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Chapter 1. INTRODUCTION
The primary purposes of this report are as follows:

a. Provide technically oriented shock design criteria for Navy review and approval of shock
design calculations.

b. Provide a limited amount of general background/educational material concerning
application of the Dynamic Design Analysis Method (DDAM).

This report is intended to convey Navy dynamic shock analysis requirements to engineers
who possess an educational or experience background in the fields of vibration analysis,
structural dynamics and stress analysis. If the user finds that this report does not provide
information sufficient to permit full and efficient satisfaction of all specified dynamic shock
analysis requirements, the cogmzant contracting officer should be contacted for additional
information.

The requirements indicated by this report are subject to modification by applicable
specifications. Users of this report should carefully review applicable specifications to determine
whether any of the pl’OVlSlO!IS of this report have been modified.

The contents of this report are founded upon dynamic analysis procedures originally
developed by the Naval Research Laboratory, Washington, D.C. These procedures were

originally reported in the following reports:

NAVSHIPS Report "Shock Design of Shipboard Equipment, Dynamic Design Analysis
Method”, R.O. Beisheim and G. O’Hara 250-423-30 dated May 1, 1961,

BUSHIPS Report "Shock Design of Shipboard Equipment, Interim design Inputs for
Submarines and Surface Ship Equipment"(U), 250-423-31, dated January 1, 1961
(Confidential), and

Naval Research Laboratory Report, "Interim Design Values for Shock Design of
Shipboard Equipment”, G.J. O’Hara and R.O. Belsheim NRL 1396, dated February 1,
1963

This report is a revision of NAVSEA 0908-LP-000-3010 which was prepared by the
Supervisor of Shipbuilding, Conversion and Repair, USN, Brooklyn under the direction of the
Naval Sea Systems Command. Portions of this report are directly derived from the reports
referred to above. Where the requirements of this document are in conflict with previous

DDAM guidance, this document shall take precedence.

Sections 3, 4 and 5 of this report contain example engineering calculations that illustrate

1-1
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DDAM. These calculations were performed in the 'S customary system of units (inch - pound -
seconds). Equivalent metric, System International (SI) units, appear in parentheses after or
alongside of the US customary values.

1.1  Summary of Revisions to NAVSEA 0908-LP-000-3010

The Dynamic Design Analysis Method (DDAM) is the Navy’s

specified analytical method of qualifying non-testable equipment and supporting structures to
withstand the effects of shock. The technique is based on experimental investigations conducted
in the 1960s. The original design guidance document was issued in May 1976. This document
was developed when the primary shock analysis capabilities available to industry and the Navy
were hand caiculations, and limited use of computers. Availability of powerful computer codes,
advances in computer technology and analytical correlation studies conducted during recent
shock trials has not changed the basic credibility of the DDAM (modal analysis) design method.
These developments however, have indicated that the rules of application of the DDAM method
require adjustment to account for this enhanced computer usage and capability.

The following discussion summarizes the major revisions to NAVSEA 908-LP-000-3010
developed in order to accommodate the advance over the past 25 years.

The primary areas addressed in the revision to NAVSEA 0908-LP-000-3010 are:
A)  Closely Spaced Modes Phenomenon, -

B) Multi-Directional Response Analysis,

C) Dynamic Reductlon Techniques

D) Mode Selection Criteria

d) Other miscellaneous technical and administrative modifications which will clanfy
the requirements and improve/expedite the analysis process. :

1.1.1 Closely Spaced Modes Phenomenon,

Recent post shock trial evaluations have indicated that response predictions based on
DDAM analyses may, in some cases, be conservative due to the mathematical consequences of
a phenomenon termed "Closely Space Modes". Modes whose frequencies are nearly equal are
defined as closely spaced modes. This phenomenon, which occurs most often in large finite
element models, has been determined to be directly related to the method of combining responses
across the modes. Phasing, which is not considered in DDAM, can be an important factor when
combining normal modes which have nearly the same frequency. Early in the shock induced
motion, responses of closely spaced modes can be 180 degrees out of phase and cance! each

12
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other whereas later in the shock induced motion, the modal responses may come into phase and
add to each other. For most shipboard equipment however, late time responses are not
characteristically associated with shock damage. The revised version of NAVSEA 0908-LP-000-
3010 suggests that the existence of closely spaced modes is a result of modelling error or an
apparent resonant condition and should be resolved by redesign or remodelling. The report also
introduces an alternate method of combining responses across modes which reduces the
conservative aspect of the closely spaced modes phenomenon.

The current version of NAVSEA 908-LP-000-3010 discourages the use of multi-
directional response analysis and suggests that uni-directional analyses are preferred. This
original recommendation was partially associated with the limited computer capability available
at the time of introduction of DDAM. Current capabilities make the use of multi-directional
analyses routine and often development of unit-directional analysis requires many simplifying
assumptions, increased effort on the part of the analyst and reduced reliability of the results. The
revised version of NAVSEA 908-LP-000-3010 clearly indicates that multi-directional analyses
should be used where appropriate and provides corresponding application criteria.

'1.1.3 Dynamic Reduction Techniques

The proliferation of the use large finite element mathematical models brings with it the
increased reliance on some form of reduction technique to economically conduct the analysis and
distill the huge amount of information that is frequently generated during the analysis process.
Unfortunately, there are currently no clear guidelines for the application of various reduction
techniques. This lack of guidance hampers both the Navy reviewing activity and the shock
analyst. The revision to NAVSEA 908-LP-000-3010 presents some basic guidelines for
application of dynamic reduction procedures.

1.1.4 Mode Sclection Criteria_

The current version of NAVSEA 908-LP-000-3010 requires that DDAM consider half

the number of modes of response in the stress analysis. This requirement is no longer relevant
with respect to the current use of large finite element models. Clearly new mode selection
criteria is needed that considers the vast population of modes of response in a typical shock
analysis of a contemporary finite element model. It is important that this new selection criteria
ensure that critical modes of response are not omitted and aiso help to avoid unnecessary
expense in the analysis process.
Under present guidelines the mode selection in a DDAM is random and uncontrolled because
of the difficulty in reviewing extremely large mathematical models. The proposed revision to
NAVSEA 908-LP-000-3010 presents basic parameters to consider in a selecting the important
modes of response to consider in the shock design.
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1.2 Change Summary

The following summary highlights and locates areas associated with significant
changes to NAVSEA 0908-LP-000-3010:

SUBIECT PAGE NO,
i o Algebraic Summation Method (ASM) 347
o Allowable Stress Criteria 6-1
0 Bi-Metallic Stress 67
o Bolt Pre-load 6-10
' ) Closely Spaced Modes 3-35
1 o CSM Method 3-35
i o Cut-off Frequency : : 3-27
: o Deleted Static g Examples :
o Ductility : 6-11
i 0 Dynamic Reduction Techniques 3-21
| o Equipment on Non-Structural Bulkheads 4-5
i .0 Equipment Mounted on Stanchions 4-6
| ) Equipment on Decks vs Bulkheads 4-4
! o Finite Element Application 4-25
. o Foundation Requirements 4-1
I o  Mechanical Attachment for Non-Metallic Hulls 4-5
; o Minimum Stress Criteria (75%) 6-9
o Mounting Location 3-7
| o Multi-Directional Response (MDR) Analysis 4-18
i o NRL Stress 3-30
0 Number of Modes to Use 3-26
o Oblique Directional Shock Inputs D-1
o Ranked Response - 327
o Resilient Mounts 3-17
o Review Period (60 Days) 7-7
0 Shock Grades 3-6
o Summing Operating & Shock Stresses 331
;, o Ten Typical Foundations 7-7
1 o Transient Analysis & Energy Methods C-1
! 0 Very Low Frequency Systems 3-1/3-2
i o Von Mises Stress 3-29

4 , 1-4
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Chapter 2. DEFINITIONS

Algebraic Summation Method (ASM) - ASM is a time domain method of assessing the shock
response of a system from the results of a modal analysis of the system. In the DDAM, ASM
is an alternate method of summing responses across the modes. This method combines the
responses algebraically, thereby considering the effect of modal phase relationship on the total
response and is used to evaluate the effects of closely spaced modes in the DDAM. (See Section
3.5.7 for detailed discussion).

Closely Spaced Modes - Response modes of a DDAM calculation whose frequencies are nearly
equal (within +10% of a common mean frequency). (Also see "split modes” and "uncombined
modes”, and detailed discussion in Section 3.5.)

Closely Spaced Modes (CSM) Method - The Closely Spaced Modes Method is an analysis
procedure which provides a technique for combining responses from two closely spaced modes.
Once this combination is determined, it is used in the NRL sum of responses in place of those
two modes. '

Cut-Off Frequency - As used in DDAM, the cut-off frequency is the upper bound of the
frequencies of interest. The cut-off frequency reflects the level of refinement in a mathematical
model used to represent a system.

Dynamic Degrees of Freedom - The number of displacement components which must be
cmsjderedinordermrepremtmeeffectsofansigniﬁmntinerﬁaforcesmastructure.

~ Fixed Base - The primary ship structure such as decks, bulkheads, longitudinals and transverse
frame members. For dynamic analysis purposes, a fixed base may be considered to act as a
rigid, stationary (relative to the item mounted upon it) boundary in the direction of shock motion
through which the shock motion is transmitted to the mounted equipment or structure.

Fixed Base Frequencies - The natural frequencies of a structure or system assuming that the
mounting base of the analyzed structure or system is infinitely rigid in the direction of shock
motion.

Mathematical Model - A mass-elastic system which is devised to possess a computed shock
response simulating that of an actual physical system. All modeled structural elements are
assumed to possess linear elastic properties.

Moda! Effective Weight (Mass) - A weight (mass) that can be determined from normal mode
theory which, when used in a single degree of freedom model with a similarly determined
spring, results in a natural frequency which is identical to that of a given mode in a multi-degree
of freedom system. The modal effective weight (mass) is also that portion of the item weight
(mass) which is effectively accelerated in a given mode.

2-1
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Modal Mass Force - The force accelerating a given mass in a given mode of system shock -
response.

Mode Shape - The relative amplitudes of displacement of the system masses in a normal mode
of vibration.

Multi-Directional Response (MDR) Analysis - Shock analysis which evaluates system responses
(translation and rotation) in the direction of shock input as well as other directions of response.

Node - In a finite element model, a node represents an interface joint between two separate finite
elements of the model. A finite element node can include inertial properties (lumped mass) or
funcﬁononlyasastrucmralconnecﬁonbetweenelemmts Also, a node is a point on a structure
which does not deflect during vibration in a given mode. An anti-node is a pomt on a structure
where deflection is maximum during vibration in a given mode.

Nmﬂm - A natural vibrating configuration of a linear mass-elastic system.

NRL Summation Method - The primary method, within DDAM, of determining the shock
response of a system from the results of a modal analysis of the system. This method combines
the responses across the modes by adding the absolute value of the largest response to the
square-root of the sum of the squares of the other responses. This method takes a statistical

approach to modal phasing.

Participation Factor - A value which is computed for each mode of shock response considered
and indicates the relative importance of the system mode of shock response. Higher participation
factors, regardless of sign, are associated with the more important system modes of shock
response.

Quasi-Fixed Base - A modeling technique that eliminates certain mathematical anomalies inherent
in the DDAM and permits evaluation of relative displacements between two items mounted to
the same fixed base. The Quasi-Fixed Base is a fictitious mass/spring arrangement that is
inserted between a mathematical model (or models) and the conventional fixed base (ship
structure). The Quasi-Fixed Base mass in the equipment mathematical model(s) is to be no larger
than 1% of the total model mass. The Quasi-Fixed Base mass is connected to the actual fixed
base by a very stiff spring which is selected to assure that the frequency of the lowest dominant
mode of the system is not changed by more than 10%.

Resilient Mount - An isolation device that acts to reduce the unwanted effects of shock, noise
or vibration disturbances on a mechanical system. The term "Resilient Mount” is a generic term
which includes shock, noise and vibration mounts.

2-2
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Shock Design Value (D) - Numerical representation of shock response (acceleration or velocity)
used for each mode in a dynamic analysis. The values depend on the mounting location of the
equipment, structure, or foundation, the direction of shock response (vertical, athwartship, or
fore and aft) and the item’s design requirements (elastic or elastic-plastic). Formulas for the
computation of shock design values are contained in "Shock Design Values" Des1gn Data Sheet
DDS 072-1 (CONFIDENTIAL).

SLmLngg - Classification category of required system or equipment performance (operability)
levels in a combat environment. Items classified as Grade A are systems or equipment which
are essential to the safety and continued mission capability of the ship. Accordingly they must
remain operable and not create a hazard when exposed to combat environment corresponding
to full shock design levels. Grade B items are items whose operation is not essential to the safety
or mission capability of the ship but could become a hazard to personnel, Grade A items or the
ship as a whole as a result of exposure to design level shock loading.

Shock Input - Refers to the shock design values as an input to the DDAM or to the physical
shock loading due to an underwater explosion.

Shock Response - The dynamic behavior of an equipment, structure or foundation due to shock
loading. Shock response generally refers to the displacement, velocity, acceleration, force,
stress or strain experienced by an item.

Split Modes - A closely spaced modes phenomenon where, for example, a normal mode of the
mathematical model is divided into two modes, close in frequency with each mode containing
approximately equal portions of modal effective mass. The sum of the modal effective mass of
the two split modes is approximately equal to that of the original single normal mode. Since the
shock design values are inversely related to the modal effective mass, this artificial splitting of
a mode results in a potentially erroneous increase in shock loading to the system.

Uncombined Modes - A closely spaced modes phenomenon where similar portions of the system
are prevented from combining into a single mode.

Uni-Directional Response Analysis - Shock analysis which evaluates system respbnse in only the
direction of shock input. The model may be linear, planar or three dimensional.

2-3
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Chapter 3. DYNAMIC DESIGN ANALYSIS METHOD

A shipboard equipment or structure, when subjected to a specified shock motion, will
experience stresses and deflections in excess of those present under static conditions. The
Dynamic Design Analysis Method (DDAM), developed to supersede the static G design method,
is used to evaluate the shock capability of various shipboard equipment and structures. A static
G analysis does not constitute an alternative to a dynamic response analysis. The first step in the
evaluation process involves representing the item in question by 2 mathematical model. DDAM
models essentially reduce an equipment or structure to an equivalent mass-elastic system which
is used to design the system to sustain dynamic stresses induced by shock response motions.
The desired strength levels are specified in terms of spectral values which are frequency and
mass dependent. By setting up and solving the equations of motion of a mass-elastic system,
forces and displacements associated with each mass and structural element in the system are
determined. These forces and displacements are used to determine the stresses and/or
deflections of various components of the equipment, the foundation and the hold-down means.
These forces, stresses, or deflections are then compared with specified aliowable values to
determine the acceptability of the analyzed items from a shock standpoint.

. As part of Total Quality Management (TQM) a graphical description of the total shock
hardening design process is provided (as Figures 3-1, 3-2 and 3-3) to aid in understanding the
material contained in this report. The process description covers the analysis methodology,
evaluation considerations, applicable resources and interaction between the Navy approval
agency and the analyst’s organization.

Figure 3-1 is an overview of the process showing the relation of testing and analysis for
Grade A and Grade B equipment and their foundations. Figure 3-2 describes the process of
equipment shock qualification by DDAM and Figure 3-3 shows the procedural steps associated
with foundation shock qualification. The details of the flow charts are presented throughout the
text of this report.

