming tensile membrane resistance and no lacing shear steel.

Slab I developed a classic crisscross yield line as can be seen in Figure 26. In contrast
with this, slab V, which had no shear steel, developed a circular yield line with a radius of
approximately 37 inches as shown in Figure 27. Slab V also developed a 2.5-foot-long concrete
shear crack along that yield line, with no failure of the main steel. The shear crack is visible
in the figure and runs parallel to the foreground support and about 18 inches from it. The slab
did not lose tensile membrane resistance. It should be noted that the standoff distance of the
explosive (1.1 ft/lb113) was much less than the minimum allowable, which is 3 ft/lb"13 for slabs
without stirrups. Figures 28 and 29 show the cracking at the bottom of slabs I and V,
respectively.

Computed Response with Codified SDOF Models

Design deflections which account for membrane action in slabs, were calculated based
upon the SDOF model procedures from NAVFAC P-397. These procedures have been coded
in two SDOF computer programs developed at NCEL, BARCS (Ferritto, 1977) and SOLVER
(Holland, 1989). Due to the small variation in results from both programs (less than 4 percent),
only the results from SOLVER are reported.

Using SOLVER, center deflections of 5.5 and 6.1 inches for slabs I and V, respectively
were computed. These design values were unconservative since they were less than the measured
values of residual deflection.

The design procedure in NAVFAC P-397 allows the use of a constant plastic resistance
function to simplify the response calculation. The idealized design resistance function, shown
in Figure 30, averages the actual resistance function for slab edge rotations up to 8 degrees. It
is higher than the actual function just after spalling of the concrete cover, and lower elsewhere.
This procedure also ignores membrane action.

Using this simplified procedure, the maximum deflections predicted were 6.1 and 6.4
inches, respectively, for slabs I and V. These values are higher than the ones found with
membrane action but still lower than measured residual values.

The maximum deflections were again recalculated using the simplified procedure, with
a slight variation in material properties. For concrete, a design compression strength of 4,000
psi with a DIF of 1.25 was used as before. However, for steel, a yield stress of 70 ksi and a
standard DIF value of 1.23, instead of 1.30, was used. The maximum center deflection was
found to be 6.8 inches for slab I, and 6.9 inches for slab V. These values are closer to the
measured residual values and represent upper bounds for slab calculations based upon codified
SDOF models in this study.

The foregoing SDOF deflection values are maximum values, as distinct from residual
values, for the time history responses. Analysis of the lightly damped oscillations in these
responses indicates that the residual deflections would probably be between 6.4 and 6.8 inches
for slab I, and between 6.8 and 6.9 inches for slab V.

*Support or edge rotation is defined as the rotation of a rigid semiaxis line for the slab. This
is different from the usual definition of slab rotation which is the slope of the deformed surface
of the slab.
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Flexural Tension Membrane Action

Figure 30
Resistance function for SDOF models of slabs.

In all cases, predictions from SDOF models were less than the measured deflc,;tions at
the slab centers. Even the upper bound values (maximum design response) of 6.8 and 6.' inches
were *, Rs than the measured residual deflections of 8 and 8.3 inches for slabs I and V. Although
these p;.dictions are only about 15 percent eff, they are unconservative. This could be -%'e to
the fact that the codified SDOF methods used h=re assume a uniform (average) load distribution,
whereas the present test data refer to very clcse-; i explosions (sma!l-scaled distances) which will
focus the load at the center of the slab.

Computed Response with DYNA3D

Figures 31 th-aiigh 33 show the dynamic response of both slabs I and V using DYNA3D,
and compares them with the response from codified SDOF methods as well as with measured
iesidual displacements. Initially a uniform load condition was employed to provide a more direct
comparison with the SDOF methods (Figures 31 and 32), then a mor'. realistic, nonuniform load
coaidition was used (Figure 33). Material models 16 and 17 were both used for concrete where
indicated in the figures.
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Predicted. responses using Material 17 and uniform load.
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Predicted responses using Material 16 and uniform load.
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Predicted responses using Material 16 and variable load.
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Initial DYNA3D analyses of both slabs using Material 17 and a uniform load distribution
yielded residual deflections which were in closer agreement with experimental results than the
SDOF method (Figure 31). Since Material 17 did not satisfactorily represent concrete behavior
beyond crushing (Appendix C), Material 16 was then used. Computations based on Material 16,
due to its post-crushing resistance, yielded smaller deflections than those based on Material 17
(Figure 32). For slab I, the computed residual deflection was unconservative, although the
computed maximum response was close to the measured residual deflection. For slab V, the
DYNA3D calculations were much improved and within 5 percent.

It was expected that a nonuniform load distribution would produce more accurate results,
and yield larger deflections. This is verified in Figure 33 where, for the same Material Model,
the maximum response for both slabs have increased by 20 percent for the nonuniform load case.
Further, the DYNA3D calculations yielded conservative values for residual deflection in both
slabs.

The measured residual deflections fall between the residual deflections computed by
DYNA3D for the uniform and nonuniform load cases (Figures 32 and 33). The initial velocities
(slopes) for the SDOF predictions fall between the initial velocities for the DYNA3D predictions
for the uniform and nonuniform load cases.

Figure 34 shows the deformed shape of slab I at peak displacement, under uniform and
nonuniform loads. Figure 35 shows the deformed shape of slab V at 50 ms, and in Figure 35b
the vertical displacements have been enhanced by a factor of 4 to illustrate the discontinuity in
the displacement gradient.

Figures 36 and 37 indicate the stress-time history of the main steel reinforcement bars at
the slab center for both slabs as calculated by DYNA3D. Both the top and bottom steel go into
compression (less than 16 ksi for both slabs) for a very short time during the initial shock phase
of the load. Thereafter, both top and bottom steel go into tension, indicating that membrane
action is taking place in the slabs. Yielding of the bottom steel occurred at about 4.7 ms and
5.5 ms, respectively, for slabs I and V. The prescribed yield stress (97 ksi) and strain hardening
behavior are clearly indicated in these results.

During the subsequent rebound phase, the DYNA3D3 calculations indicate that both top
and bottom bars go into a relatively high apparent compression state, reaching almost yield stress
for the case of slab 1. Since the reinforcement was not prevented from buckling, these elevated
compressive states most likely did not occur. However, these calculations did indicate that
buckling of the top and bottom reinforcement should have occurred. Indeed, it is apparent that
buckling did actually take place during the rebound phase from the post-test photographs of the
slabs (Figures 28 and 29).

As a consequence, the calculated rebound in the dynamic response of the slabs (Figure
33) may have been underpredicted because the finite element model of the slabs overestimates
lateral resistance by having ignored the effect of buckling in the reinforcement. The numerical
model would then also predict an excessive residual displacement. This would explain the
difference between measured and computed residual displacements.

A typical DYNA3D analysis with a nonlinear load distribution and a simulation time of
50 ms would involve about 9,000 time steps and would require about 8,800 seconds (CPU time)
on a SUN Sparc 2 workstation.
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Figure 34
Deformed shape of slab I at peak displacement.
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(a) Displacement scale factor

(b) Displacement scale factor = 4

Figure 35
Deformed shape of slab V at 50 ms.
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Top and bottom center bars stress-time history, slab I.
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Top and bottom center bars stress-time history, slab V.
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In Figure 34, the contours of vertical displacement are mostly circular toward the center
of slab I. Toward the edges, however, they appear to show increased deflections along the slab
diagonals. This points to the formation of classical yield lines as were found experimentally
(Figure 26). For slab V, however, the observed yield lines were circular and more pronounced
(Figure 27). The numerical model predicted a circular localized deformation with a radius of
36 inches (Figure 35a), which was very similar to the observed yield line.

There is little guidance for the design of confinement steel reinforcement for blast-loaded
reinforced concrete slabs. It has been suggested that seismic design criteria be considered. For
seismic design of reinforced concrete flexural members, the ACI code (ACI, 1989) requires
transverse reinforcement spacing to be the least of: (1) d/4, where d is the effective depth of
the section, (2) eight times the diameter of the smallest longitudinal bar, (3) 24 times the
diameter of the hoop bars, and (4) 12 inches. The purpose of this transverse reinforcement is
to provide for lateral confinement of the compression steel and prevent it from buckling during
the formation of plastic hinges. Since the codified SDOF method employs yield line theory in
the evaluation of slab resistance, stability of compression bars is also implied in this method.

It was discovered that buckling of the reinforcement did occur in both slabs during the
rebound phase. However, preventing this buckling may or may not be critical to the designer
who is often concerned with only maximum dynamic response. During the very initial loading
phase, the compression stresses which were noted in the reinforcement, are much lower, and the
duration of this compression is very short, indicating that no premature bar buckling would take
place, and that the slab resistance would likely not be adversely affected. Therefore, from these
limited results, it appears that consideration of additional transverse steel for confinement
purposes may not be necessary to ensure the integrity of useful (pre-rebound) slab resistance.

SUMMARY

The dynamic responses of reinforced concrete slabs were calculated by using codified
SDOF models and DYNA3D finite element models of the slabs. The results were compared
with each other and with limited measurements from two field-tested slabs.

Measured residual deflections exceeded residual deflections computed by using codified
SDOF models, which provide for tensile membrane action, by about 30 percent. These
predictions were uncorservative. The discrepancy is believed to be due to the assumption of
uniform load distribution over the surface of a slab. This condition does not apply to close-in
explosions, and codified procedures should consider nonuniform load conditions for these cases.
Measured residual deflections exceeded codified SDOF maximum design predictions which were
based upon a simplified resistance function by about 15 percent. These predictions were also
unconservative, but were close to DYNA3D predictions with uniform loading.

Measured residual deflections fell between the residual values predicted by DYNA3D
assuming uniform and nonuniform load cases and using Material Model 16 for concrete.
Calculations with nonuniform loading exceeded measured residual deflections by about 15
percent. DYNA3D calculated failure modes which were similar to those observed in both slabs.
These failure modes appeared to be cons;stent with yield line theory' even though test standoff
distances were small. The DYNA3D .:sults also predicted potential buckling in the
reinforcement, which was in fact observed in post-test photographs. This observation also
provided an explanation for the noted discrepancy in residual deflection, because the DYNA3D
finite element model did not account for the reduction in slab bending resistance that would
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accompany rebar buckling. This is also true of the SDOF models, except that the corresponding
discrepancy is exacerbated because the deflections were unconservative. It was found that
additional transverse reinforcement for confinement purposes may not be warranted for the case
of clamped slabs when design performance is largely based upon the maximum dynamic
response.

The use of DYNA3D provided an inexpensive and accurate way to obtain detailed
information on the dynamic response of reinforced concrete slabs which is not available using
codified SDOF models.
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SECTION 3

NONLINEAR DYNAMIC FINITE ELEMENT ANALYSIS OF A SOIL-
COVERED ROOF SLAB SUBJECTED TO AN INTERNAL BLAST LOAD

INTRODUCTION

The explicit finite element code DYNA3D was applied to a problem involving much
higher blast pressure loads on reinforced concrete. A high performance magazine concept which
includes a soil-covered roof slab is currently under development at NCEL. The roof slab was
the subject of this demonstration of nonlinear dynamic finite element technology. The
demonstration features hydrodynamic behavior in the material model which was employed for
concrete.

OBJECTIVE

The objective of the numerical analysis was to determine the dynamic response of the roof
slab due to a very high pressure explosion in one of the cells of the high performance magazine.
This includes an evaluation of DYNA3D's material models for their suitability to high pressure
behavior. In addition, the determination of the velocity field for the concrete fragment debris
which emanated from the failed slab was also an important objective.

BACKGROUND

The function of the high performance magazine concept is storage of large amounts of
munitions in a small area so as to reduce the encumbered land around storage facilities required
for safety. Preliminary design for the magazine involves a large buried structure with munitions
stored in "cells," as shown schematically in Figure 38. The cells are designed so an explosion
in one cell will not propagate to the remainder of the magazine. Thus, the safe distance is a
function of the explosive charge in a single cell, not the entire magazine.

The roof is a 2-foot-thick reinforced concrete slab constructed using 4,000-psi concrete
weighing 150 lb/ft3 with top and bottom reinforcement consisting of Grade 60, #9 bars running
in both directions at 10 inches on center. Shear reinforcement consisting of Grade 60, #4 bars
connects each intersection of the longitudinal bars across the top and bottom of the slab.

In the design, the roof primarily functions as a one-way, simply supported slab carrying
4 feet of soil cover weighing 110 lb/ft . It is supported only by the outer walls and the middle
wall in the long direction, and it is only lightly connected to these walls. It offers no structural
resistance to uplift due to the explosion, only inertial resistance. The soil cover is designed to
provide mass for kinetic dissipation of the blast energy. It is presumed to be unreinforced and
therefore elastic resistance forces are negligible. Only inertial resistance forces are contributed
by the soil cover.
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Preliminary design concept for high performance magazine roof.
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LOADING

The walls of the cells are designed to prevent an explosion in one cell from detonating
the munitions stored in adjacent cells (sympathetic detonation). The roof, however, will be
subjected to the full force of the explosion and is designed to suffer considerable damage and
absorb most of the energy released from the explosion. Due to the cell arrangement, the blast
load on the slabs will be off center and nonuniform, as shown in Figure 39a.

Blast load pressure descriptions were obtained using the program SHOCK.* A charge
of 10,000 pounds detonated in a central cell was simulated. Figure 39a shows the shock wave
scaled impulse loading (units are psi-ms/lb113). Pressure values are obtained from:

P 21
t

where I = scaled impulse x 24.27 (scaling factor, lb 1/3)
t = load duration (assumed constant over the roof)

= 4.06 ms

The maximum load time history at a point above the charge is shown in Figure 39b. It
includes both the shock load and the gas pressure. The gas pressure is relatively low but lasts
for close to 20 seconds.