In order to simplify discussion of the shock analysis procedure mentioned above, it will
be divided into five distinct, yet interrelated, phases. These five phases will be called:

(1) Problem formulation phase
(2) Mathematical modeling phase
(3) Coefficient computation phase
(4) Dynamic computation phase
(5) Evaluation phase

Each of these phases is discussed on the following pages. The analysis criteria presented
are applicable to all dynamic analyses, unless otherwise stated herein. Special considerations

3-1
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which apply to design of foundations and Grade B items are described in Chapters 4 and 5 of
this report, respectively.

When the DDAM was first implemented in the 1960’s, only manual calculation methods
or simplistic computer codes were available. The calculations were performed strictly in the
five-phase approach described above. With the advent of the powerful finite element computer
programs, the distinctions between the various phases have become less clear. For example,
current finite element programs generally permit the user to perform the coefficient computations
and dynamic computations (phases (3) and (4)) in one step. The DDAM, in conjunction with
finite eiement analysis is described throughout this report.

The limitations of the DDAM must be clearly recognized by the users of the method so
that, if necessary, they can initiate a request for approval of an alternate approach or approval
of special modeling considerations. First of all, the procedure is based on the presumption that
the equipment being analyzed can be represented as a linear, elastic system with discrete modes.
Second, except as inherent in the shock design values, damping is neglected in the DDAM
which, for most shipboard equipment, is a reasonably valid assumption since shock-induced
motions persist for only a few cycles of vibratory motion. For very low frequency systems (less
than 5 Hertz) the DDAM may not be appropriate. Finally, where closely spaced modes exist in
an analysis, DDAM may produce excessive responses. For these cases. as well as cases of non-
linear or nonm-elastic systems, appropriate modeling assumptions must be developed or a
NAVSEA approved alternate analysis method should be used to overcome the limitation.
Similarly, analyses of foundations for very light weight equipment and analyses of equipment
external to the hull will require appropriate modeling assumptions or alternate
analysis/qualification methods. The specified shock spectrum design acceleration and velocity
values are general in nature. While they have been derived from larpe scale model tests as well
as data recorded in past full ship shock tests, they make no distinction between sizes and types
of ships (e.g. cruisers, frigates, and aircraft carriers). Although DDAM defines shock design
values for various mounting locations, for a given model, DDAM assumes that the shock design
value is the same at every point where that mathematical model is attached to the fixed base.
This may not be strictly applicable for widely distributed systems. The shock design values also

~do not distinguish between the motion differences expected at various decks within a given type

of ship. Where such distinctions are expected to be critical in the evaluation of the equipment
under consideration, inclusion of portions of the ship’s structure in the analysis may be essential.
Alternate methods of analysis, if specified by the Navy, employing motion inputs measured in
a test of an identical or similar ship may be used when the general DDAM inputs are judged by
the cognizant Navy approval authority to be inapplicable to the analysis of a particularly critical
item of equipment.
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Figure 3-1  Shock Qualification Process - Overview
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3.1 Problem Formulation Phasc
r This phase involves a detailed study of the equipment or structure under consideration
]

by the analyst. The analyst must determine the shock grade of the equipment or structure, the
mounting location of the foundation, the shock design value to be used and the critical areas of
the system which may require specific modeling considerations. Forﬂwsedetmnanons,thc

following requirements apply:
i
‘;- 3.1.1 Shock Grades

. The shock grades (A and B) are defined by the contract specifications. Criteria for
i determining shock grade requirements for an item are provided below. Grade A items are
i identified as such by the ship contract specifications. The specifications also designate certain
! Grade B items and provide general criteria for determining the shock grade of items which are
| other than Grade A.

Grade A shock criteria, as defined in Chapter 2, are applicable to the items which are
required for the performance or direct and vital support of mission-essential functions aboard
L:: shock hardened ships. The following are often specified as mission-essential functions:

(1)  Ship control and propulsion

; ) Command and control

| (3)  Navigation

;_ (4)  Communications

; ®) Surface, air and underwater surveillance

(6) Countermeasures

(M  Launching, retrieving, fueling, defueling, rearming, and handling of
aircraft and small surface craft

(8)  Essential checkout and maintenance of aircraft and ordnance

(9) Fire control, firing or launching and guidance of missiles and other
weapons

(10) Stowage, handling and reloading of weapons

(11) Replenishment-at-sea (stowed configuration)

(12) Mine-hunting and sweeping

(13) Transporting and landing troops and combat payload (assault ships)

(14) Casualty and damage control

(15) Collective protection system

; Grade B shock criteria, as defined in Chapter 2, are applicable to items whose operation
is not essential to the safety of the ship or to the direct and vital support of mission-essential
i} functions identified above but which, due to either location or function, could become a hazard
] to personnel, to Grade A items or to the ship as a whole as a result of exposure to shock.
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3.1.2 Mounting Locations

All shipboard equipment and structures are, for purposes of DDAM analysis, considered
to be either hull mounted, deck mounted or shell mounted through their foundations. Shock
inputs for each of these types of mounting locations are defined in DDS 072-1. Figure 3-4
describes various mounting locations with respect to the level of shock design input that should

. be applied. Proper identification of the mounting location (See Section 4.4) is important as this

will determine the proper shock design value to use for dynamic analysis (See Section 3.1.3
below). This is particularly important in the case of major items of equipment mounted on
decks or on bulkheads above the main deck. In the context of the following discussion "main
deck"” is used to indicate the "bulkhead deck” or the uppermost deck up to which the transverse
or longitudinal watertight bulkheads and shell are carried. Major equipment items are often
directly connected to the keel through structural bulkheads or stanchions and may thus be
subjected to hull-mounted, rather than deck-mounted shock design values. The influence of the
particular ship’s structure supporting such items must therefore be carefully considered prior to
initiating the analysis. The symmetry of the ship’s structure supporting an item of equipment
maust also be considered. Severe asymmetry may cause undesirable rocking motions and uneven
structural loading. Since the shock design values are predicated on uniform translational motion
of the fixed base and rotation of the fixed base is not considered, sufficient ship structure must
be considered in the development of the mathematical model such that the location of the fixed
base conforms to that DDAM assumption.

The following definitions, used in the context of DDAM, are provided for the purpose
of determining the category of shock inputs to apply:

"Hull Mounted" shock design values are used for equipment mounted on basic hull
framing, tank tops, inner bottom, shell plating above the water-line and structural bulkheads
below the main deck (bulkhead deck). Where a structural bulkhead (grounded on the inner
bottom) ends at the Main Deck, or a deck below, an item attached to the deck at that location
shall be considered hull mounted.

"Deck Mounted™ shock design values are used for equipment mounted on decks,
platforms, non-structural bulkheads and structural bulkheads above the main deck (bulkhead
deck).

"Shell Mounted" shock design values are used for equipment mounted directly to the shell
plating below the water line.




i , NAVSEA 0908-LP-000-3010
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Figure 3-4 Mounting Locations for Surface Ships
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In the event that an item is mounted to two different parts of the ship, for which different
shock design values are specified, the larger shock design value shall be used for the analysis
of the item.

Where it is necessary to evaluate specific characteristics associated with the deck
structure such as load path within the ship structure or relative deflections of independent items

- mounted on the deck, the deck structure shall be included as part of the mathematical model.

Where this is done, the fixed base of the mathematical model should extend to the structural
bulkheads, stanchions, or hull framing. In these cases hull level shock inputs shall be used for
design.

The following considerations shall apply for items not mounted directly on a ship’s deck
or on the basic hull structure:

a. 3 :

by DDS 0‘72-1 hull mounted shockdwgn valuesaretobeused in the design of

foundations mounted on structural bulkheads below the bulkhead deck. For this

purpose, structural bulkheads are defined as any main transverse or longitudinal
bulkhead that carries ship’s loading and other bulkheads which, if removed,
would require the addition of a stanchion to carry these loads. These are:

(1)  Main subdivision bulkheads.

(2) Main longitudinal bulkheads.

(3) Bulkheads that replace stanchions, web frames, or any other
load-carrying members.

) Bulkheads located or constructed such that they must be considered
capable of transmitting shock loads, regardless of their function. These
would include any bulkhead below the bulkhead deck which is thicker than
1/8 inch (31.75 mm) and which attaches directly to the shell or
inner-bottom, or which is aligned with bulkheads, floors, or stanchions
which are attached to the inner-bottom.

For the design of foundations mounted on all other bulkheads below the
bulkhead deck, and structural bulkheads above the bulkhead deck, deck inputs
shall be used.

b.

analyzmg hghtwexght 1tems such as HVAC duct or plpmg systems which are
supported from upper levels, the levels may be treated as decks and deck-mounted
inputs applied. These criteria do not apply to analysis of the upper levels
themselves. See Section 4.4.2 applicable criteria.
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3.1.3 Shock Design Values

Elastic and elastic-plastic shock design values are contained in DDS 072-1. Criteria for
selection of elastic versus elastic-plastic shock design values are as follows:

a.

Elastic Shock Design Values - Elastic shock design values shall be used in cases
where it is necessary to preserve the original physical dimensions after exposure
to shock. All foundations which support rotating elements in the propulsion train
(turbines, reduction gear and propeller shafting), and foundations for other
alignment-critical components shall be designed to perform elastically.
Foundations for rotating auxiliary equipment shall be designed elastically unless
it canbe shown that plastic deformation or tilting of the equipment mounting
surface will not occur or will not result in impaired eguipment performance.
(Note that standoff chocks may often be used to eliminate prying effects resulting
from distortion of equipment mounting surfaces). Shipboard items which are
known to be alignment sensitive (for purpose of shock design) are listed below.
Omission of alignment sensitive items from this list does not relieve the
contractor of his responsibility to assure proper selection of shock design values
for all applicable items.

Main Propulsion Machinery Auxiliary Propulsion Machinery

Ship Service Generators Propulsion Shafting

Propulsion Shaft Bearings Main Propuision Reduction Gear
Propulsion Clutches Propulsion Couplings

Turbine Brake Main Thrust Bearing

Main CP Servo Pump Gyroscopic Compass

Radar Antenna Radio Antenna

Missile Directors Gun Directors

Steering Gear (Ram Unit) Steering Rudder System
Ammunition Hoists Elevators and Elevator Machinery
Sonar Transducers Catapult Machinery

Arresting Gear Missile Launchers

Guns Torpedo Tubes

Controllable Pitch Propeller

Elastic-Plastic Shock Design Values - If elastic design is not required for the

reasons stated above, elastic-plastic shock design values shall be used in cases
where design by dynamic analysis is required.

ems - In cases where deflections

- (rather than m) are cntual from a ock standpoint, deflection calculations

shall be based upon elastic design values.
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‘ . Devices - In cases where equipment
andlor foundanons are demgned to smt elast:c-plasuc, velocity limited shock
design values, shock loadings shall be redeveloped on the basis of elastic shock
design values for purposes of analysis of bolting, dowels, and similar hold-down
or locating devices if shock qualification of these items by dynamic analysis is
intended. Applicability of this criterion shall be limited, however, to hold-down
or locating devices which are directly attached to the shipboard foundation.
Hold-down or locating devices which are not at the equipment/foundation
interface shall be designed to suit the same criteria that. apply to other structural
clements of the equipment in question.

3.1.4 (Critical Areas

The critical areas of an equipment or structure are defined as those areas or components
which are most likely to exceed failure criteria under shock loading. For purposes of these
requirements, “failures” in a Grade A system are those which could cause functional impairment
of the system. "Failures” in a Grade B system are those which will constitute a hazard as
defined for Grade B items in the applicable contract specifications. The analyst shall construct
the model so that necessary information (stresses, deflections) can be obtained for these critical
areas. Typical critical areas of investigation for major systems normally required by the
shipbuilding specifications to be designed by DDAM are contained in the SUPSHIP Brookiyn
guidance manuals referred to in Section 3.6.1. The systems include: the rudder and rudder
stock, main propulsion shafting system (excluding propeller), masts, and main reduction gear.

The intent of these SUPSHIP Brooklyn manuals is to provide the analyst with guidance
- in modeling and dynamically analyzing a specific system or equipment. Besides critical areas
of investigation, the aforementioned manuals also contain information on basic assumptions used
in modeling, frequency caiculations for modeling purposes, sample mathematical models, and
mass lumping procedures. For features of components not specifically treated by the
aforementioned guidance manuals, the analyst should rely on the following means to determine
which areas of an equipment or structure shall be considered critical:

(a) Frequency calculations

(b) Previous analyses

(¢) Damage history

(d) Shock test information for similar equipment

In relation to the four factors listed above, engineering judgement must be used. For

example, under vertical shock loading high stresses would be expected in an equipment’s
foundation. High stress would also be expected in bolting between an upper and lower housing.

3-11




NAVSEA 0908-LP-000-3010
Rev. 1

Fixed base natural frequency calculations of individual system components are useful in
determining regions which should be explicitly modeled. It is known that relatively low
frequency items are likely to undergo relatively large displacements under shock. Therefore, low
frequency structural components should be included in the mathematical model.

Previous analyses of similar equipment, damage history, and shock test information for
similar equipment may provide useful information concerning critical areas.

3.2  Mathematical Modeling Phase

The mathematical modeling phase consists of constructing a system of masses and
structural elements (beams, springs, plates, etc.) to represent the significant dynamic
characteristics of the system under consideration. In the case of a reduction gear, for example,
the system under consideration will include the reduction gear, its foundation, a portion of the
line shafting, connections to the turbines and any other piece of attached equipment which will
affect the response of the gear under shock loading. A separate dynamic analysis shall be
performed for each principal direction of shock loading (e.g. vertical, athwartship, and fore and
aft), and the shock resistance of the item to each direction of loading shall be evaluated
separately. For uni-directional response analyses a separate mathematical model is required for
each of the three directions of shock input. If a Multi-Directional Response (MDR) analysis is
performed, a single mathematical model may suffice for analysis in each of the three directions
of input. An MDR analysis is required where the structure or equipment is such that an input
motion in a specified direction produces significant responses in other directions. Examples of
such structures are: _

(a) Flexible structure subject to whipping (e.g. masts)
(b) Structures oriented in directions oblique to the ships axes (e.g. radar arrays)
(c) Structures with large unbalanced masses (e.g. air conditioning plants)

To simplify discussion of the mathematical modeling phase, the following major steps
will be considered separately:

(1) Basic modeling assumptions
(2) Frequency calculations

(3) Mass lumping

(4) Mass locations

(5) Designation of structural model
(6) Special modeling criteria

3-12
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3.2.1 Basic Modeling Assumptions

Basic modeling assumptions must be formulated to permit reduction of a real structure
to a simplified linear system of lumped masses and elastic structural elements. For certain major
items required by contract specxﬁcauons to be dynamically analyzed, the SUPSHIP Brooklyn
guidance manuals referenced in Section 3.6.1 of this chapter describe typical bas:c assumpuans
for specific items.

a. Sclection of the Fixed Basc -A fundamental assumption necessary in the application
of DDAM is the selection of the fixed base. A fixed base acts as a rigid stationary
boundary in the direction of shock motion through which the shock motion is transmitted
to the mounted equipment or structure. Inherent in the selection process is the
determination of important characteristics of the fixed base. The fixed base is assumed
to be at the interface of the system foundation and the basic ship structure. Section 3.1.2
describes the character of the fixed base at different shipboard mounting locations.
Proper selection of the fixed base for a system, whether hull or deck mounted, also
defines the proper choice of shock design values to be applied. It is necessary for the
mathematical model to reflect local flexibilities of the interface which can affect the
system response. For example, if rocking of the supporting ship structure is 2 dominant
response characteristic for the system, the mathematical model should include this feature
of the interface.

3.2.2 Frequency Calculations

As stated in Section 3.1.4, fixed base natural frequency calculations are used to determine
those components which may be critical. These components may require a separate mass or
masses to properly model them. The cut-off frequency is defined as the frequency of the highest
mode of vibration to be considered in the dynamic analysis corresponding to conditions specified
in Section 3.5.3. Those components whose frequency (which may be approximated by the fixed
base frequency) falls below the cut-off frequency of the system shall be modeled.

3.2.3 Mass Lumping

Having determined critical areas and frequency values, the analyst can now proceed to
model the equipment or structure. To aid the analyst in this task, the following guidelines are
given:

a. The model should be as simple as possible. The analyst should strive for the
simplest model which yields all the information required for a complete analysis of the

equipment or structure.
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' : i , gether. The analyst is justified in
combmmg adjacent hlgh frequmcy (frequencnes above the cut-off frequency) components
into one mass. This justification is based upon the fact that adjacent high frequency
components tend to move as 2 single rigid mass under shock loading, and so may be

analyzed as a unit. Some high frequency components, however, may require separate
modeling. This may be the case where it is required to know the relative dcﬂecuon

between two components of the system.

_ : 1 asses. A critical
wmponmtwhoseﬁequencymbelowcut—offﬁequencyshaﬂberepresmmdbyoneor
more masses in the mathematical model. Non-critical low frequency components shall
be represented by one or more masses if the weight of the component is such that it will
significantly influence the shock response of a critical part of the system. To illustrate
this situation the analyst is referred to the main reduction gear guidance manual referred
to in Section 3.6.1. In this manual it can be seen that in modeling the main reduction
gear for vertical and athwartship shock loading, the relatively low frequency line shafting
adjacent to the gear is represented. Even though the shafting is not required to be stress
analyzed with the reduction gear, its effect on the critical bull gear bearing requires that
it be included in the gear model. The number of masses needed to model a component
depends on fixed base natural frequency and the distribution of the component mass. For
example, if the second mode fixed base frequency of a component is below the system
cut-off frequency, then at least two miasses are required to adequately model it.

To illustrate this point, assume that the simply supported shaft shown in Figure
3-5 is a part of an equipment which has an estimated cut-off frequency of 200 Hertz.
Assume the shaft weight between supports is W = 19,776 Ibs (87.97 kN) and that the
length between supports is L = 192 inches (4.88 m).

192° 4.88 m>
e o

L L L i L LA
VAAS LI LIS LTSS TL IS IS SIS IS IS

21.5* <0.546 m):r

5.0° <0.127 wa

Figure 3-5 Simply Supported Shaft
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The shaft shown in Figure 3-5 may be represented schematically as shown in Figure 3-6.

w = 103.0 tb/in (18140 N/m>

UL %% 2o anor

= 10,485 in* (4.35 x 10° m*)
2 =
le——192.0° 4.877 m)—=

386 in/sec? (9.81 m/s?)
Figure 3-6 Schematic Representation of Simply Supported Shaft

103 Ibs/in (18,040 N/m)

Using the natural frequency equation (which reflects the consistent mass nature
of the beam) for a simply supported beam with a uniformly distributed weight to
determine the fixed base frequency of this component:

f- B |ELE | 23096 B
wlL*

Where B = 1.571 for the first mode, B = 6.283 for the second mode and B =
14.137 for the third mode frequency, the following results are obtained:

f, = 45.49 cps
f, = 181.96 cps
f; = 409.4 cps

Therefore, the shaft shown above is required to be modeled with two or more
masses so that the effect of two significant modes of response on the equipment can be
adequately evaluated.

i ed in the model. Small shock testable items that
are a part of a larger eqmpment shall be shock tested rather than being separately
analyzed as part of the equipment DDAM. This applies to such items as tachometers,
gauges and motors. The NAVSEA policy to test such items avoids the uncertainties
involved in analyzing small mechanical components. Whether they are represented by
a single mass or lumped into adjacent masses, shock tested items must be included if they
are a part of the system under consideration. However, items which have been shock
qualified should be stress analyzed only to the extent of determining the adequacy of their
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hold-down means unless these fasteners have also been previously qualified by shock
testing of the items. For example, a turning gear motor which has been shock tested and
found acceptable requires analysis to determine the adequacy of its hold-down means but
| does not require analysis of its internal parts (e.g. armature, brushes, etc.). Analysis
should be limited to the structural portions of the equipment under consideration. For
g; wmpletmss,memmhe:mﬁcalmodelreponshaﬂwnmininformaﬁmonﬂlemtusof
the MIL-S-901 testing of any components. If testing has been completed, references to
i the test report and approval documentation shall be provided. If testing is to be done in
the future, planned test schedules shall be indicated.

I, o

3.2.4 Mass Locations

i

|

[ The concentrated masses having been determined, the analyst must then proceed to
properly place them in relation to a fixed origin (the analyst should choose any origin convenient
[;. to the system under consideration).

i The masses of high frequency components are added and considered to be a single mass
iﬁ located at a node. Center of gravity calculations locate each lumped mass relative to the origin
| of the coordinate system. This is done by determining the mass center of gravity of each
] component making up the mass point and locating the component’s position along a principal
i axis relative to the origin. For example, to locate the X-coordinate of a mass point relative to
the origin, the following formula is used:

! S Wx
1- 35

‘i where,
;ﬂ X = distance between mass point and origin as measured along the X-axis
W = weight of individual component contained in the lumped mass.

x = distance between the origin and the center of gravity of the
individual component as measured along the X-axis.

! The same procedure is used to determine the Y- and Z-coordinates of a mass point. The
| overall center of gravity of the model should match the center of gravity of the actual item.

i
|
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3.2.5 Designation of Structural Model

A structural model (linear, elastic, mathematical description) of an item can be a finite
element description of the item or a mass-spring, lumped parameter representation. The
structural model describes the item in terms of physical characteristics which when combined
with the concentrated masses will produce dynamic characteristics representative of the
equipment or system under investigation. All material properties used in generating the
mathematical model shall be values at the expected operating temperature of the item.

3.2.6. Special Modeling Criteria

During the modeling, coefficient computation and dynamic computation phases, resilient
mounts shall be assumed to be rigid in translation (in the direction of application of shock
motion only) unless it can be shown that the mounts will remain linear and elastic during shock
excursions. The effects of overturning characteristics of a resiliently mounted system shall be
considered in determining the degree and extent to which the mount flexibility will be included
in the mathematical model. Regardless of the representation of the mounts in the mathematical
model, the actual mount physical characteristics shall be considered during the evaluation phase.
It is noted that shock isolation or protection devices shall not be used in foundation systems
without approval of NAVSEA.

For equipment with attached external piping which is not separately modeled, the analyst
shall include the weight of five feet of this piping (including fluid) as mass ‘'when modeling the
equipment.

Where an item is modeled as a lumped mass with rigid links, the equipment model should
not provide constraint to the support structure.

Where foundations are grounded on deep frames, inner bottom structure, built-in tanks,
or similar structure above the shell plating, this local structural flexibility may be included (but
is not required) in the mathematical model. Incorporation of this structure in the model may
serve to reduce the calculated shock response.

3.3  Coefficient Computation Phase

Having developed a mass-spring or finite element representation (structural model) of
the equipment or structure under consideration, the analyst must then determine how this model
reacts to a pre-determined shock design value (DDS 072-1). In order to determine this reaction,
evaluation of the dynamic equations of motion are required.

[M]{X} +[CI{X} +[K]{X} = {P®}
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Solution of the equations of motion requires the formulation of the associated coefficient
matrices. Damping is not considered in the DDAM and therefore the damping coefficient matrix,
[C], is assumed to be null. The mass coefficient matrix [M] (called the mass matrix) is the
matrix of elements m;; where:

m; =  Force corresponding to coordinate i due to a unit
acceleration at coordinate j only.
The stiffness coefficient matrix, [K] is the matrix of elements k;; where:
k; = Force corresponding to coordinate i due to a unit

displacement of coordinate j (and no other coordinate
displacements are permitted)

i

Displacement, velocity and acceleration respectively of a
nodal degree of freedom.

X,}.{and)-{

P = Externally applied forcing function

The inverse relation of the stiffness matrix is called the flexibility matrix [A] and is a
matrix of elements 3;; where:

0;; = deflection of coordinate i due to a unit load applied to
coordinate j.

Methods of determining these matrices can be found in standard structural dynamics
textbooks.

3.3.1 Mass Matrices

The mass coefficient matrix can be determined by either the lumped mass or the
consistent mass formulation. In the lumped mass method the mass properties of a component or
model element are typically associated only with the translational degrees of freedom at the
nodes of that element. However, this does not preclude the use of rotational inertia where
desired. The simplest procedure for defining the lumped mass properties of any structure is to
assume that the nearby distributed mass is concentrated at the nodes where translational
displacements are defined. The usual procedure for defining the magnitude of mass to be located
at each node is to assume that the structure is divided into regions or elements with nodes
serving as connection points. The mass of each element is assumed to be concentrated as point
masses at its node points. The distribution of the element mass to the node points is determined
by geometric relations. The total mass concentrated at any node point is the sum of all the nodal
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contributions of the elements attached to that node. For the lumped parameter system the mass
matrix has a diagonal form.

A consistent mass matrix is defined using a consistent shape function for both the
potential and kinetic energies. Unlike the lumped mass matrix, the consistent mass matrix
includes off-diagonal coefficients that couple related degrees of freedom.

The dynamic analysis of a consistent mass system generally requires considerably more
computational effort than a lumped mass system does, for the following reasons:

(1) The lumped mass matrix is diagonal while the consistent mass matrix has many
off-diagonal terms (leading to what is called mass coupling).

(2) Unmassed degrees of freedom can be eliminated from a lumped mass analysis by
static condensation, whereas all rotational and translational degrees of freedom
must be included in a consistent mass analysis.

As the lumped mass model is refined, the influence of the missing off-diagonal terms will
diminish and the calculated response will converge to that of the consistent mass model.

3.4 Dynamic Computation Phase

The dynamic computation phase usually involves placing the pertinent data developed in
the previous phases into a suitable computer program in order to obtain the modal characteristics
present in the system. Many computer programs which perform the computations associated
with the Dynamic Design Analysis Method are available or are developed external to
commercially available general purpose structures programs. A sample computation for
extracting characteristic values (frequencies and mode shapes) is shown for a three degree of
freedom system in Appendix A.

3.4.1 Modal Analysis

The dynamic analysis of a mathematical model representation of a system or structure
initially involves the definition of the modal (frequency) equations of motion for that system.
The undamped free-vibration, modal equations of motion for a multi-degree of freedom system
in matrix notation become:

-@? [M)(®), + [K)i®}, = {0}
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Solution of the equations (the eigenvalue problem) produces natural frequencies w, and
mode shapes {®},

Number of dégrees of freedom within the mathematical model

N ==
™M = Mass matrix of the system
{8}, = Mode Shape for the a® mode

For the purpose of the following discussions an influence coefficient vector {r} is defined
wrepmtdisphoemmmofalldegrwsofﬁudommm@gﬁomaumwppoanm.

_ The influence coefficient vector {r} has the following characteristics:

(@  For a uni-directional response analysis, {r} is a column of ones.

() For a multi-directional response anaiysis in which the orientation of ship input
motion coincides with the orthogonal axis of the model, {r} is a column of ones
and zeros.

©) For a multi-directional response analysis in which the orientation of the input
motion is arbitrary with respect to an orthogonal axis of the model, {r} is a
column of direction cosines and zeros.

Given the above characteristics (i.e. N, [M], w, and {®&},) the following quantities are
determined for each mode and each direction of motion:

M, - &) [M]i®}, Generalized mass of the a® mode.
M- i @i M. Where &,, is the a‘f‘ mode shape for a lumped mass system
y ~ ! represented by a diagonal mass matrix
_ @[ M](r Participation factor for the a® mode
’ M,

N o M.r,

P = Yy = Participation factor for a lumped mass system represented
=<1 M, by a diagonal mass matrix
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M, - P! M, Modal effective mass for the a® mode
{Fi, = D,P, [M|{d}, Nodal forces for the a* mode
Al, = D P, P}, Nodal accelerations for the a® mode

D, is the design acceleration of the a® mode and is equal to the lesser of Vw, or Ag as
obtained from DDS 072-1 (See Section 3.5.2)

3.4.2 Dynamic Reduction Techniques

The number of dynamic degrees of freedoms used in DDAM mathematical models has
increased dramatically over the years since DDAM was first introduced. As a consequence of
this increase in model complexity, reliance on matrix reduction techniques has also increased.
Matrix reduction techniques allow the use of a large number of static degrees of freedom while
reducing the number of dynamic degrees of freedom to a fraction of the static.

There is an inherent risk in using dynamic reduction techniques as a means of simplifying
complicated models. Reduction techniques attempt to convert extremely detailed models into
smaller models for computational efficiency. However, these reduced models are difficult to
review in detail and they may not satisfy all the requirements of Chapter 3. It is preferable to
rely on engineering judgement rather than an automatic selection process available in various
dynamic reduction techniques as a means of creating simplified structural models. Certain
criteria must be met where dynamic reduction is used. Consider the following procedure as a
minimum verification of the adequacy of any reduction technique considered within the DDAM:

Assume that the original dynamic system, with N degrees of freedom, has mass matrix
[M] and stiffness matrix [K]. By any reduction method this system is reduced to a system with
mass matrix [M*] and stiffness matrix [K*] with N* master degrees of freedom. This reduced
dynamic system is then solved for:

NOM = Reduced number of modes
{7} = Mode shapes of reduced set
W = Natural frequencies of the reduced set

Transform back to the original system and obtain each mode shape {&®} in the original degrees
of freedom.
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| Determine whether these mode shapes, obtained by the back transformation process, are
1 orthogonal with respect to the original mass and stiffness matrices.

il -—

[T [M] [&] =
1 [ [K] [#] = [K]
K] M]* = 7]

where [$] = A mode shape matrix with the number of columns equal to the number of
degrees of freedom and the number of rows equal to the number of
modes

[M] =  Generalized mass matrix

K]

[«7]

AdmgonaIwathﬂxedlagonalequaltothesquarednamml
frequencies of the original system

As a check, [K] and [M] should be diagonal matrices and hence the mode shapes are
orthogonal with respect to the mass and stiffness matrix. «* should be the same as « and the
modal masses should add up to the total modal effective weight of the system. For lumped
parameter systems:

N
(S 0uM]
Yy AL 7 = Total Modal Effective Weight

a=1 N 2
YL M,

i=1

At least three general approaches have been used effectively to reduce the number of
dynamic degrees of freedom:

(1) Kinematic Condensation (Guyan Reduction)
(2) Generalized Dynamic Reduction (Rayleigh-Ritz)
(3) Component Mode Synthesis (Sub-structuring)
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Kinematic Condensation is based on the assumption that inertia forces are associated with
only certain selected degrees of freedom of the original idealization. The remaining degrees of
freedom are not explicitly involved in the dynamic analysis and can be condensed from the
dynamic matrix. In the Generalized Dynamic Reduction approach, the number of dynamic
degrees of freedom are limited by assuming that the displacements of the structure are combined
in selected patterns, the amplitudes of which become generalized coordinates of the dynamic

- analysis. Component Mode Synthesis reduces the problem by dividing the solution into a series

of substructures, solving the reduced substructure and combining the substructure analyses into
a single reduced analysis.