FINITE ELEMENT MODEL

The description of the roof slab finite element model is divided into two sections, the
finite element discretization and the material models.

Reinforcement and Roof Slab Discretization

A discrete reinforcement model of the steel in the roof was implemented. This method
is more accurate than a smeared or an embedded reinforcement model when reinforcement
patterns are regular. Although an embedded model would have been more efficient and
sufficiently accurate, it is not available in DYNA3D. Top and bottom steel meshes were
modeled using 10,706 discrete 2-node truss elements. The concrete slab was represented by
3,456 8-node three-dimensional solid elements. Two were used through the 2-foot depth of the
slab. The model had a total of 5,436 nodes and about 16,000 degrees of freedom.

Top and bottom steel truss elements were located at 20 inches on center, twice the actual
rebar spacing. Each truss modeled the cross-sectional area of two bars lumped together.
Similarly, the shear reinforcement was lumped at 20 inches on center, with each truss modeling
the cross-sectional area of four bars lumped together.

*Naval Civil Engineering Laboratory. SHOCK User's Manual, Version 1.0. Port Hueneme,

CA, Jan 1988. The user's manual has not been published as of this writing.

89



To simplify the model further, the soil cover was not modeled directly. Its mass was
added to the core of the concrete slab. Element generation was carried out using INGRID
(Stillman and HaIlquist, 1985) with the help of a custom-made preprocessor written specifically
for this project.

A top view of the finite element mesh is shown in Figure 40. The single plane of
symmetry for this problem is exploited through assignment of appropriate boundary conditions.
Otherwise, assigned boundary conditions at the supports replicated a free/free slab boundary
condition. Figure 41 details the mesh cross section at several locations though this figure iN not
to scale (e.g., the middle wall is actually centered). Finite element results were subsequently
retrieved at the identified element and node locations.

Reinforcement and Concrete Material Models

Material Model 3, an elastic-plastic model, was selected (see Appendix C) to model the
behavior of steel rebar. This was the material model used for rebar in the foregoing section on
reinforced concrete slabs. Based on the limited experience discussed, the following propertie;
were prescribed:

Yung's modulus E = 29,000,000 ksi

Poisson's ratio g' = 0.3

Yield stress ao = 82.5 ksi (DIF 1.25)

Tangent modulus Et = 447 ksi

Hardening parameter - 1 (isotropic hardening)

For concrete, linear and nonlinear responses with Material Models 5, 16, 17, and :5 were
evaluated. In the case of concrete, tension testxig would reveal the nonlinear capacity of the
model to represent cracking, whereas confined curnpression testing indicated the model's
response to high hydrostatic stresses at points on the slab near the source point of the blast ioad.

Test input load data to evaluate the response of the solid element to controlled uniaxial
strain with various material models is indicated in Table 9.

Table 9
Material Test Loads

Direction of Loading Compression Tests Tension Tests

x EX = 0 to-0.024 Cx = 0

y E, = 0 Ey = 0

I =z Ez = 0 E=0 EOto 09
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68 A- 9.8888

56 B- 258.8

40 C- 560.8
D- 758.8

(ft) 30 E - 10M.
F- 1250.

20 G - 15 .
1 H- 17,59.

8 28 48 68 80 188 120 148 168
(ft)

(a) Scaled shock impulse distribution (psi).

24,000 4 A
Load (psi)

324

0.0005 0.0043 19.68
time (secs)

(b) Load history at maximum location point.

Figure 39
Design roof slab load.

91



60 ft.

20 in. rrT j-

20 in I f llIl/il

18 in. I-

thick fl

z 80 ft.

Fiit elmet mesh.II

:3=3



N N,

In N

cn M 4..
~ N N0N

~ (fl i N N

Vc

i7

.4.

94)



Material 17 showed normal behavior up to crushing but then abruptly dropped to zero.
This model was to show a transition to fluid behavior to carry the hydrostatic pressures, but
several attempts to incorporate the corresponding fluid equations of state proved futile (Appendix
C).

Material 16 allows representation of steel reinforcement using a smeared model. With no
smeared steel, it behaved as expected. However, with 2 percent smeared steel, the post-cracking
behavior in tension was again excessively stiff, i.e., the yield strain was about one-sixth the
expected value (Appendix C). A default equation of state was prescribed to handle
hydrodynamic material behavior beyond yield stress. This equation is internally generated by
DYNA3D.

Materials 5 and 25 are discussed in Appendix C (see also Ju, et al., 1985). Both Materials
5 and 25 exhibited acceptable response in compression but did not release the tensile stresses in
tension upon cracking, therefore they did not properly represent true concrete behavior.

For modeling concrete, Material 16 (with no smeared steel) was used exclusively with the
following properties:

Poisson's ratio 0.2

Compressive strength fc' = 6,000 psi

Cohesion ao = -1

DYNA3D internally generates the remaining concrete properties. Yield stress and compressive
strength were adjusted upward to account for strengthening due to high strain rates.

A summary of this material model study is given in Table 10.

NONLINEAR DYNAMIC RESPONSE OF SOIL-COVERED ROOF

Two aspects of the soil-covered roof slab are important to its design, the dynamic response

and the distance over which the debris from the reinforced concrete slab will travel.

Response and Yield Behavior

The deformed shape of the roof slab (enhanced five times for clarity) is shown ii Frigurc
42 at two different time steps. The load is clearly of such an intensity that the roof fails by
breaching rather than by flexure. Figure 43 shows the dynamic response at five selected node
points, the four corners of the mesh and the point of maximum load (refer also to Figure 41).
It is observed in the difference between these responses that these data show that the
displacement field is very localized, consistent with a breach failure mode. However, there is
clearly also a rigid body displacement component in the roof response. The entire soil-covered
roof is predicted to lift off the walls about 8 inches at 30 ms.
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Table 10
Summary of DYNA3D Reinforced Concrete Material Model Study*

Material Concrete Behavior Steel Reinforcement Model

Model Compression Tension Smeared Embedded Discrete

#5 Okay Erratic No No Yes
Soil/Foam after

cracking

#16 Okay Okay Yes No Yes
Concrete/
Geological

#17 Unreliable Okay No No Yes
Isotropic after
Concrete crushing

#25 Okay Nonzero No No Yes
Concrete after
Cap cracking

*Model #5 is often used for gross concrete.

Model #16 is recommended for this study.
Model #17 is not well supported at LLNL.
Model #25 is the latest model.