When considering the number of master degrees of freedom, the following should be
used as guidance:

(@  The model should be kept as simple as possible.

(b)  High frequency components should be considered as acting together.

(©) Low frequency critical components shall be represented as separate degrees of
freedom.

(d) The number of master degrees of freedom selected should be at least two to three
times the number of modes of interest. '

(¢) Include master degrees of freedom at locations having relatively large mass
and/or rotary inertia.

@ Master degrees of freedom should not be defined where the structure has an
insignificant mass.

(8) Retain a uniform spatial distribution, such that the center of gravity of the master
degrees of freedom closely represents that of the system modeled.

(h)  Retain critical items as master degrees of freedom.

3.5  Evaluation Phase

The evaluation phase of DDAM is essentially one of determining the stresses and
deflections in the equipment, structure and/or foundation and comparing them to specified failure
criteria established by material and operational considerations. Having obtained the deflections
of and forces on the masses of the mathematical model, the analyst may then proceed with the
analysis of the equipment. The analysis at this point becomes a static analysis, i.e. within each
mode the system is in equilibrium. Presented below are requirements for:
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(1) Modal assessment

(2) Shock Design Values to apply

(3) The number of modes to use

(4) Combining stresses within each mode
(5) Summing stresses across the modes

(6) Combining operating and shock stresses
(7) Response assessment

3.5.1 Modal Assessment -

The mathematical model used to define the equipment, system or structure is the
fundamental tool by which satisfactory shock performance can be demonstrated by analysis. A
modal analysis of the system generates dynamic response characteristics (frequencies and mode
shapes). ' The results of this analysis should be examined for credibility before proceeding with
subsequent steps in the design process. The results of the analysis should demonstrate that the
basic requirements of DDAM are satisfied and that the model does not produce conditions that
exceed the limitations of DDAM. The following are potential conditions wherein the
requirements or limitations of DDAM may be exceeded:

(@) very low frequency systems (less than 5 Hz)
(b) closely spaced modes

The analyst should not continue with the analysis until the conditions which do not agree
with the basic DDAM assumptions are resolved or specifically approved by the cognizant Navy
acceptance authority.

One of the critical areas where the results of an analysis could exceed the limitations of
the basic DDAM assumptions is the existence of closely spaced modes. Closely spaced modes
are defined as two modes whose frequencies are within 10% of the common mean frequency.
Closely spaced modes can become a problem when their modal effective masses are significant
and are approximately of the same order of magnitude. Closely spaced modes will frequently
occur in a dynamic analysis without resulting in any notable amplification of the component
responses. These cases are generally associated with modes which have relatively low modal
effective mass.

When closely spaced modes involve modes with large modal masses, they can produce
significant responses which indicate a shock hazard to the equipment. Therefore, some
preliminary assessment must be conducted to determine whether closely spaced modes that have
been identified will have any significant effect on the design loading.

The following outline describes the basic approach for the treatment of closely spaced
modes:
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Prepare a bar graph of modal effective mass versus modal frequency. This graph
provides an overview of the system dynamic response and permits early
identification of closely spaced modes.

Identify closely spaced modes which are defined as modes which are separated
by less than 10% of the common mean frequency. Potentially hazardous closely
spaced modes are usually two or more modes close in frequency, each with
significant modal mass of relatively significant magnitude. Selection criteria of
Section 3.5.3 can be used to identify modes that are likely to be significant.

Compare the mode shape (shape function times the participation factor) of the
closely spaced modes suspected of being potentially damaging. The comparison
should be conducted for each node point. An indication of a potentially hazardous
closely spaced mode condition exists where the maximum response of similar
magnitude and opposite sign occurs for the two closely spaced modes. This is
indicative of a split modes phenomenon. Under these conditions it is concluded
that either the model is incorrect or the design of a local component will result
in an apparent resonance and should be detuned. Another indication of potentially
hazardous closely spaced modes condition exists when the modal masses of each
of the apparent closely spaced modes is contained in distinctly different sets of
degrees of freedom. This is indicative of an uncombined mode phenomenon.
Uncombined modes may occur for either of two reasons: each portion may have
been modeled with independently fixed bases and are too lightly coupled, or, one
of the portions may have been modeled so as to become a split mode. Under
these conditions it is concluded that the fixed base may be inappropriately
selected. An acceptable change would be to extend the boundries of the
mathematical model so that it includes more of the supporting ship structure.

Show the extent of detuning necessary to eliminate the split mode condition.
Similarly, where uncombined modes exist, the analysis should show what quasi
fixed base is needed to eliminate this condition.

Determine if damaging effects of closely spaced modes cannot be eliminated by
remodeling or redesigning (detuning). If this cannot be done, the analyst should
request Navy approval of application of an alternate techniques such as the
methods described in the remainder of this section. Section 3.5.7 discusses the
ASM and the CSM techniques used to evaluate closely spaced modes. Sections
3.5.7 and 7.2.2.8 discuss the ASM analysis submittal and approval requirements
with regard to supplementary information to be supplied in the corrective action
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3.5.2 Shock Design Values to Apply

As noted in Chapter 2, the shock design values to apply when performing a DDAM
analysxs are contained in Design Data Sheet DDS 072-1 (Confidential). The shock design values
are given in the form of frequency-dependent and modal weight-dependent equations of pseudo-
velocity or acceleration.

The shock design values were derived from data recorded in full ship shock tests. The
data were first converted into conventional response spectra and discrete points were extracted
from the spectra at the known fixed-base natural frequencies of equipment (for which the modal
masses had been calculated) mounted aboard the ships. In this way, a series of tests were used
togenerateﬂledwignshockspectncontainedinDDS 072-1. At the fixed based natural
frequencies, the various items of equipment tend to act as vibration absorbers and suppress to
some degree the motions of the basic ship structure. It is these fixed-base natura! frequencies
which give rise to the major equipment and foundation responses to shock. Because the test
shock spectra tend to show minima at these fixed-base frequencies rather than peaks, the phrase
"spectrum dip effect” is often used to describe the derivation of the design shock spectra. For
more information on the derivations of the design values, see the reports cited in Section 3.6.2.

Although the DDAM shock design values are to be applied in each of the three
translational directions (vertical, athwartship, and fore/aft) separately, responses may be
calculated in all three directions (multi-directional response analysis). For cases in which the
eqmpmentorfoundanonspnncxpalaxesdonotcmnade even approximately, with the
directions of shock design values defined in DDS 072-1, special combinations of the shock
design values may be appropriate. See Appendix D for discussion of oblique shock design
values.

While the DDS 072-1 shock design values have been derived from test data on steel
hulls, the inputs are also considered to be the best availabie data for analyses of equipment on
wood and glass reinforced plastic (GRP) hulls. However, special design criteria must be applied
in these cases. While it is usua'’v not considered necessary to check the stresses in basic ship
structure for steel hulls, such c:iculations are necessary for wood and GRP hulls. Special
attention must be paid to the strength of interface connections, such as bolted connections
between steel foundations and non-metallic hull structure. The wood frames must be checked
for continuity to ensure that local failure of the ship structure under the loads transrmtted by the
bolts will not occur.

3.5.3 Number of Modes to Use

~ The number of modes to be calculated prior to the selection process shall be sufficient
to satisfy the modal weight requirement listed below and the additional modes likely to
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contribute to the localized high responses. See Figure 3-7 for an overview description of the
mode selection process.

A cut-off frequency may be selected in the mode calculation phase of the analysis which
is sufficiently high to guarantee the selection requirements are complete. This cut-off frequency -
is to be consistent with the frequency of the system, and the level of refinement of the
mathematical model used to represent it. Nominally, 250 Hz may be taken as an upper bound
on the frequencies of interest. Frequencies beyond this level are, for most equipment items
aboard ship, of lesser importance in a shock environment in which the ship structure filters the
input motions. Alternatively, a number of modes may be selected in the mode calculation phase
of the analysis which is sufficiently high to guarantee the selection requirements are satisfied.
Iterations may be required if the number of modes to be extracted is specified too low to
guarantee compliance with the selection requirements.

The calculated modes shall be sorted by modal effective weight, in descending order,
prior to the mode selection process. The number of modes considered shall be sufficient so that
their total modal effective weights shall not be less than 80% of the total weight of the system.

In this sorting process it is useful to construct a graph of the modal effective weight
versus frequency. The graph will provide an overview of the system modal responses and will
provide early identification of the existence of closely spaced modes. See Section 3.5.7 for
further discussion of closely spaced modes.

All calculated modes contributing a modal effective weight in excess of a minimum
percent of the total weight of the system analyzed shall be included in the selection. The value
of the minimum percent of the total weight of the system shall be the greater of one percent or
twenty divided by the number of dynamic degrees of freedom (NDOF) in the model expressed
as a percent. The value 20/NDOF, expressed as a percent of the total weight, is intended to
exclude the least massive modes of small dynamic systems. However, for a two degree of
freedom model both modes are to be considered regardless of this minimum percent of total
weight criteria. Similarly, for a three degree of freedom model, at least two modes must be
used. When a system consists of a series of repeated cells or modules, the minimum percent of
total system weight criterion shall be based on the weight of a single cell or module, not the
total weight of the system. This will reduce the chance of omitting a mode which is primarily
responsible for the movement of a given cell.

All additional modes of systems with modal effective weights less than the minimum
percent of the total weight of the system which are deemed likely to produce critical stresses
within the model are to be included in the selection. Specifically, relatively light weight sub-
components may derive a significant portion of their localized response to shock from a
seemingly insignificant mode. Examples of such critical areas include antennas on yardarms,
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control panels and gages. The additional modes to be included shall be those in which the nodal
acceleration exceeds 10% of the maximum nodal acceleration (of a corresponding node) from
any previously selected mode. Only the responses of those nodes representing critical areas or
components need be considered. Alternative mode selection criteria may be used if approved by
NAVSEA.

3.5.4 Calculating Stresses Within Each Mode

The following stress formula shall be used in each mode to determine the maximum
modal stress. The NRL summation procedure outlined in Section 3.5.5 is then applied to obtain
a total shock stress summed across the modes.

The Von Mises Theory of Failure is used to determine the modal stress ¢, in a structural

member subjected to both normal and shear stresses. Modal stresses may require modification
before summing across the modes. See Sections 6.3.2 and 6.4. The formulas are as follows:

For the uni-directional case the modal stress o, for the a® mode is given by

o, = ,/ Olom * 37 ear

Wwhere 0, is the total normal stress produced by axial and bending loads and 7, is the total
shear stress produced by either shearing or torsional loads.

For two-dimensional analysis;

- 2 2 2
o, = ,/a, - 0,0, + 0y + 37y

where o, is the normal stress in the x direction of the element coordinate system, o, is the
normal stress in the y direction of the element coordinate system and 7,, is the shear stress.

For the three-dimensional case,

) 7 2 2 2 2
o, = \/a, +0y +0; - 0,0, -0,0, -0,0, +3(ry + 7y + T

where o,, o, and o, are the normal stresses in the x, y and z directions and 7, 7,, and 7,, are
the shear stresses.
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Consider an element of a mathematical model of a multi-degree of freedom system that
has the following stresses in a particular mode of response:

o,= 20. ksi ( 137.9 x 10° N/m?)
,=-15.  ksi (-103.4 x 10° N/m?%)
7= 10.4 ksi (  71.7 x 10° N/m?)

The combined shock stress for this element is:

V202 - (-15)(20) + (-15)2 + 3(10.4)°
35.3 ksi

Q
i

W

106/137.92 -(-103.4) (137.9) +(-103.4)2+3(71.7)?
243 .7 x 10° N m?

-

The following NRL Sum formula developed by the Naval Research Laboratory shall be
used when calculating the total shock stress or total relative deflection at point i:

N
R, = |R,|+ \J(’;Rizb] - R}

where R;, is the value of the largest modal stress or deflection (for all the modes selected) at the
point i and Ry, represents each member of the complete set of stress or deflection contributions
at the same point under consideration. Unless the stresses or deflections under consideration are
directly proportional to the forces, this formula is never to be used to combine modal forces on
a mass(es) where these resultant forces are then used to calculate stresses or deflections.
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Example: Suppose the following modal stresses were calculated for a point on an
element of a two dimensional model (Note: The combined stress in each mode is determined
as described in paragraph 3.5.4.):

ode Number [\ o, T c,
a ksi (x10° N/m?) | ksi (x108 N/m?) | ksi (x10° N/m?) | ksi (x10° N/m?)
1 10. ( 68.95)| 3.59475) | 1.32(9.1) 9.1 ( 62.74)
2 20. (137.89) | -15.0 (-103.42) | 104 (71.7) | 353 243.7)
3 3.0( 2038) | 20 (13.79)| 1.63(11.24) | 3.9 (26.89)
4 12( 827 | -02 (138 | 2030399 | 3.8(262
5 82(5654)| 10 68 | 1920320 | 84(57.9 |

Then R, = 35.3 ksi (243.7 x 10° N/m?) and the formula is applied as follows:

}{‘_ =

= 35.3+13.5 =

35.3] + y9.12+35.32 +3.92 + 3. 82 + 8. 42
48.8 ksi

-35.32

336 .97x 10 N/ o?

1243 . 7(106) | + 108 62,72 + 243. 72 + 26. 897 + 26. 22 + 57. 92 -243. 17
105(243.7 + 93.27) =

Therefore the value of the total shock stress summed across the five modes is oo =
48.8 ksi (336.97 x 10° N/m?).

3.5.6 Combining Operating and Shock Stresses (Total Stresses)

In order to compare the stresses produced by shock loading to a specified failure
criterion, the analyst shall combine the Von Mises stresses derived by dynamic analysis with the
continuous Von Mises operating stresses present in the area under consideration. Continuous
operating stresses are defined as those stresses, present in the system due to the system’s
operating characteristics (e.g. rotating elements, steam pressure, etc), which will not be relieved
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by minor yielding. An example of a continuous operating stress is that which is produced by
the torsional effect of a rotating element. Non-continuous operating stresses, such as thermal
stresses, shall be ignored. Gravity loads need not be considered. Bolt pre-load tensile stress
shall not be added to shock stress.

For dynamic analysis purposes, the total stress shall be the combination of the shock

. stress summed across the modes by the NRL method described in Section 3.5.5 and tne

continuous operating stress. The total stress at a point shall be calculated by the following
formula:

Crar = |Ostock| * |0 oper]

The total Stress, o,,, i compared to the allowable stress of the material to determine
whether failure will occur. Allowable shock stress criteria are contained in Chapter 6 of this

report.
As an example of the method used to combine operating stresses at right angles to each

other, assume a 20,000 HP (14.91 MW) shaft in an equipment is rotating at 2,000 RPM (209.3
rad/s) {continuous operating load). This rotation yields a continuous operating torque of:

33, 000 (HP) 12
2w (RPM)

33, 000 (20, 000) 12
2(3.14) (2, 000)

630 . 57 inch -Kips

The maximum torsional stress on the shaft surface is

Td

Tor = 27

Assume the shaft diameter d = 7 inches (177.8 mm) and the shaft cross section polar moment
of inertia J = 236 in* (9.82 x 10° m*). Then

r, = 633(-253'2)7 - 9.35 ksi (64.4 x 105 MPa)
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This operating torsional stress is now added to the operating axial stress at the point of
maximum stress. Assume the axial operating stress to be 34,700 psi (239.25 x 10° MPa) in
compression, The total operating stress is:

z )
O oper = ‘/am + 37m

Therefore the total operating stress is:

o = 34.7% +3(9.34)2 38. 3 ksi

aper

1l

I

(0 = 109V239.25% +3(64.4)2 = 264 x 10° MPa)

The total stress is a combination of the Von Mises shock stress and the Von Mises
operational stress. With the total operating stress of 38.3 ksi (264 x 10° MPa) and the result
shown previously (Section 3.5.5) for the shock stress, the total stress becomes;

O = 48.8 + 38.3 = 87.1 ksi

(Ouwwt = (336.97 +264.) x 106 = 600.97 x 10° MPa)
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3.5.7 Response Assessment

The basic method of determining the acceptability of a design is by DDAM using the
NRL method of combining the responses over the modes. Where the NRL method produces
responses that are within the allowable limits, the requirements of this section do not apply.
‘Where the NRL. method produces results significantly greater than the allowable failure criteria,
the analyst shall conduct further analysis of the equipment to determine if the responses can be
reduced to levels within the allowable limits. In these cases, the following three options are
available to the analyst.

a.

Redesign or Remode] - If the high responses are not caused by closely spaced

" modes, the item shall be redesigned to reduce the responses to acceptable limits.

If the overstress results from a closely spaced modes condition, the analysis
should show the extent of detuning necessary to eliminate the overstress
condition. If damaging effects of closely spaced modes cannot be eliminated by
remodeling or redesigning (detuning), the analyst should request NAVSEA
approval of application of an alternate assessment in accordance with the Closely
Spaced Modes Method (CSM) or by using the Algebraic Summation Method
(ASM). Both methods consider the effect of modal phasing. These methods can
only be presented as a supplemental calculation to the NRL summation method
of Section 3.5.5, and should only be used as a cost effective alternative to
redesigning the foundation or equipment.

The Closely Spaced Modes Method - The CSM is a method for combining two
or more closely spaced modes into one mode. This method is restricted to mode
pairs which have frequencies within 10 percent of the common mean frequency,
and have amplitudes which are opposite in sign. The contributions of these closely
spaced modes are then included in the NRL sum as a single effective mode. The
method can be easily applied by using Figure 3-10 to account for the combined
effect of two modes. Refer to Section 3.5.7.1 for the details of CSM and for an
example calculation.

The Algebraic Summation Method - The ASM is an alternate method of
combining modal responses that preserves the phase relationships among the
modes. The set of modes required to be used in the ASM calculation is the same
as those selected in accordance with Section 3.5.3 for the NRL summation.
Refer to Section 3.5.7.2 for the details of ASM and for an example calculation.

Application of CSM or ASM will produce more credible results if closely spaced modes
are the primary cause of the high shock responses. If closely spac-: mode phenomena are not
the cause of the high caiculated response, then application of CSM or ASM will not have a
significant effect on the results. The phenomenon known as closely spaced modes is an artificial
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amplification of the response of a system. It occurs when the phase relationship between
individual modes with very close natural frequencies is ignored in the NRL method of summing
modal shock responses.

When the responses calculated by the ASM or CSM are significantly less than the
responses calculated by the NRL method, the ASM or CSM responses provide a technical basis
- for determining the acceptability of a design. However, ASM or CSM shouid only be used in
cases when the NRL method cannot produce a cost effective design.

NAVSEA will determine the extent to which the results of the ASM or CSM
supplementary analysis will influence the final decision to accept the lower stress values as the
shock response levels in the item. NAVSEA will decide whether or not to modify the structure
to withstand the loads associated with the NRL summation results. This decision will depend
on, among other things, the criticality of the item, the reliability of the mathematical model and
the relative impact of implementing design modifications.

Sections 3.5.7.1 and 3.5.7.2 describe the CSM and ASM, respectively, and provide
example calculations. It must be pointed out that these examples represent the peak response
at only one location and serve only to illustrate a sample calculation procedure for CSM and
ASM. In practice, the calculations must be performed at all points that are being assessed for
closely spaced modes. When performing calculations for beam elements, multiple points of the
cross-section must be checked to ensure that the most critical location is evaluated.

3.5.7.1 Closely Spaced Modes Method_

The analysis method described below provides a method for combining responses from
two closely spaced modes. The method does not eliminate the need to calculate a response
which includes all significant participating modes, but it does provide a method for calculating
the combined effect of closely spaced modes. Once this combination is determined, it may be
used in the NRL sum of responses as a single effective mode.

In a DDAM shock analysis, the normal practice is to combine the responses from
individual modes using the NRL sum. This practice does not explicitly treat either the relative
phasing of the individual modes or the effects of damping.

For finite element models which have significant responses in modes which are close in
frequency and for which the modal responses are nearly equal in amplitude and are opposite in
sign (180 degrees out of phase), damping becomes very important in determining the combined
response. Since they are initially out of phase, these modal responses tend to cancel each other
during early portions of the response. As time passes, the frequency difference causes the
responses to shift in phase so that the magnitudes eventually add. For close frequencies, this
time will be large enough so that the combined amplitude can be significantly reduced by the
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effects of damping. See Figures 3-8 and 3-9 for examples of the superposition of two modes
with and without damping.

The associated amplitude reductions are most significant where the responses of the
closely spaced pair of modes are about equal in amplitude. Section 3.5.7.1.1 provides an
explicit, closed-form method for determining the reduction that can be achieved, as well as
alternate numerical and graphical methods for determining the amplitude reduction.

. The treatment given below and associated derivations assume that the phasing is that
associated with a velocity step input. The justification for the method, however, is based on
comparison of analysis to full scale ship shock test data. Therefore, no restriction relative to
step velocity is included in the method. However, the method is limited to closely spaced
modes, which are defined here as having frequencies within 10 percent of the common mean
frequency of the modes considered.
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Figure 3-8 Combined Response of Two Undamped, Closely Spaced Modes

Damping has been set at 2 percent of critical as a lower bound estimate of the damping
normally associated with the shock response of welded structures.
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Figure 3-9 Combined Response of Two Damped (2%), Closely Spaced Modes

3.5.7.1.1 Analysis Methods - This section presents the closed form, numerical and graphical
procedures for evaluating closely spaced modes using CSM. The closed form may be
slightly more conservative because it is based on determining the peak of the envelope rather
than the peak of the superposed values. The numerical procedure, while more tedious,
provides an alternative method which might be (in the future) extended to a cluster of several
modes. The graphical approach is the simplest to apply, but the graph in Figure 3-10 is
strictly limited to 2 percent damping.

Damping is not associated with a particular mode because application of the procedure
to date has included only cases with uniform damping.

All three procedures require an amplitude correction from the DDAM-determined modal
values in order to account for the effect of damping during the first quarter cycle. Omission of
this correction will result in lower modal amplitudes (about a 3 percent error for 2 percent
damping).
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Modal Amplitude C .

The DDAM response spectra do not explicitly include damping. However, the values
for relative amplitude or acceleration implicitly include any damping forces which act during the
time from shock arrival to the maximum component response. For a step velocity model of the

input, this would imply damping had been acting for one quarter of a cycle when the peak
acceleration or displacement is reached. C; accounts for damping during this time.

{1)

where:

= mode algebraic amplitude from DDAM for the j® mode.

G mode algebraic amplitude for the j® mode with quarter cycle correction.
3 =  damping as fraction of critical = 0.02.

The effect of the correction is not large. For § =2 percent, C;/A;=1.032. For larger damping
values, the correction would be larger.

3.5.7.1.1.a  Closed Form Treatment

The envelope of the sum of two decaying sinusoids (modes j and k) may be written as
a function of the algebraic amplitude and damping for each sinusoid.

E(t) = e= (C +C)? -4C C,sin ¥(dr) )
where:
EYy = combined effect of two modes
G, C = mode algebraic amplitudes with quarter cycle correction.
a = &M,
d = 05 y1-82 |Q, - Q,
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Q. = average undamped natural frequency in radians per second.
3 =  damping in fraction of critical damping
t = time in seconds

The times at which this function is an extreme (a minimum or a maximum) are t = 0 and
the times given by

-1 -a(ciz +C’3) -0
.. 2C,C, Va? + d? &)
n 2d
where:
6 = tan (a/d) and 0=<¢ <s«x/2
Equation 3 has multiple solutions only if
—al(C?
s - G G) o, @)
2CC, ya? + d?

If S is greater than one, CSM cannot be used to reduce the NRL sum. If S is equal to
one, there is one solution, t;, to Equation 3 and E_,; is the greater of E(0) and E(t;). If S is less
than one, E(t) must be calculated at t=0 and at the first two positive values of t, from Equanon
3. E,., is then the greatest of the three values.

Once E_,; is determined, the modified NRL (or CSM) sum may be written:

E = ma IA'"" EM Imij,k * J E:“ + Z A: - (max IA"" Emu Im-tj,k )2 (5)

CSM msj, k

where the index m ranges from 1 to the highest mode considered, excluding the closely spaced
modes, and A, is the unsigned amplitude.
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3.5.7.1.1.b Numerical Treatment

The individual modal contribution may also be combined using the numerical procedure
described below. If the corrected mode algebraic amplitude for an individual component is G
at a natural frequency, @, in radians per second with damping, £, as a fraction of the critical
damping, the amplitude at any time may be written

D) - C et s{1-8 0, 1) ©
Thus, for two modes;

D(t) = D(t) *+ D(t) M

may be calculated to identify the maximum amplitude, Enu =D(pu-
Equation 5 may then be used to determine the CSM sum.

The accuracy of the above procedure is dependent upon the time step used in the
numerical procedure. If the time step is too large, an unconservative sampling error will result.
The time step shall be, as a minimum, 1/32 of the shorter period of the two frequencies to keep
the error in any mode due to time resolution below 2 percent. '

As a minimum, D(t) should be calculated for one half the "beat cycle” of the combined
frequencies. That is, for

0.5
< Y90
[ fefj|

3.5.7.1.1.c  Graphical Treatment

As another alternate to evaluation of the equations of Section 3.5.7.1.1.a, Figure 3-10
provides a graphical representation for the combined effect of two modes. This figure allows
determination of the combined effect of two modes without direct calculation. The ratio of the
envelope magnitude to the sum of the unsigned magnitudes of the original modes may be read
from the figure given a magnitude ratio (smaller divided by the larger) and a non-dimensional
frequency difference 2 ( fi- f) / (£ + £).
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Figure 3.10 Envelope/Sum of Components for use with Closely Spaced Modes Sum
(This figure was generated for a damping of 2% )

3.5.7.1.2 Example Problem - Assume that a DDAM analysis has resulted in the following fixed
base frequencies and modal responses of some point, P, on the structure or equipment being

analyzed.
Mode Erequency (Hz) Acceleration of P (g’
1 27 Hz 50¢g’s
2 43 7.0
3 45 -6.0
4 87 -3.0
5 91 2.0

3-41




NAVSEA 0908-LP-000-3010
Rev. 1

& = 7.0+y5.02+6.02+3.02+2.02 = 15.6¢g's

Modes 2 and 3 are close in frequency and the acceleration responses at P have the
opposite sign. The relative difference in frequency for modes 2 and 3 is calculated

2(f3'f2) - -
—f—s-T— 0. 045 4.5 %

Since the difference is less than 10 percent, one may proceed.

Note that the frequencies of modes 4 and 5 are also within 10 percent of their common
mean frequency of 89 Hz. A reduction can not be achieved by combining these modes,
however, since the modal accelerations have the same sign.

The modal amplitude correction is then applied to both modes 2 and 3. From Equation 1.
C.i = A]_ e £€/2
G

G,

7.0 022 = 7.22 g's

6.0 e"0®R/2 = -6.19 g’s

Approach 1. Closed Form Treatment (Example Problem)

For an analytical solution, the equations from Section 3.5.7.1.1.a may be evaluated
directly. First the preliminary calculations:

a = EQ, = 0.02(27)44 = 5.5292 sec -

¢ - y1e BB T gy

v1-(0.02)2 7 (45-43) = 6.2819 sec !

I
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Use Equation 4 to check that a solution exists:

s . el
2GGya? +d?

-5.5292 (7.222+(-6.19)%) - 0. 6685
2(7.22) (-6.19) 5. 5292 2+6. 2819 2

Because S is less than one, multiple solutions to Equation 3 exist. Only the first two solutions
are of interest as they are potential absolute maximums of the envelope.

Equation 3 gives the times at which the envelope of the sum of the damped sinusoids is
at a relative extreme (minimum or maximum). The first two solutions are given by the

following expressions:

1(5) - tan -l(i)

d
17 2d
sin (0. 6685 ) - tan -1(——-—5-5292
- 6.2819 | - 0.00083 sec
7 (6.2819) '

and

m-sin 1(S) - tan ! %)
N 7d

5.5292 )
6.2819 ) _ 0.1343 sec

- sin (0. 6685 ) —tan”‘(
276. 2819 )

The inverse trigonometric functions in the above expressions were evaluated to yield results in
radians. Substituting into Equation 2 with t = t, gives
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E(t,) =e ™" (G + GY - 4G Gsin 2(dt ,)

i e 552 (0.38) [C T CF - 4G, Gysin 2 df

~0. 4759 (7. 22+(6.19))2 -4(7. 22) (6. 19) sin (6. 2819 (0. 1343 ))
=4.8g%

The height of the envelope at the other times, t = 0 and t = t1, must also be calculated. The
i results of those calculations are

E(0)
i Eqt,)

1.0g’s and
1.0g’s

Therefore E., = E(t) = 4.8. The CSM sum may now be calculated from the following
modal contributions:

E

e e ey TV iy el e

Acceleration
) 1 50¢g’s
] 2&3 4.8
| 4 3.0
: 5 2.0

g;{ = 5.0+/4.8+3.00+2,02 =11.0g%

Comparing the closely spaced modes sum with the NRL sum for point P in this example,
a reduction of (15.6-11.0)/15.6 or 29 percent is obtained. This is slightly more reduction than

the graphical solution.
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Approach 2. Numerical Treatment (Example Problem)

This treatment (described in Section 3.5.7.1.1.b) requires calculation of Equation 6 at
many times for each mode. The time step must be less than 1/32 of the shorter period.

(%)(_.15_) = 0.0006944 seconds

For convenience, choose At = 0.000667 seconds. The total time considered must be for

‘ 0.5 _ 0.5 -
0 <t <f3—f2 = ®-a3 0. 25 seconds

Thus 0.25/0.000667 or 375 solutions of Equation 6 are required for each mode. This obviously
requires a computer even for this simple example.