Figure 44 shows the response for concrete stress in the plane of the roof slab in four
elements near the point of maximum load (Figure 41). Upon arrival of the shock wave, the
concrete goes temporarily into compression, then unloads, cracks in tension, and loses all load-
carrying capability within the first 4 ms. The two elements closest to the load are subjected to
a longer lasting and more severe compression, as should be expected due to local bending action.
Cracking of the top elements occurs at 2.5 ms. After element cracking, the concrete mass is still
acting on the system. It is expected that the concrete cover would then begin to separate from
the roof slab and generate debris. Figure 45 shows the vertical stress response in the same four
elements. They are very similar since these stresses are indicative of the shock wave traveling
through the slab thickness.

Contours of effective plastic strain (strain in excess of yield) are shown in Figure 46,
indicating the localized nature of the plastic deformation. At 17 ms this is the extent of the roof
surface involving yield in the concrete. Its diameter is about 23 feet.

Figure 47 shows the stresses in ten lower reinforcing bars along the plane of symmetry,
five on each side of the point of maximum load (see Figure 41). Some of these bars are seen
to reach yield between 16 and 18 ms. At that point, it is expected that additional debris will
begin to be generated and separate from the roof slab.
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Figure 42
Deformed shape (enhanced 5 times).

97



I I ,,,- I ,, d I I

-%45.99

Z5.0

40.00

nodca A- 1. - 49 C- li3
Do 5293 E, 5341

IS. 00

SIu V w w V4 w. ,4 V. ,4 r fu U ru w

Time (sec)

Figure 43
Dynamic response of soil-covered roof slab.

98



I1. OIE 4 09
C1

-1. 8Et832

-2 . B B E *B 3.

-3. B* j

- 1

•< --. 00E. C=
S-6. BIE÷BB

-g. eeIe 43 
0= 34•3

-1. 331t04

-1.10Et24

01 M, .0 7 T 1 If CT 0 . T T T I 7 T
w I w i U U U w Lj w w w Lai L" wi w wi L

~ W U w D - w ~4D • riX ki W In ." 0 W 01• .4 O ,, 4 .O 4 -4 .t 4 '.4 •.

Time (sec)

Figure 44
Horizontal concrete stresses.

99



-1. O8E.03.

-2. sac *a

-4I. 0 BE+ 8

-7.gBEE 40

-6. B BE* 0

-1. 2BE401

-laa'¢a

-- I -. t3AUi,8

eleeunts~ go 333 B- 339? C- 3432
-1. 5BEtB=

1- . 5 0 E + 0-1

S-i. iEtucts

-1.BBE*BM

Is Cn -1 1 d r i d M ? d pj ruj- 1, W T 1 U 7 7 C 0 ,1,
.4 I I I I i i iI I * I i I i I

w w L w u i U U. w w w bU w aw J U w

w - IN rl IT 0 W C- M M' 4 .4 -' -* -4

Time (sec)

Figure 45
Vertical concrete stresses.

100



contour values
A-l 2.OOE-02
B- 3. OOE-02
C= S. OOE-02
D- 7. OOE-02
Ell 9. OOE-02
Fa 1. IOE-01
G- 1. 30E-0 I
H= 1. 50E-O I
1& 1. 70E-0 1

Tim = 1 m

Fiur 4
Effetiv plsIc strIn In thIof slb

1 1 1 1 1 1 1 01 1 I . .



i.e0 c1eucnts A- 7816 8- 7817 C- 790t

1.406E*B D, 7813 E- 7920 F- reel
G. 7UZZ H. 78Za 1- 7674 3. 7O52

e *eZC4SA

Z. W~E~a

U3 SeJ +0 1 .. ... .. .4 ... .U .. I .. ...

-ZTime (sec)

-4Figure 47

Reifocig arstrssrepose

-8. IM102



Knowledge of velocity fields for the roof slab at various times is the basis for computing
debris distance, which in turn will characterize the effectiveness of the proposed roof slab design.
Figure 48 indicates the velocity time history at the five previously selected node points. The
maximum velocity is 2,500 in./sec and it is reached at about 8.5 ms. Figures 49a and 49b show
contours of the velocity field at times 7 and 27 ms, respectively. As evident in the latter figure,
these velocity contour data are graphed along with the displacement field. These data therefore
may be more easily related to initial debris velocities.

Relationship to Debris Distance

These calculations of the dynamic response of the high performance magazine roof slab
indicate that blast effects on the roof will be very localized. NCEL tests on a one-tenth scale
model of a high performance magazine (Murtha, 1992) confirmed the localization of the
deformations and breaching of the roof above the cell which has been predicted by these results.
The concrete directly above the blast should crush early, then carry the pressure hydrostatically
during the shock load phase, i.e., the first 4 ms. Calculations also indicate that the rebar directly
above the blast load will yield and should snap around 17 ms, reducing the concrete confinement
and releasing parts of the roof slab as debris. The model does not allow for direct prediction of
actual debris sizes and failure of bars, and the predicted response ceases to be strictly valid as
soon as the reinforcing bars reach their ultimate capacity. However, debris distance predictions
can be obtained indirectly as follows:

"* Knowledge of the concrete stress field allows for the determination of time of debris
separation.

"* Knowledge of the velocity field as a function of time allows the determination of initial
debris velocities.

"• Once debris initial velocities are known, debris distances can be calculated.

In this regard, similar calculations of debris velocity using DYNA3D have been reported before
(Terrier and Boisseau, 1989).

Recent independent calculations using the NCEL program FRANG (Wager and Connett,
1989) determined the average velocity of debris from a 16- by 28-foot breached area directly
above the cell. The program FRANG calculates pressure histories resulting from an explosion
in a room with vents and frangible panels (i.e., panels designed to break loose and provide
additional vent areas). Displacement, velocity, and acceleration histories of the frangible panels
are also determined.

It was found that for a 4-foot soil cover, the average maximum velocity of the debris
would be 2,400 in./sec as shown in Figure 50. Those calculations assumed the fragments had
been separated from the rest of the roof and the velocities were expected to be somewhat higher
than the ones found with DYNA3D. From Figures 48 and 49 it is observed that the velocity
field above the cell at 8.5 ms (maximum values) varies between 700 and 2,500 in./sec for an
area of about 20 feet in diameter. Assuming the maximum velocity, zero drag and a 45-degree
trajectory, the maximum throw distance would be 1,346 feet.
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Figure 50
Average debris velocity using FRANG.

SUNMARY

The explicit finite element program DYNA3D was successfully used to determine the
nonlinear dynamic response of a soil-covered roof slab for a proposed high performance
magazine concept. Concrete and reinforcing bar stress histories have been obtained, yielding
detailed information on cracking, concrete cover separation, bar yielding, and rupture. Initial
debris velocities were estimated, which in turn allowed for the estimation of debris distances for
the proposed soil-covered roof design.

It is expected that this program will be a useful tool for designers of reinforced concrete
structures to contain or manage explosions. The following are specific recommendations on the
use of the program.