For modes 2 and 3 of the sample, Equation 6 becomes

D(t) = 7.2eS54BS1gn (270.1231)

H

D(t) = -6.19¢5-61sn (282.6871)

IXt) = Dyt) + Dyr)

The calculation is not reproduced here. Figure 3-9 shows a typical plot of D(t) as a
function of time. The maximum value determined at 136 msec is:

D). = |D@O.136068) | = 4.8g’s
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The CSM sum may now be calculated from the "modal contributions”

Mode Acceleration
1 50¢g’s
2&3 4.8

4 -3.0

5 2.0

g = 5.0 +y/4.8+(-3.02+(-2.002 =11.0¢g"%
Comparing this closely spaced modes sum with the NRL sum of 15.6, a reduction of
(15.6-11.0)/15.6 or 29 percent is achieved.

Approach 3. Graphical Treatment (Example Problem)

- The nondimensional frequency ratio calculated above is 0.045. The amplitude ratio is
6.19/7.22 = 0.857. Examination of Figure 3-10 gives

E/(sum of magnitudes) = 0.37
E=037(6.19+ 7.22) = 5.0g’s

The closely spaced modes sum is then calculated from the following contributions:

Mode Acceleration
1 5.0g’s
2&3 5.0
4 -3.0
5 -2.0

é, = 5.0+¢/5.0%+(3.02+(-2.02% = 11.2 G%s

Comparing the closely spaced modes sum with the NRL sum for this example shows a
reduction of (15.6-11.2)/15.6 = 28%.
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3.5.7.2 The Algebraic Summation Method

ASM uses repetitive calculations that are not practical for manual calculation but can be
easily programmed for any computer. ASM can be applied to any response characteristic, for
example stress, member force, acceleration, velocity, displacement or relative displacement.

As an example, the ASM is applied to a beam element from a mathematical model in the
following manner:

Step 1. A set of discrete times at which to calculate the stress time history is selected.
The calculations should be made over a time interval beginning at time zero and continuing until
the lowest natural frequency mode of the summation (first mode) has been damped by 50% or
until the envelope of any closely spaced pairs reaches a maximum, whichever is greater. The
fraction of critical damping should be 2%. The discrete times should be evenly distributed over
the interval at a spacing of one tenth of the period of the highest mode in the summation.
Larger time steps are not allowed.

e 27 1h= = (.50

7 - In(2)
. 3.516
1
and
tee = 1000 msec/sec x 1/10 x 1/f,
= 100/f,

where

T = duration of time interval. in seconds

f, = natural frequency of the first mode, in Hz

f, = natural frequency of highest mode in summation

toe = time step increment, in milliseconds

Step 2. A set of points of interest on the periphery of the cross-section of the beam is
selected. These are the points of possible maximum stress at which the NRL stresses were
determined. It should be noted that the maximum ASM stress may not occur at the same point
on the cross-section as did the maximum NRL stress. Therefore, all potential locations on the
cross-section must be evaluated. For each of the points of interest steps 3 through 6 are
performed:
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Step 3. At each discrete time the equivalent static force vector and/or moment vector
in each mode at the end of each beam element under consideration is muitiplied by the damping
factor and the wave amplitude of the corresponding mode to give the ASM modal force at time
(t). The wave amplitude of each-mode at time t is equal to the sine of the product of the natural
frequency (in radians/sec) of the mode and the time (in seconds).

M = Mertrisin(2n fy1-8 o)

where:

Mt = member force at time t for a given mode
M, = maximum member force for a given mode

exp(-2 ¢ ft) = damping factor

sin 2 = f (1-82)%) = wave amplitude
c = subscript which indicates the plane in which the

member force acts

f frequency of the mode

t the discrete time

Step 4. At each discrete time, an algebraic (vector) summation of the ASM modal forces
is performed over all the modes (n) considered to be acting at each point of interest.

MT= E Mc'

Step 5. The sum of the forces at each discrete point and time is used to calculate the

resultant normal and shear stresses acting at the point by the conventional methods of strength
of materials.

Step 6. At each discrete point and time the Von Mises stress is calculated from the
resultant normal and shear stresses. For each point of interest the maximum combined stress
is the maximum response calculated at all of the discrete times at that point. The ASM stress

for the beam element is the greatest Von Mises stress of all the points at a cross section of the
element.

When the calculated ASM stress is less than the NRL stress, it may be compared to

allowable values given in Chapter 6 to determine the adequacy of a design for shock. If the
ASM combined stress for any member exceeds the allowable values, the design should be
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modified to eliminate the over-stress determined by the NRL method. If the ASM combined
stress is less than the allowable value, the design may be accepted by the Navy as adequate for
shock.

In the event that parameters other than stresses are used to determine the shock adequacy
of a design, the above calculation procedure may still be applied. Likely alternatives to the
. stresses are forces, relative displacements and accelerations, etc. For modal forces, the above
procedure should be amended by omitting the stress calculations (steps 5 and 6) and substituting
the vector quantity of the desired response characteristic (modal forces) in step 3 above. The
vector sum determined in step 4 will be the value of the response characteristic time history at
the particular point and time.

The ASM value of the response characteristic would be the greatest magnitude achieved
by the response-time history during the time interval considered. When stresses are used to
determine acceptability, the algebraic sum of the forces (and moments) is used to determine the
stresses rather than calculating a stress contribution for each mode and summing them as is done
in the NRL method.

As an example of DDAM-ASM, consider a hypothetical beam element with an arbitrary
cross-section in bending and shear only (See Figure 3-11). Suppose the mathematical model

contains the following cross-sectional properties in some consistent system of units (the
subscripts ¢’ and ’d’ refer to the two transverse directions about which the member bends):

Sectional modulus for bending in two directions:
Z=1.0 Z,=20

Shear areas for transverse shear in two directions:
A =01 A= 02

Assume an allowable stress of 100 (in consistent units) and assume that DDAM has
resulted in the following modal forces and frequencies:

MODE BENDING MOMENTS SHEAR FORCES FREQ
PLANE ¢ PLANE d PLANE ¢ PLANE d Hz
M, M, V. Vq
1 10 -20 3 2 30
2 -12 18 -4 -2 31
3 5 5 1 1 45

-
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Figure 3-11. Bending and Shear Forces on Beam Element -

The NRL method of Section 3.5.5 and the method of combining stresses of Section 3.5.4
would result in the following stresses:

Mode 1:

Oond = M/Z + M/ Z,
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r.=VJA =3/ .1 =30

rg=Vj /A;=2/ .2 =10

a=fa§,,,d +3('rf+»r3)

o =0 + 3(302 + 102) = 300 = 54.8 (consistent units assumed)

Mode 2;
Oppy = -12/1 + 18/2 = -3
. =-4/.1 =-40
r,s=-2/.2=-10
o = 32 + 3402 + 102) =71.5
Mode 3:

Opy =5/1+5/2=7.5
r,=1/.1=10

<

Td=1/.2=5
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o=y7.52+3(102+5% =20.8

The NRL sum of the Von Mises stresses is

P

71.5 + V54.8% + 20, 82

= 71.5 + 58.6

= 130.1 > 100 (greater than the assumed allowable)

| Note: This NRL summed stress is for only one point on the member, i.e. "point 1"
i shown on Figure 3-10. By the usual methods of strengths of materials, the same
calculations would be repeated for all points of interest on the periphery of the cross-
v section.

From the frequencies above (shown in the previous table) it is seen that the first two
modes are closely spaced and the NRL summed stress may be too conservative. Since the

calculated NRL result exceeds the allowable, we will examine the ASM results as a basis for
further technical evaluation.

Step 1:
A. Find the total time interval from the lowest frequency:

Tow = 5.516 /30 Hz = 0.1848 sec

‘ B. Find the time step spacing from the highest frequency:
Te. = 100/45 = 2.2 msec.
Step 2: For this example procedure only one point, the same one considered in NRL
summation above, will be used.

Step 3: The following calculations (steps 3 through 6) would be repeated for each of the
84 discrete times in the set { 2.2, 4.4, 6.6, ... 184.8 }. In this example
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calculations for all times were conducted, but only the details for t = 116.6
milliseconds, which was the worst case, are shown here.

A.  Find the product of the damping factor and the wave amplitudes in each mode at
the discrete time:

V1-¢g

v1-0.022
0. 99980

1

e *sin (m/T-E 1 ¢)

e 27(0-Q)7 (0. 166 ) gin [24r(0. 9998 ) f (0. 1166 )]
e 00146 fgin (0. 73247 f)

g ~0-01465 (30) i [0, 73247 (30)] = 0.6444 ( 0.01705 ) = 0.0110
g 0-0465 (3)gin [0, 73247 (31)] = 0.6340 ( -0. 65594 ) = -0.4159
= 0.5172 ( 0.99967 ) = 0.5170

e ~0-0M65 (45) gin 0. 73247 (45)]

Note: The frequency, f, is in Hertz, the time (t) is in seconds so that the
argument of the sine function is in radians. The products of the damping factor
and the wave amplitude are dimensionless.

B. Multiply the modal member force components by the corresponding wave
amplitude for that mode at the selected time (the superscript °t’ is used to denote

"at time t"). For example, the bending moment in plane ¢ in mode 1 is calculated
as follows: o

1. M = Mem sl f1-F ¢) - (10)(0.0110) - 011

<

2. Repeating the calculation for each force component in each mode gives:
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BENDING MOMENTS SHEAR FORCES
PLANE ¢ PLANE d PLANE ¢ PLANE d
M:l Mdt vc' vV P
| 0.110 -0.220 0.033 0.022
4.991 -7.486 1.664 0.832 .
2.585 2.585 0.517 0.517
Step 4: Calculate the algebraic (signed) sum over the modes of the force components
at the selected time (the superscript *T” is used to denote “total over all the
modes at time t*): ‘
MT = E M;r
N
= 0.110 + 4991 + 2.585
= 7.686
Repeating the summation for each of the force components gives:
SUM OF THE SUM OF THE
BENDING MOMENTS SHEAR FORCES
PLANE c PLANE d PLANE c PLANE d
M M, \'Al Vg
7.686 -5.121 2.214 1.371 i
Step 5. Based on the algebraic sum of the force components (the vector sum of the

modal member forces), calculate the normal and shear stresses at the selected
time:

O = LS8 221 -5 126

3-54




NAVSEA 0908-LP-000-3010

Rev, 1
r, = 2.2114 - 214
Step 6. Based on the normal and shear stresses, calculate the Von Misses stress at the
selected time:

_ ‘/z 2 2

0 = \Ohna + 3frc + 72)
= V5.1262+3(22.142+6.8552)
= 40.5

Note: The calculation indicates the Von Mises stress at time t = 0,1166

seconds only. Steps 3 through 6 must be repeated at each point of
interest at each of the 84 discrete times. The greatest value of the Von
Mises stress so obtained is the ASM stress.

The above results represent the peak response at one location and serve only to
illustrate a sample calculation procedure for DDAM-ASM. Although the NRL summed
stress above was evaluated at only one point on the periphery of the cross-section of the
beam element, it may be larger at another point on the beam cross-section.

The ASM summed stress in step 6 is for only one point and at only one time.
However, for this one point, a complete ASM stress-time history was calculated and the
largest stress did occur at 116.6 milliseconds. Therefore it is appropriate to compare the
NRL summed stress to the DDAM-ASM stress.

Assuming the example above resulted in a final NRL summed stress of 130.1 for the
member and an ASM stress of 40.5 for the member, the member should be designed for a
shock induced stress of at Jeast 40.5. The relative responses reflected in this example
indicate that the closely spaced modes phenomenon acts to artificially amplify the stress
results when using the NRL summation method.
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3.6 Sources of Additional Guidance

The following is a list of documents currently available to aid in the development of a
dynamic shock analysis. Where the guidance provided by the following SUPSHIP Manuals is
in conflict with the provisions of this document, this document takes precedence.

3.6.1 Guidance Manuals

a. "Mathematical Model and Dynamic Shock Analysis Guide for Main
Propulsion Shafting® - Report No. SUPSHIP 280-1.

b. “"Mathematical Model and Dynamic Shock Analysis Guide for Rudders,
Rudder Stock and Bearings" - Report No. SUPSHIP 280-2.

c. "Mathematical Model and Dynamic Shock Analysis Guide for Main
Reduction Gear” - Report No. SUPSHIP 280-3.

d. "Mathematical Model and Dynamic Shock Analysis Guide for Masts" -
Report No. SUPSHIP 280-6.

The above listed guidance manuais may be obtained from Supervisor of Shipbuilding,
Conversion and Repair, USN, Code 280, Portsmouth Detachment, Colts Neck, 201 South
State Route 34, Colts Neck, NJ 07722

3.6.2 DDAM Background

a. O’Hara, G.J. and Cunniff, P.F., "Elements of Normal Mode Theory", NRL
Report 6002, November 1963.

b. Cunniff, P.F. and O’Hara, G.]., *Normal Mode Theory for Three
Dimensional Motion", NRL Report 6170, January 1965.

c. Remmers, G., "The Evolution of Spectral Techniques in Navy Shock Design”,
Shock and Vibration Bulletin 53, Part 1, May 1983.

d.  O’Hara, G.J., "Background for Mechanical Shock Design of Ships Systems”,
NRL Report 6267, March 12, 1965

e. O’Hara, G.J. and Petak, L.P., "Effect of a Second Mode and Nearby
Structures on Shock Design Values”, NRL Report 6676, April 1968.
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f. Clements, E.W., "Shipboard Shock and Navy Devices for its Simulation”,
NRL Report 7396, July 14, 1972,

g. Cunniff, P.F. and O’Hara, G.J., "A Procedure for Generating Shock Design
Values”, Journal of Sound and Vibration, Volume 134, No. 1, pp 155-164, 1989,

h. Belsheim, R. and Dick, R., "Shock Design of Shipboard Equipment Part III -

Experimental Evaluation of the Dynamic Design Analysis Method", NRL Report 6478,
January 23, 1967.
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Chapter 4. FOUNDATION SHOCK DESIGN
4,1 General

All foundations which support Grade A or B equipment shall be assigned the same shock
grade as the supported equipment. For foundations which require shock qualification, shock
testing as described in the contract specifications or the design methods described herein shall
be employed to demonstrate that the foundation is adequate from a shock standpoint. In general,
possible shock damage shall be minimized. If misalignment would not interfere with operation
of equipment, energy dissipation through permanent deformation of the foundation is preferable
to damage to the equipment or the hull. In any case, deformation should take the form of
buckling and bending of local structure, rather then permitting the equipment to tear loose from
its attachment. Accordingly, joints shall develop the ultimate strength of the weakest member
of the connection. Foundation deformation shall not act to compromise or invalidate the grade
of shock for which the supported equipment was qualified. Foundation structures shall be
proportioned to give approximately uniform stress distribution, permitting maximum absorption
of energy through elastic deformation. Structural attachments or connections which minimize
stress concentrations shall be used where possible. In general, brittle materials, with low
ductility, as defined in Section 6.10, shall not be used. Where practical, under vertical shock,
bolts should be loaded in tension rather than in shear.

The designer should not assume that a heavier/stiffer foundation is required when
developing the design of shock resistant foundations. Foundations which are initially designed
without regard for shock loadings will generally satisfy shock requirements specified for any ship
with little or no modification required. The procedure to follow in meeting shock requirements
for foundations is to first design the foundation to meet normal operating requirements (e.g. ship
motion, vibration, air blast, wave slap, etc.) and then check the foundation to determine its
adequacy from a shock standpoint. When the analysis indicates local over-stresses in the
foundation, it is usually a simple matter to redesign the over-stressed area to meet shock stress
requirements. To achieve an efficient design in cases where shock governs the design of a
foundation, total stresses (shock plus operating) in at least the primary members shall exceed
75% (but not 100%) of the allowable stress (see Section 6.8).