In the absense of an embedded reinforcement model capability, a discrete reinforcement
model was used to model regular patterns of reinforcement in the roof slabs. Some compromises
were necessary in the roof slab discretization using this method. Truss elements with an elastic-
plastic material model (Material 16) were employed satisfactorily in this regard. The
concrete/geological Material Model 16 should be used to model concrete. This material model
also offers a smeared reinforcement model capability which allows for modeling larger elements,
but it is not necessarily to be preferred and it has not been evaluated.
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CONCLUSIONS

Three-dimensional nonlinear dynamic finite element studies have been carried out for three
classic problems in Navy explosive safety facilities engineering, these include: (1) a specialized
missile test cell design concept, (2) reinforced concrete slabs with variable shear steel design, and
(3) a soil-covered roof design for a proposed high performance magazine. Two widely available
gcneral purpose computer programs were applied in these analyses, one based on implicit and
the other based on explicit temporal integration of the equations of motion. They are state-of-
the-art programs, and they are highly regarded programs that are indicative of the industry.

Application of these computer programs can provide a viable alternative to codified single-
degree-of-freedom (SDOF) methods currently used in the design and analysis of explosive safety
structures. This modem technology can be at least as accurate as historical SDOF methods for
computing dynamic response, and can provide substantially more detail on structural behavior,
particularly when special structural concepts are encountered.

Concrete material models that have been implemented in commercial implicit computer
programs are sophisticated, but they can be unreliable and cause simulations to terminate
prematurely. This difficulty may be partially offset in programs that allow users to supply their
own specialized material model subroutines which may be more suited to specialized problems.
Implicit programs were found to provide for excellent reinforcement modeling capability when
they supported embedded reinforcement modeling. This capability is important for explosive
safety because many designs include heavily reinforced sections and complicated reinforcement
patterns in both two- and three-dimensional configurations.

The large-scale equation solver capability that is implemented in commercially available
implicit codes is outdated and limited. With present capability, only abbreviated three-
dimensional models may be considered using modern computer workstation power. Improved
solution algorithms do exist that have been developed to further exploit available computer
resources. However, these algorithms are not always implemented in commercial technology.
When they are implemented, the average lag time between research and implementation is 5
years or more.

Explicit programs are more robust regarding large-scale numerical solutions of highly
nonlinear equations of motion describing the dynamic response of explosive safety structures.
However, concrete material models in explicit programs are less mature than corresponding
material models in implicit programs. Moreover, reinforcement modeling is not as well
supported in explicit programs. Although they can reasonably model regular patterns of
reinforcement, often found in slab designs for example, they cannot model more complex
patterns efficiently because they do not as yet have embedded reinforcement modeling capability.

In summary, general purpose computer programs for three-dimensional nonlinear dynamic
finite element analysis represent a powerful tool for specialized problems in explosive safety, as
well as an attractive alternative for codified SDOF methods. Accurate models of specialized
reinforced concrete missile test cells and magazines can be constructed more efficiently using
available implicit programs, whereas, available explicit programs yield successful simulations
with less difficulty.
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RECOMMENDATIONS

Several technical problems in computational mechanics related to explosive safety remain.
Problems also exist that involve user-friendliness of computer programs associated with the
application of computational mechanics methods to the field of explosive safety engineering.
Nevertheless, applications of this technology are becoming more prevalent in the open literature,
and it is soon apt to make a larger impact on design and analysis in this field. An additional
section on the application of this technology intended for guidance when confronted with a novel
design problem should be considered for the next revision of NAVFAC P-397. It could include
a discussion of the potential solutions using modem computerized methods in structural dynamics
when the design problem goes beyond the collective experience upon which current codified
methods are based, and usage of high-tech methods appear to be a definite option. For example,
inherent assumptions attending the analytical methods can be reviewed, examples can be included
or referenced for additional information, and recommendations for both the required engineering
experience and the required levels of skill in usage of computer programs could be included in
the new section. This would help to minimize the risk of misusing the technology, and would
promote objectivity in dynamic response solutions and results obtained from its application.
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Appendix A

PROCEDURE FOR SPECIFYING REINTORCEMENT DATA IN THE
ABAQUS MTC MODEL

The most labor intensive task involved with constructing the MTC finite element model
was preparation of the embedded reinforcement input data, specifically the generation of the
ABAQUS *REBAR input data file. Because of this, it is worthwhile documenting the procedure
which was developed to achieve a representation of the reinforcement for the MTC model. This
procedure is meant only as a supplement to the ABAQUS User Manual regarding *REBAR data
preparation.

The procedure consists of four steps. It requires two kinds of finite element model data:
the element connectivity data for mapping of actual node numbers to a generic set of node
numbers 1 through 8 for the solid element, and the node topology data relative to the
reinforcement within each element. These data provide a complete picture of the embedded
element with its steel layers placed relative to the element nodes.

Step 1: Locate Isoparametric Directions 1, 2, and 3 for the Element

As an example, consider a typical element of the MTC model for which the
mapping between the element connectivity data and generic node numbers is
shown in Figure A-1. The generic element is selected from the ABAQUS User's
Manual. In this mapping, the isoparametric directions 1, 2, and 3 are respectively
defined to correspond to the generic node directions 1-2, 1-4, and 1-5.
Correspondingly, in the example embedded element, these directions are
respectively defined by the actual node directions 1616-1619, 1616-1617, and
1616-1628.

Step 2: Determine Reference Edge Number

The location and orientation of the reinforcement layers within the embedded
element are referred to the reference edge number. The edge number must refer,
in turn, to one of the three isoparametric directions. To obtain the edge number,
first select any isoparametric direction, and enter this into the appropriate
*REBAR data field. If, in the example element, direction 3 is selected, the

element's reference orthogonal face is defined by nodes 1616, 1619, 1620, and
1617; this face is orthogonal to axis 3, where axis 3 must be an inward normal
by ABAQUS convention. Next, select an edge of the orthogonal face from which
the distances to the reinforcement layers in the embedded element are measured.
A convenient choice is edge 3. It is defined as the 1617-1620 edge (the direction
implied in the edge definition is significant for specifying angular orientation data
in the fourth step of the procedure) when the selected isoparametric direction is
3.
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Step 3: Calculation of Fractional Distances

A fractional distance is the distance from the reference edge to a reinforcement
layer, divided by the element size in that direction. Using edge 3 as the reference
edge, the fractional distances in the example are (refer to both Figure 7 in the
main text and Figure A-i):

(a) 0.097 for the upper steel layer in the hoop direction
(b) 0.097 for the upper steel layer in the longitudinal direction
(c) 0.721 for the lower steel layer in the hoop direction
(d) 0.721 for the lower steel layer in the longitudinal direction

Step 4: Calculation of Orientation Angles

The direction of the reinforcement is measured relative to the direction of the
reference edge defined in Step 2. In this example, the reference edge is 3. If the
rebar direction is parallel to this edge, the orientation angle is 0 degrees, and if
it is perpendicular to this edge, the orientation angle is 90 degrees. In this
example, the orientation angle data are:

(a) 0 degrees for the two layers of hoop steel
(b) 90 degrees for the two layers of longitudinal steel

More generally, the orientation angle is defined as the angle subtended by the
direction of the rebar and the line formed by the intersection of the reinforcement
layer with the selected orthogonal face. The line of intersection also has a
positive sense which is defined by the generic node direction, 3-4 in the example
element. The orientation angle is subtended by this positive direction and the
direction of the rebar within the element.

Specification of the *REBAR data for the cylindrical portion of the MTC model was
easier than for the end walls, since the reinforcement pattern is more regular in the cylinder than
in the end walls. However, once the four-step procedure is used for several elements, the task
becomes routine for the remainder of the model.

Additional strategy was required to manage the substantial variation in reinforcement
patterns throughout the MTC. This was accomplished by assigning code names to various
regions of the MTC model as shown in Figure A-2. The code names define groups of elements
in which the reinforcement pattern is common. These code names are entered in the *REBAR
data file, as seen in the sample included as Table A- 1.

Other similar research projects have recognized and employed the embedded
reinforcement modeling capability of ABAQUS. The Electric Power Research Institute (EPRI)
in Palo Alto, California. has supported substantial development of this capability for application
to reinforced concrete nuclear containment structures. In one such project Dameron, et al.,
(1990) attempted to overcome the labor intensive task of developing complex reinforcement
models in conjunction with ABAQUS. The result was an auxiliary automated software procedure
for generating *REBAR data files.
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In this connection, it should be mentioned that despite the formidable finite element pre-
and post-processing capability of PATRAN Plus, no provision is made in its ABAQUS interface
program, ABAPAT, for interpreting and graphically displaying *REBAR data. PATRAN Plus
does not support reinforced concrete analysis when the embedded reinforcement model technique
is employed. However, the ABAQUS post-processor, ABAPOST, is available and was very
useful for displaying and checking the reinforcement model (see Figure A-2).

C02L1,L2 CO1L1,L2
Hl,H2 HI,H2
SI SI

Figure A-2

Sample of *REBAR group codes for MTC model.
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Table A-I
Sample of *REBAR Input Data File for ABAQUS MTC Model

**Rebar Definition For Cylinder

** Rebar Mesh of Cylinder Group. 1

* * Hoop

*REBAR, ELEMENT-CONTINUUM, MATERIAL-STEEL, GEOMETRY-ISOPARAMETRIC, NAME-C01Hi
C01,1.23,6.00,90,0.097,3,2

*REBAR, ELEMENT-CONTINUUM, MATERIAL-STEEL, GEOMETRY=ISOPARAMETRIC, NAME-C.0!12
C01,1.23, 6.00,90,0.721,3,2

** Stirup

*REBAR, ELEMENT-CONTINUUM,' MATERIAL-STEEL, GEOMETRY-ISOPARAMETRIC, NAME-CCISI
C01,1.23,6.00,0,0.1429,2,2
C01,1.23,6.00,0,0.2857,2,2
C01, 1.23, 6.00,0,0.4286,2,2
COl,1.23,6.00,0,0.5714,2,2
CO1,1.23,6.00,0,0.7143,2,2
CO,1.23,6.00,0,0.8571,2,2
C01, 1.23,6.00, 0,0. 9999,2,2

** Longitudinal
**

*REBAR, ELEMENT-CONTINUUM, MATERIAL-STEEL, GEOMETRY-ISOPARAMETRIC, NAME-C01L1
C01, 1.23,6.55,0,0.097,3,2

*REBAR, ELEMENT-CONTINUUM, MATERIAL-STEEL, GEOMETRY-ISOPARAMETRIC, NAME-COIL2
C01,1.23,6.15,0,0.721,3,2
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Appendix B

FREQUENCY SPECTRA CALCULATION FOR IDEALIZED TRIANGULAR
PRESSURE-TIME HISTORY

A triangular pressure-time history is often used to idealize blast loads in explosive
safety analyses of Navy facilities. For the missile test cell design, the load was idealized as
shown in Figure 2 in the main text of this report. This information can also be considered in
terms of its frequency content or frequency spectrum. In this case, the idealized pressure
pulse is divided into two triangular pulses, one for the shock phase and one for the gas
pressure phase. A triangular pulse is mathematically defined as:

p(t) {P(1 t/t) 0 !ý t !0 t. (B-1)
0 t- Zto

where t denotes time and po and to are, respectively, magnitude and duration constants.
The frequency spectrum of a triangular pulse is obtained by calculating its Fourier

transform,

P()=12a p,(1 -t/to)eiatdt (B-2)

where n denotes circular frequency in rad/s. The result is

P(a) C ((1 - eos(2 t( ) + i(sin(fl to) - Q tQ)] (B-3)
0 2 to

The modulus or magnitude of P(Q) is the frequency spectrum, P(Q). It is obtained by

multiplyirg P(Q) by its complex conjugate P N(0),

P(a) = P(k )xP (a) (B-4)
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The result is,

P(Q) - 2 - 2 cos(0t ) - 2 0 t, sin(f tQ) + (Qt (B-5)

This frequency spectrum is graphed in Figure 11 for both the shock and gas pressure time-
histories shown in Figure 2.
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Appendix C

DYNA3D MATERIAL MODELS FOR REINFORCED CONCRETE

An evaluation of the material models available in DYNA3D was performed to find
suitable models for both the reinforcing steel and the concrete for use in finite element models
of reinforced concrete slabs. The evaluation consisted of primarily uniaxial compressive and
tensile analyses on single truss and solid elements in the expected stress and strain ranges.
Materials 3, 17, 16, 5, and 25 were selected as candidate models and analyzed.

The analyses utilized the material driver option in DYNA3D and a single element
calculation. The material driver option allows inputs and calculates the material's response.
DYNA3D has no static analysis capability per se. Displacements were imposed quasi-statically
via prescribed velocities at the nodes on one side of the element. The velocity is integrated over
the prescribed time (which is much larger than the element's fundamental period) to verify that
the prescribed displacement history has been imposed correctly. A constant velocity results in
a displacement which increases linearly with time, and the time axis can be replaced by a
displacement axis.

MATERIAL 3

Material 3 is an elastic-plastic material model with either kinematic, isotropic, or a
combination of kinematic and isotropic hardening. Material 3 is well suited for modeling steel
trusses. Material 12 is an elastic-plastic model with isotropic hardening which is reported to be
more efficient than Material 3 (with a hardening parameter P' = 1), but it is not available for use
with beam or truss elements.

The properties for steel used in Material 3 were as follows:

Young's modulus E = 29,000 ksi

Poisson's ratio ts = 0.30

Yield stress ao = fy = 97 ksi (DIF = 1.3)

Tangent modulus Et = 48 ksi

Hardening parameter P' = 1 (isotropic hardening)

A single truss element was subjected to tension, then compression, and the load
displacement response analyzed. The stress was increased linearly with time to simplify the
graphs of stress-strain behavior.