See the shipbuilding or contract specifications for permissible bolt hole clearances.
Applicable shock criteria for equipment hold-down bolts are cited in Section 3.1.3.d of this
report and are illustrated in Example 1 of Chapter 5 of this report.

For systems suitable for modeling with a single degree of freedom, two alternate methods
of designing shock resistant foundations, Method 1 and Method 2, are presented herein. For
cases in which Method 1 applies, analysis shall be conducted using both methods and the lesser
shock design loading shall be used. Method 1 or Method 2 may be used independently for each
direction of shock.
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Method 1 may only be used in cases where both of the following apply:

(1) The mounted equipment has been qualified on the basis of shock testing. It is
essential in such cases that the foundation designer not compromise the shock
qualification of the equipment by his foundation design. The designer shall
consider the type of support used in the shock testing of the equipment. For
example, if a support of uniform stiffness at each mounting point was used in the
testing, the foundation being designed should also have uniform stiffness,

(2)  The design of the foundation based on a single mass model to suit elastic-plastic
shock criteria would be acceptable (see Chapter 3 for criteria pertaining to
applicability of elastic-plastic shock design values).

In the procedures outlined below, the term "hold-down means® refers to hold-down bolts,
dowels, keys, and any other devices which serve to locate or secure equipment to its foundation.

42 Method 1
‘Method 1 procedures for design of foundations for a specific shock direction are as
follows:

(1)  Determine the magnitude of the maximum shock loads which can be transmitted
to the foundation by the equipment hold-down means by assuming the shock
loading is applied at the center of gravity of the mounted equipment (or at the
centers of gravity of each separately mounted equipment, if appropriate) and that
the maximum load is developed when stress in one or more of the hold-down
means equals 90% of ultimate strength in either shear or tension. For those cases
in which the hold-down means are loaded for only one condition of a shock
direction (e.g. bolts loaded in vertical downward direction but not in vertical
upward direction), the analyst shall perform the Method 1 calculations for that
condition in which the hold-down means are under loading.

BT T T e i g

(2)  Check all critical areas of the foundation except the connection to ship’s structure
to assure that the foundation can resist the loads determined by 1, above.

(3)  Increase the magnitude of the shock loadings obtained in step 1, above, by a
factor equal to the ratio of foundation weight to equipment weight,

Shock Load , .
Weight of Foundation

at base of = . . + 1 X o

Foundation Weight of Supporied  Equipmen: Shock  Load
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Use these increased loadings for purposes of checking the connection between the
foundation and the ship’s structure.

(4)  Repeat the above three steps for the other two principal directions of shock
loadings.

(5)  Calculate stresses in foundation members separately for each direction of shock
loading. Allowable stresses are the same as for dynamically analyzed foundations
which are designed to elastic-plastic shock design values. See Chapter 6 for
allowable stresses. :

(6)  If necessary, stiffen the foundation to achieve acceptable stress levels. Whenever
practical, employ local stiffening only (such as by gussets) to reduce stresses to
acceptable levels. -

43 Method 2

Method 2 is the conventional dynamic analysis method of foundation design, and is
acceptable for all foundations. For purposes of foundation dynamic analysis, the item supported
may generally be considered a single rigid mass and the foundation may be designed in
accordance with procedures outlined in Sections 4.6 and 4.7. Where components which must
be kept in alignment are not mounted on a rigid sub-base, each component must be considered
a separate mass for foundation design purposes. If shock will induce significant rocking
(rotation) of the foundation in addition to translation in the shock input direction, a simplified
multi-degree of freedom mathematical model should be used to represent the equipment, as
illustrated in Section 4.8. In the model, that portion of the foundation weight consistent with its
dynamic response characteristics shall be lumped with the equipment weight. The remainder
of the foundation weight shall be ignored (assumed part of the fixed base). See Sections 4.6 and
4.7,

Three or more masses may be required to adequately represent complicated

- foundation/equipment arrangements. In general, any major mass whose deflection under shock

can be expected to differ significantly from the deflection of other portions of the structure must
be separately represented by a mass point in the dynamic model.

Foundations for which multi-mass equipment representation is known to be required are
listed below. Omission of equipment from this list does not relieve the Contractor from his
responsibility to properly model other equipment for purposes of foundation dynamic analysis.

(1)  Main propulsion gas turbine
(2) Main propuision reduction gear
(3)  Ship service diesel generator
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(4)  Air conditioning compressor

) Air conditioning chiller, condenser and receiver

(6)  Ship service diesel engine heat exchanger

(7  Lubeoil cooler

(8) Weapon systems (missile launchers, gun systems, torpedo tubes, etc.)

4.4  Extent of Foundation

For shock design purposes, foundations shail generally be considered to end at the point
where primary ship structure begins (decks, longitudinals, web frames, structural bulkheads,
etc.). The primary ship structure is considered to act as a fixed base (See Section 3.2.1.a).
Shock design values shall be applied at the assumed fixed base (the interface of the foundation
and the primary ship structure) in accordance with Section 3.1.2. Since basic ship structure is
not required to be designed for shock, a clear definition of the interface between ship structure
and the foundation is required. The design requirements for that interface (structural continuity)
must be specified. Care must be taken to avoid any sudden structural discontinuity between
foundations and ship structure. Chocks, brackets, or local strengthening of ship structure shall
be used to provide structural continuity where necessary and checked for strength, but this added
structure need not be included in the foundation mathematical model.

4.4.1 Equipment Mounted on Shell Framing - Shell framing is not normally considered as part
of the foundation, although local strengthening may be required to insure structural continuity.

4.4.2 Equi d O X i

levelswhncharepmuded wlelyasasuppoxtforauxﬂmrymachmeryshallheconsxdaedas
foundations, grounded on ship’s structural web frames, transverse structural bulkheads, and
bottom framing (or inner bottom) through stanchion connections. The shock response and design
of these levels shall consider all equipment and piping or other distributed weights supported
thereon. The upper levels shall be analyzed using DDAM multi-mass techniques with hull
inputs.

4.4.3 Equipment Mounted on Decks - Deck mounted equipment fall into two categories
distinguished by the alignment sensitivity of the equipment. For non-alignment sensitive
installations, only the structure between the deck and equipment mounting surfaces need be
considered in the foundation analysis. If necessary, to ensure structural continuity or adequacy,
local headers or pads shall be added to stiffen the plating or framing in way of the equipment.
Beams added in the plane of the deck to suit the arrangement of foundations and to provide
points for attachment of foundations, shall be designed to transmit shear forces (associated with
shock loadings) to primary ship structure (longitudinals and transverse web frames).

For alignment sensitive installations, all structure expressly added for support of the
equipment (including additional headers, pads, and "normal” structural members whose size has
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been locally increased specifically to suit the installation) shall also be demonstrated suitable
from a shock standpoint. This is accomplished by imposing foundation reaction loads upon the
ship structure to determine whether additional stiffening of the added structure is required.
Structural continuity shall be provided between this added structure and "normal” ship structure.

4.4.4 Equ 1 Bulkheads - Local stiffening should be used, where
necessary, to insure structmal connmnty between the foundation and the supporting structural
bulkhead. No general strengthening of the bulkhead should be considered solely for shock

purposes.

4.4.5 Equipment Supported by Stanchions - Stanchions which are provided primarily to support
heavy equipment shall be treated as an extension of the foundation and designed accordingly.
Local stiffening of the interface between the stanchion and the structure upon which the
stanchion falls must be provided to ensure structural continuity, Stanchions which are part of the
basic ship structure are designed primarily as compression members for dead, live and sea loads.
Stanchions that are part of a foundation must be capable of supporting tensile as well as
compressive shock loads.

4.4.6 Equipment Supported by Pallets - Pallet type structures utilized for support of electronic
equipment or other Grade A or B equipment shall be considered as foundations and shall be
designed accordingly. Structural continuity between the pallet and the ship structure must be
checked as part of the foundation shock design.

4.4.7 i : _ ads - Nonstructural bulkheads include joiner,
non-load bmng and non-nght hghtwexght bulkhmds Where shock Grade A and B equipment
are mounted to non-structural bulkheads, it is required that the bulkhead panels be considered
as foundations and designed to withstand design shock loads. Bulkhead foundation systems for
Grade A and B equipment should have top, bottom and inter-panel connections designed to
support design shock loads. Deflection connections and/or additional reinforcements shall be
provided as required. For equipment mechanically fastened to nonstructural bulkheads considered
as foundations for Grade A and B equipment the designer should ensure that shock loads at local
attachment points can be sustained by the fastener/bulkhead configuration.

4.4.8 Mechanical Attachments for Non-Mefallic Hulls - The mechanical attachment of
foundations to nonmetallic structure requires the designer/engineer to consider potential
foundation instabilities which could occur if the design of bolted foundation attachments cannot
sustain shock design loads. These attachments are typically provided by through-bolted
connections attaching foundation structure or bearing brackets to ship structure. Consideration
should be given to the effects of local crushing of ship structure in way of boit attachments due
to significant bolt bearing loads under shock conditions. This localized distortion of bolt
openings may account for loss of equipment alignment. For alignment sensitive equipment, the
local effect of bolt bearing loads should be considered in the foundation design.
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Under dynamic shock load conditions the bearing strength of wood or composite structure
mwayoflomlattachmentsshallbeconsxderedmordcrtomunmlzethenumberandsxzeof
bolts required to attach foundations to ship structure.

4.5  Requirements for Supporting Ship Structure

Shock tests of ships, in which bulkheads, decks, etc., were not specifically designed for
shock, have shown that structure designed for normal ship dynamic loads is generally adequate
for shock loading. Nonetheless, attention shall be given to shock considerations when planning
installations of certain weapon syshemcomponentsandanyothernemswhlch are known to be
alignment-critical sensitive. Structure (below foundations) supporting such items should possess
the following characteristics:

4.5.1. Supporting ship structure should be "balanced" from the standpoint of resistance to
deflection in the vertical direction to minimize tilting (angular misalignment) due to vertical
shock. For instance, alignment-sensitive deck mounted items should be mounted squarely over
bulkheads or squarely between framing members, other factors permitting. It is usually
advantageous to have uniform stiffness at each mounting point of the equipment to avoid load
concentrations at any one point during shock. Numerous equipment fa:lum during ship shock
testing have been traced to a disregard for-this principle.

4.5.2 Plating or web frames should not be depended upon to resist angular deflections. Ensure
that full structural continuity exists between alignment-critical equipment foundations and
adjacent structural bulkheads or structural framing.

4.5.3 In order to avoid high lateral shock loading of stanchions and to avoid eccentric loading
of stanchions (due to vertical shock), equipment having a cumulative weight of more than 1000
pounds shall not be attached directly to structural stanchions.
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The simplest model of a foundation structure is a single degree of freedom system in
which the foundation forms the spring and the equipment itself is the major portion of the mass.
A schematic model of this type of system is shown in Figure 4-1. The shock loads, the total
stress and the displacements of such a system can be determined by Method 2 usmg the
following steps:

Figure 4-1.  Schematic Representation of a
Single Degree of Freedom System

Step 1 - Compute the spring constant K for a direction of shock loading. The spring
constant is a measure of the stiffness of the structure and is equal to the load causing unit
deflection. For the vertical shock model, the spring constant in Ibs/in is numerically equal to the
amount of force (lbs) acting down through the center of gravity of the equipment foundation
system required to deflect the center of gravity down one inch. Simultaneous deflections of the
center of gravity in other directions are ignored. Generally there will be a different spring
constant in each shock direction.

Step 2 - Determine the modal effective weight W. For an item of equipment mounted
on a foundation which is to be represented as a single mass, W may be assumed equal to the
equipment weight plus one-half of the weight of the foundation.

Step 3 - Calculate the angular frequency, w, by the following equation:

w = (Kg/W

where: g is the gravitational
constant in consistent terms
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Step 4 - Using the shock design value formulas contained in DDS 072-1
(CONFIDENTIAL), determine the design velocity value (V) and the design acceleration value
(A) based on mounting location, du'ecuon of shock loading and type of design category (elastic
or elastic-plastic).

Step 5§ - Calculatethedwgnacoeleratmnofthesystem D(mgmvxtyumts),
accordance with DDS 072-1 by using,

= (V) o/g or

D

A whichever is less.

Step 6 - Determine the effective static force F applied to the equipment at its center of

gravity by use of the formula,
F=W D.

Step 6a (Optional) - Where appropriate, forces resulting from application of Method 1
(See Section 4.2) may be compared with those derived from Method 2 (See step 6 above.)
Assessment of the foundation design would then be based on the shock loads which result in the
least foundation weight.

Step 7 - Apply the shock load calculated in Step 6 or 6a, plus any continuous operation
loads (as defined in Chapter 3). Analyze the structure using conventional static analysis
procedures to determine the total stresses. If the equipment hold-down bolts are to be shock
qualified by dynamic analysis, repeat Step 6 with D derived from elastic shock design values and
with W in Step 6 equal to equipment weight only.

Step 8 - If required for displacement-sensitive items, the maximum relative displacement
of the center of gravity of the equipment with respect to the fixed base may be determined by
the formula:

X = F/K
F is determined on the basis of elastic shock design values in all cases.

Step 9 - Repeat the above steps for the other principal directions of shock loading.
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4.6.1 Example - Single Degree of Freedom System

To illustrate the aforementioned procedure for determining the shock load on a single
degree of freedom system, consider the equipment-foundation system shown in Figure 4-2.
Assume that this shock tested equipment is rigid and symmetrical and that a single mass is
sufficient to represent it. The shock adequacy will be determined for the vertical shock direction
for upward motion of the ship (i.e. web in compression). The equipment shown in this example
is not considered to be alignment sensitive; therefore, the foundation is not required to remain
within the elastic range and the use of elastic-plastic shock design values is considered

acceptable.

3747 (1905 mm> BOLTS (&

i

6.0 (A52.4 mmd

3607 (914.4 mm)

Figure 4-2. Single Degree of Freedom Foundation Model

For the system shown in Figure 4-2, assume the following characteristics:

Equipment Weight - 5000 lbs (22.241 kN)

Foundation Weight - 720 Ibs (3.202 kN) each beam
Equipment Location - Deck

Category of Shock Design Value - Elastic-Plastic

Foundation Material - Steel, E = 30 x 10° PSI (210 x 10° Pa)

For the system shown in Figure- 4-2, the center of gravity of the equipment is equidistant
from the supports. The supports land on the fixed base (rigid frame of reference) throughout
their length.
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Step1 - Spring Constant K
For shock in the upward direction (web in compression).