C-1



From Figure C-I it is apparent that the steel yielded both in tension and compression at
the specified value of 97 ksi. Yielding occurred at a strain of about 0.0033, which is in
agreement with the expected value of 97/29,000. This material model was used to represent steel
for all the numerical analyses of the slabs.

MATERIAL 17

Material 17 is an isotropic elastic-plastic oriented crack model not currently supported by
the Lawrence Livermore National Laboratory.

A I- by 1- by 1-inch concrete cube (a single 8-node solid element) was analyzed under
tension and compression. The applied load (or stress since the area is I in. 2) was incremented
linearly with time so that the time axis could be replaced directly by a stress axis.

The input for this model was:

Young's modulus E = 4,000 ksi

Poisson's ratio X = 0.20

Yield stress =o = fdc = -6,000 psi (DIF = 1.25)

Tangent modulus Et = 1,000 ksi

Fracture strength of = ft = 500 psi

Pressure cutoff PC = 7,500 psi

In tension, and with all nodes free to displace laterally, the concrete cracked at the
specified tensile strength, but exhibited a very low modulus of elasticity. This case was run
again with all nodes laterally fixed. The results are shown in Figure C-2. Cracking again
occurred at 500 psi but exhibited a modulus of elasticity of only 2,300 ksi.

In compression (with all nodes laterally restrained), the modulus of elasticity was in
agreement with the specified value. However, the concrete did not yield until the stress reached
7 ksi, in excess of the specified dynamic strength. Subsequent to yield, the material model lost
all strength and no plastic behavior could be obtained. Equation of state 1, supplemented with
data from Matuska, et al. (1982), was specified to observe the material model response in
elevated states of confined compression. Attempts at obtaining an acceptable response did not
succeed.

This material model had been used in some of the initial numerical simulations of the
slabs with the understanding that the concrete slab should have no post-crushing load carrying
capacity. This enabled an evaluation of the effects of post-crushing resistance on load deflection
by comparison with simulations carried out with Material 16. It is, however, recommended that
Material 17 not be used in any future simulation for modeling concrete.
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(a) Tension.
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(b) Compression.

Figure C-I
Truss elements - Material 3.
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(b) Compression.

Figure C-2
Solid elements - Material 17.
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MATERIAL 16

Material 16 is called the concrete/geological material model. A unit concrete cube
represented by a single 8-node solid element was analyzed under tension and compression.
Under tension, all nodes were free to contract laterally. Under compression, lateral movement
of the nodes was prevented. The applied load (or stress) was incremented linearly with time so
that the time axis was replaced directly by a stress axis.

Input

All concrete properties were defined by entering:

Card 3: A = 0.20 (Poisson ratio)
fc' = 6,000 psi (compressive strength)
ao = -1 (generates ft)

The program internally generated a corresponding value of tensile strength, f, = 561 psi. By
specifying the equation-of-state (EOS) as 0, a trilinear EOS type 8 is automatically generated
internally.

This model allows for the inclusion of steel bars which are smeared into the element via
a rule of mixtures. This is referred to as a smeared reinforcement model. Two sets of smeared
steel properties were used:

Set 1 (no steel)
Card 4: 0

Set 2 (2 percent steel)
Card 4: percent = 2.0

modulus = 29,000,000 psi
A = 0.30
o yield = 97,000 psi
Et = 48,000 psi

Cards 5 through 8 were blank.

Results for Set 1 - No Steel

In tension, the stress resistance was cut off exactly at ft and quickly reduced to 0 as shown
in Figure C-3. The strain at failure was 0.00013 and the initial modulus of elasticity, Eo, was
about 4.4 x 106 psi, which are both acceptable results.

In compression, the concrete yielded at about 0.0016 (close to the 0.002 typically accepted
strain at maximum stress), and the corresponding yield stress was 6,000 psi as prescribed. The
initial modulus of elasticity, E0 , was about 6 x 106 psi, and the tangent modulus at yield, Et, was
about 4 x 106 psi. The initially generated equation of state provided for increased resistance due
to the confinement condition of the concrete cube. This is also demonstrated in Figure C-3.
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(b) Compression - no steel.

Figure C-3

Solid elements - Material 16.
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Results for Set 2 - 2 Percent Steel

In compression, with all nodes laterally restrained, the stress-strain curve, which is shown
in Figure C-4, is similar to the one without steel (Figure C-3). At 0.0016 strain - the previous
concrete yield strain - the stress in the concrete is 6,000 psi, and the load in the steel is 940
pounds. Superposing the concrete and steel stresses, the total section stress is then 6,940 psi.
Since the compression stress-strain curve does go through the point (6,940 psi, 0.0 16 strain), the
smeared material model appears to work correctly in compression.

In tension, with all nodes laterally free, concrete cracking occurred close to the expected
value of 637 psi (561 psi due to the concrete and 76 psi due to the steel). The model also
accurately predicted yielding in the cube at 1,940 psi, which corresponds to 97 ksi for 2 percent
steel. However, the steel yield strain was too small (0.00077 instead of 0.00334). The apparent
steel stiffness was 4 times too large. The cause for this discrepancy could not be determined.

Recommendations

For representing pure concrete, Material Model 16 should be used. For concrete with
smeared steel, the noted discrepancy in stiffness will introduce error.

MATERIAL 5

This material model came highly recommended for modeling the gross behavior of
concrete, and is called the Soil and Crushable Foam Model, Type 5. This model was reported
to have been heavily used in the community, and to be well supported and well debugged.

The material parameters for this model were specified as follows:

Shear modulus G - 1,456 ksi

Bulk unloading modulus Ku= 2,427 ksi

Yield stress ay = 4 ksi

Tangent modulus Et = 37.7 ksi

The compressive test results are shown in Figure C-5a. The material yielded at
approximately 6.5 ksi and at a strain of 0.0015. The calculated stiffness was 6,000 ksi and the
calculated linear tangent stiffness was 600 ksi. Overall, the behavior under confined compression
was judged as adequate.

Tensile results are given in Figure C-5b. The tensile stress response shows what appears
to be an elastic rebound. The rebound is centered around 0.5 ksi which is the input fracture
stress. Attempts to solve this problem by slowing the prescribed displacements below 1 in./sec
resulted in the same behavior. However, increasing the loading rate to 100 in./sec resulted in
a clean fracture curve, as shown on Figure C-5b. In this model, the fracture shows a peak stress
of 0.9 ksi at a strain of 0.0002, then maintains a constant residual stress of 0.5 ksi instead of
zero residual stress. Although this is a low stress level when compared to the compressive
stresses, it can adversely affect dynamic behavior by introducing an artificial resistance force at
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cracked sections. This is because a large solid element can have a large crack surface area so
that, even for a small artificial residual stress, the artificial residual forces on the cracked section
introduced are not necessarily small.

MATERIAL 25

This model is referred to as an inviscid two invariant geologic cap model. The cap model
was historically developed for soils, and later it was applied to concrete. It was the latest model
implemented into the DYNA3D program. The implementation was consistent with the Berkeley
version of the cap model (Ju, et al., 1985) and includes their parameter calibration fit to the
"Colorado" data set for concrete. The "Colorado" data set is made up of 67 different tests. The
procedure was to calibrate the cap model on six tests and then evaluate the model on how well
it predicted the results of the other 61 tests. The cap model was reported to be successful in this
regard. The model was refined to run in DYNA3D and performs exceptionally fast within the
explicit finite element framework. Although it was reported to be a supported model, it has so
far seen little use by the community.

The material parameters for the cap model (Ju, et al., 1985) are as follows:

Initial bulk modulus K = 2,100 ksi

Initial shear modulus G = 1,700 ksi

Failure envelope parameter a = 3.87

Failure envelope linear coefficient e = 0.1

Failure envelope exponential coefficient T = 1.16

Failure envelope exponent # = 0.444

Cap axis surface ratio R = 4.43

Hardening law exponent D = 0.00322

Hardening law coefficient W = 0.429

Hardening law parameter X 0 = 16.0

Tension cutoff T = -0.3 ksi

The results for our compressive test are given in Figure C-6a. The material yielded at a
stress of 6.3 ksi and a strain of 0.0016. This appears to be within an acceptable range for
confined concrete in that it is generally accepted that the compression strength is reached at a
strain of 0.002. The initial stiffness was about 3,940 ksi compared to 4,016 ksi, expected, and
the hardening stiffness was about 277 ksi. The cap model therefore properly captured
compressive behavior throughout the given range.
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Figure C-4
Solid elements - Material 16.
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Solid elements - Material 5.
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Solid elements - Material 25.
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The tensile test results for a transversely unconstrained unit solid element are shown in
Figure C-6b and indicate inconsistent behavior. At the prescribed tensile cutoff (pressure = -0.3
ksi), the stress-strain curve in the z-direction shows a change in slope at a strain of 0.0001, but
the stress keeps increasing to 2.7 ksi before the curve flattens. The stress-strain response in the
y-direction (with cy = 0) is also graphed. After fracture (or cutoff) the stress became
compressive when it should have dropped to zero. This is inconsistent with expected concrete
behavior.

In the cap model, it was assumed that the tensile cutoff mechanism was implemented as
an additional failure surface besides the J2 failure surface and the cap itself. To further
investigate this assumption, a triaxial tension test was conducted by prescribing a strain in the
x-direction and constraining the lateral displacements to zero. Using the aforementioned elastic
properties, the triaxial stresses were evaluated at e. = 5 x 10-5, which is near the point where
the model indicates a change of slope in Figure C-7. The resulting stresses were:

Ox = 0.2183 ksi

Cy = 0.0483 ksi

Cz = a'y

pressure = ax + ay + oz = 0.3149 ksi zT

The value for pressure indicates that tensile cutoff should have occurred and the velumetric
stress-strain graph in Figure C-8 indicates that it did occur.

Assuming that the tension cutoff acts as a failure surface, any increase in stress due to
further strain should be available via the incremental nonlinear stress-strain equation:

Aci = Dijkl Ae ek

D = L d ((3KU, 1)bj + (GU, ,, /FJ,)o.P)((3KF,j) 6k1 + (GF,vjI/F') ok)
Kp + 9 KF,jiU,j 1 + GF,,r Uv2

where =ijkI K6i.6k + G(6ik6jl + 6 ii6jk (2 /3 )SijSkJ)
G =shear modulus = 1,700 psi
K = bulk modulus
F = failure surface
U = flow direction
Jl = kk
J2 1 1/2 si-sij
Kp plastic modulus

C = strain tensor component
Sij = deviator stress tensor component
oietc. = stress tensor component
6 iIetc. = Kronecker delta function
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Figure C-7
Solid elements - Material 25,
laterally constrained tension.
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Figure C-8
Solid elements - Material 25, tension.
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In the expression for the elasto-plastic modulus, Dijk, a comma indicates differentation
with respect to either the J1 or 4"J2 stress invariant, and repeated subscripts indicate sunimation
over the range ij,k,l = 1,2,3.

The failure surface for the tensile cutoff can be defined as:

F = JI -0.3 = 0

With this definition, it is noted that the derivatives with respect to 1"J2 vanish and since there is
no hardening when replicating brittle tension failure, Kp = 0. Also, assuming the cap model
uses an associative flow rule for the tensile failure surfice, F=U. The elasto-plastic modulus
therefore reduces to:

D Ld - (3KF,J1 80 (3KFjJjd)
9KFJJFJJ

For ij,k,l = 1, the first term becomes (K + 4/3 G) and the second term becomes K.
Therefore,

Di (41G = 2,267 ksi

The incremental stress was calculated for a strain increment of A = 0.00005 as follows:

Aoil = D1111 AEll = 2,267 x 0.00005 = 0.1133

The resulting stress at a total strain of 0.0001 is:

all = ax = 0.2183 + 0.1133 = 0.3316 ksi

which is confirmed in Figure C-7. This simple test establishes that the tensile cutoff in the cap
model is being treated as a failure surface with an associative flow rule.

One of the problems of treating the tensile cutoff as a failure surface in invarient stress
space is as follows: The pressure (JI) versus the mean strain, cmean = (ex + ±y + Ez) 13,
is shown in Figure C-8. Upon reaching the tensile cutoff, the pressure will remain constant at
the cutoff value. The problem arises when the x-direction strain E. continues to increase and
the stress ax continues to grow. The cy. and az must go into compression to maintain the
constant pressure constraint (i.e., to remain on the tensile failure surface). This can also be
confirmed by looking at the elasto-plastic modulus for the increment in transverse stress A" 22
due to an increment in axial strain A e I,:
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(3KF,11) (3KF,11)

9KF,J1 Fp,1

D2211  -( G

The negative sign indicates that the increment of stress subracts from the elastic tensile
contribution and at some point exceeds it, causing compressive stress in the transverse direction.

Based upon the direct formulation approach, it can be seen that the tension cutoff in the
cap model is being treated as an associative flow rule failure surface. Figure C-6b indicates that
as tensile strain increases, the strain follows an associative flow rule for the tension cutoff failure
surface (i.e., the flow is perpendicular to the tension cutoff surface). As the stresses increase,
the J2 component increases until the cone failure surface is touched. At this point, the flow rule
for the new failure surface is observed. This is the flat region of the stress response seen in
Figure C-6b. Although the model follows conventions for direct plasticity correctly, its
numerical behavior for the tensile region of concrete is not appropriate.
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