K ATE (for one channel )
36 (0.258 ) 30 x 106
6

46. 44 x 106 psi

L}

0. 1524

le _ 0.9114 (6.55x10-%)2. 068 x 10
8.127 x 10° N/m

1

K - K
K = K +K, (springs in parallel )

2(46.44x10) = 92.88 x 106 psi

(K= 2(8.127x10%) = 1.625 x10° N/m
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Step 2 - Weight W
W = weight of equipment + 1/2 weight of foundation

5.000 + 120 +720
? 2

5,720 Tbs

Using the values obtained in Steps 1 and 2 above, the system shown in Figure 4-2 is
schematically represented in Figure 4-3,

€
I

3,720 lbs (2544382 N

92,880 x 10° b/in 1625 x 1010 N/m)

=
n

Figure 4-3 Schematic Representation of a Single Degree of Freedom System

Steb3-AngulaLEmm

- .| K&
W \ W
_ 92.88 x10°(386) 1.625 x 10%°(9.81)
\ 5,720 35,443 . 82,
= 2,504 Tad

sec
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DDS 072-1 contains formulas that give the shock design values as a function of the modal
effective weight in Kips. From those formulas, for a system with a modal effective weight of
5,720 Ibs (or 5.72 Kips), vertical shock loading, deck mounting, and elastic-plastic design, the
shock design values are:

V = 22.68 in/sec (0.5765 m/sec)
A=40.7g's |
Step 5 - Absolute Acceleration D
Based on velocity:
p- Yo
4

22. 68 5‘2504! 0.5765 (2504)
38 9. 81

147.12 g's

Based on acceleration, D=A=40.7g’s.

The shock design value to use is the lesser of the these values.
Therefore, use D = 40.7 g’s.

Step 6 - Effective Static Force F

F = WD
= 5,720 (40.7) (25,443.82(40.7))
= 232,804 Ibs [1.036x10°N/m)

Step 6a (Optional) - Computation of Effective Static Force F by Method 1
For the system shown in Figure 4-2, it is assumed that a load applied at the center of
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gravity of the equipment in the downward shock direction (bolts in loaded condition) will load
the 8 hold-down bolts equally. Therefore:

Area/bolt = .3340in.2 ((2.155 x 10 m? )

Area (8 bolts) = 8(.3340) = 2.672 in.2
( 8(2.155x10% = 1.724x10°m*)

Ultimate strength (Grade 5) = 120,000 psi (MIL-S-1222)
( 827.37x 10° N/m?)

90% Ultimate Strength = 108,000 psi ( 744.64 x 10° N/m? )

Force F = 108,000 (2.672) = 288,576 lbs
(744.64 x 10° (1.724x 10°) = 1,284 x 10°N )

‘Step 7 - Structural Analysis (Stresses)

Use the force F calculated in step 6 above since that value is less than the corresponding
force determined by Method 1 in step 6a.

Due to the symmetry of the system, each support will experience a loading of 232,804/2

or 116,402 pounds ((1.036 x 10%/2 or 5.18 x 10° N). This is schematically represented.in
Figure 4-4. Note that these loadings would be increased by continuous operating loads (defined
in Chapter 3), if any are present.

232,804 lbs
1.036 x 10 N>

116,402 lpbs 116,402 lps
(3.18 x 107 N (518 x 10¥ Nb

Figure 4-4. Schematic Representation of a Simply
Supported Beam Loaded at the Center
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Using standard stress formulas, the compressive stress in each web of the foundation is
equal to,

o = £

A

116 , 402
36(0.258)

12,532 psi

5.18 x 10°
0.9144 (6. 55 x 103)

86.49 x 10° N m?

Step 8 - Structural Analysis (Deflection)

b
e

232, 804
92.88 x10¢

0. 0025 inches

x . _1.036 x10°
1.625 x 10°

0. 06375 mm

The values calculated in Steps 7 and 8 above shall be compared to the allowable criteria
cited in Chapter 6 of this report to determine the shock adequacy of the foundation in the upward
shock direction.
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Step 9 - Shock Toading in Other Directions

Step 1 through 8 shall be repeated for the athwartship, fore-and-aft, and vertical
downward (web in tension) directions of shock loading, if required, using the appropriate spring
constant values for those particular directions. For the downward shock direction (ship moving
down), the foundation flanges will be in bending and the equipment hold-down bolts and webs
will be in tension.

Foundations for Grade A, alignment-sensitive equipment such as those listed in Section
3.1.3.a, have, as a rule, been modeled as multi-degree of freedom systems. Analysis of
multi-degree of freedom foundation systems generally require the use of computer solutions.
Multi-degree of freedom models used to analyze foundations have the following characteristics:

(a). The model is three-dimensional and represents the equipment and foundation.

. (0) The model should minimize the complexity of the analysis i.e. sound
engineering judgement should be used in the preparation of the model. It is not necessary to
model the supported equipment with the same degree of refinement as is used in an equipment
analysis. However, it is necessary to model the equipment such that the overall mass
distribution of the equipment and its flexibility are properly represented. -

The basic steps necessary to analyze a multi-mass system are as follows:

Step 1 - Divide the system into N regions that adequately describe the system and
calculate the mass of each; i.e. M;, M,.......... My, where

N
Y M, - Total Mass

i=1

These masses represent the dynamic degrees of freedom of the system and are located
at nodes in accordance with Section 3.3.

Step 2 - Calculate the influence (or stiffness) coefficients for these nodes and form the
influence (or stiffness) coefficient matrix.

Step 3 - Using the method shown in Appendix A, or other suitable methods, find a
number of mode shapes and natural frequencies necessary to satisfy the mode selection criteria
of Section 3.5.3. The frequency of the highest mode calculated need not exceed 250 Hertz unless
it is determined that the camulative modal effective weight requirement of 80%, noted in Section
3.5.3, will not be satisfied at that frequency.
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Step 4 - For the first mode, mod< "a", complete the following table:

p M, &, M, #%,

Step 5 - Calculate the participation factor®, P,

N
Y M,
P =
hd N
Y M
i1

Step 6 - Calculate the modal effective mass®, M,

N
=1 E M ¢f..
i=1

Step 7 - Multiply M, by g to get the modal effective weight and divide this value by the
total model weight to obtain the percent modal effective weight.

Step 8 - Using the shock design value formulas in DDS 072-1, with the modal effective
weight as W (in Kips), determine the design velocity value (V) and the design acceleration value
(A).

* The definition of participation factor and modal effective mass shown herein apply
only to the uni-directional models. See Section 4.8 for general definition of these parameters.
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Step 9 - Calculate the values of V w, and A g. Determine the modal shock design value
D, to be the lesser of the two:

D, Vo,
or

D, Ag

Step 10 = Calculate the effective static force applied at each mass:

F; =MQaPaDa

Step 11 - Apply the effective external static forces calculated in Step 10 to their
respective nodes and calculate the desired response (e.g. stresses, reaction forces, bending
moments, deflections, etc) by the usual methods of structural analysis of static structures.

Step 12 - Repeat Steps 4 through 11 for modes "b", "c", etc., as necessary (see Section
3.5.3). The values obtained in step 11 for all calculated modes shall be summed across the
modes by the NRL summing method described in Section 3.5.5. The resultant value (combined
with continuous operating stresses, if present) shall be compared to the failure criteria given in
Chapter 6 of this report. )

If required, the following quantities may be determined from the information obtained
above:

1. Relative displacement between any two nodes, within a- mode,

X,-X, = (@,-,) P (D))

o
2. Relative displacement between any node and the fixed base, within a mode,

X, = &, P (D)}

Relative displacements can also be summed across the modes using the NRL summing
method described in Section 3.5.5. The NRL summing method shall not be used to sum absolute
deflections across the modes unless total displacement of a point on the structure with respect
to the fixed base is required.
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The analytical technique for a Multi-Directional Response (MDR) analysis is analogous
to that for uni-directional analysis.” The basic principles are derived from normal mode theory
and are valid for a maximum of six directions of response motion at each node. The full theory,
for rotations as well as translations, is considered too involved for presentation here. Most
three-dimensional systems can be adequately described by translational motions alone.
Therefore, the analysis procedure for three directional response motions, as given below, is
applicable in most cases. Some of the basic concepts of modal analysis for multi-direction

response are:
(@) Stiffness Matrix:

P the reaction force at the i* degree of freedom due
i to a unit deflection at the j® degree of freedom,
with all other degrees of freedom restrained

k;; = k;; for linear elastic structures,

where i and j are arbitrary degree of freedom indicators.

() Influence Coefficient vector: The influence coefficient vector {r} is a vector of
direction cosines between the direction of shock input and the direction of response for each
degree of freedom.

(c) Participation factor:

P, = participation factor for mode a
N
4\-\_{ m; @, I,
P o= B
E mi ¢iw
i1
where m;, = mass associated with the i® degree of freedom
®, = mode shape for i® degree of freedom in mode a
L = direction cosine for the i* degree of freedom
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(d) Modal effective mass:
f: M® Lz the modal effective mass (acting in the direction of
=1 fTa shock input) for the a*® mode. '

m‘=

N
5 M9,

i=1

For shock input in one selected direction (vertical, athwartship or fore/aft), the basic
steps for evaluating the dynamic response for a particular mode, mode a, are given below. (Steps
1, 2 and 3 are generally done once and apply to the system for all three directions of shock
input. Steps 4 through 7 are repeated for each mode and for the other two directions of shock
input.) The steps outlined are illustrative of the DDAM procedure, however, numerically
equivalent steps may be substituted for calculational efficiency.

(1) Determine the stiffness and mass matrices for the mathematical model.
(2) Calculate the modal characteristics ®;, and w,.

(3) Determine vector {r;}, the direction cosines for each degree of freedom with
respect to the direction of shock input considered.

) Calculate the participation factor and modal effective mass as shown above.

(5) Determine the design velocity value (V) and the design acceleration value (A)
from DDS 072-1 using the calculated modal effective weight, W, (in Kips).
Calculate the values of V «, and Ag. Determine the modal shock design value D,
to be the lesser of the two:

D, Vo,
D, Ag

(6) Calculate the effective static force applied for each degree of freedom:
F, = force at node i in mode a
F, = m%,F,D,

i8
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(7  Apply the effective static forces calculated above at their respective nodes. Since
these forces F;, occur simultaneously, the ensuing stress analysis will properly
consider the concurrent effects of the forces in all directions. The modal
displacements may be calculated directly:

This example is provided to demonstrate the application of DDAM for Multi-Directional
Response (MDR) analysis. Consider a simply supported structure as shown in the figure below.
This model may represent a mast yardarm with mounted antennas (masses M;, M, and M;). The
vertical members below the masses represent the antenna foundations. In the context of this
report an MDR anaiysis is defined as an analysis that uses a model which allows response
degrees of freedom in all directions including directions other than the direction of input motion.
Thus, under vertical shock, masses M,, M, and M; will have lateral as well as vertical shock
responses. It is obvious that under vertical shock (shock input motion at the supports in the Y
duecuon) bending of the vertical members cannot be evaluated unless an MDR DDAM analysis
is conducted. Omission of lateral degrees of freedom for each mass in the vertical mathematical
model will significantly alter the results and conclusions of the analysis.

The shock inputs for an MDR model are applied independently as they are for a uni-
directional model. A separate analysis is conducted for each direction of shock input.

/]
Vg

Figure 4-5  Schematic Representation of a Mathematical
Model! for an MDR Analysis
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(1)  Mass and Stiffness Matrices:
ey Ky degs kg Kys' Kogg m 0 0 0 0 0]
ky kyp ki kyy kas Ky 0O0m 0 0 O O
ks ki Kkyy Ky kys kg 0 0 my 0 0 O
LB =k ke kg Ky ko Koo (M =19 0 0m 0 o0
ksy ks; ks3 ksq kss ks 0 0 0 0 m O
Using quantities from the mass matrix above;
M, = m,; = My
M = m;p = My,
M, = My = Mg
(2) Frequency Response:
Df MODE 1 2 3 4 5 6
o .
F| FREQ @, w, Wy () ws wg J
Uy 2, P &, @, &5 Py
U, ®, Py Py Py P55 Py
Us @3 5 L7 Py P35 P
| U, 4 e L2 Py 45 Py
Us 5, L P53 P54 &5 Py
Ug P51 L 4 P Pes Pes |
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(3)  The influence coefficient vector {r} for shock in the Y direction is:

-0 = QO

(4)  Modal Composition (shown for mode 1)

Freedom m; |Shape®, | r | {#}7MI{r} | {®}.TIMI{®},
u, M, d,, 0| M; &, =0] M, (%,
u, M, &, 1 | M &, M, (&)
Uy M, @5 0| M; &, =0]| M, (%)
Ff u, M, | &, 1| Mda | My @)
Us M; ®,, 0 | Myd;,, =0 | M, (%)
1 | M; &, ] M; ($)’

For shock input in the "Y" direction, the participation factor for mode a is:

M, MO, + MO,
A{l ((pll)z + A!l (¢21)2+ % (¢3.l)2 + % (q>43)2 + % (q’S:)2 + M (@6‘)2

The modal effective mass for mode a in the direction of shock input is:

m - (M, D,,+ M, ,+ M; D, )
: AJI (q)la)2+ A{l ((PZJ)2 + % (q>3.l)2 + % (4)4:)2 + % (‘PS:)Z + M (¢6:)2
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The shock design values to be applied in each mode are obtained from DDS 072-1. These
values are a function of modal effective weight (in kips) and the modal frequency in radians.

(6) Effective static forces:

The effective static forces in mode a for each degree of freedom are:

Mass 1:
Fla = Mlq)lnpalzaq or
Fpy = M{®, PV, or
Mass 2:
F3¢ = %%.P.I"q or
F4¢ = A{2¢4¢Panq or
Mass 3:
FSa = ‘AIBqJSaPaI,a“L or

Foo = My®, PV, or
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(7) Stress Analysis:
FZG
1 fsa

Figure 4-6  Force Schematic for an MDR Analysis

Stress at section A-A:

o - Mc F _ (FuDc Fy
a I A J A

where I, A and ¢ are the member section properties

Section Moment of Inertia

Section Area

Distance from the neutral axis to the fiber carrying the
greatest stress

|

I
A
c
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4.9 Finite Element Application of DDAM

To illustrate the finite element modeling of a complicated structure, consider the example
shown in Figure 4-7 below. Appendix E provides details for the format and content of a finite
element mathematical model and dynamic analysis. The model used for this example is a typical
finite element representation for a rack type foundation. Each equipment mounted in the rack
is modeled with its weight concentrated at its center of gravity. The weight of the rack structure,
associated cooling water piping, cabling, mounting hardware and other distributed weight is
included in the model. The flexibility of the equipment should be included if known. Otherwise,
the equipment can be considered rigid bodies.

This model is used to design the foundation structure and can be used to check the shock
loading in the equipment hold-down bolting. The foundation model and analysis is not used to
evaluate the equipment itself since the equipment is normally qualified for shock by testing in
accordance with MIL-S-901. If the equipment is a Grade B item, its shock adequacy can be
demonstrated by analysis in lieu of testing. The results of application to the equipment and
equipment appendages of acceleration values derived from the DDAM analysis of this model can
be evaluated in accordance with Section 6.4 to determine whether the item meets Grade B shock
Tequirements.

RADAR TEST SET

TRAN R
FOUNDATION ~__| "~ TRANSPONOE
STRUCTURE

—d b

TRANSPONDER
" seT

Figure 4-7  Schematic Representation of a Multi-Mass
Finite Element Foundation Mathematical Model
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Chapter 5. DDAM OF GRADE B ITEMS

Shock qualification of a Grade B item by dynamic analysis (in lieu of shock testing) is
permitted in cases where the item has been assigned Grade B status solely because the item or
portions thereof could possibly cause a hazard by coming adrift due to shock.

In cases where the dynamic model of a Grade B item would be relatively complicated or
where the Grade B item does not lend itself well to dynamic analysis (due to non-linearities or
doubt concemning possible failure modes), it is recommended that the item be shock qualified by
shock testing instead of by dynamic analysis.

Dynamic analysis criteria contained in Chapter 3 apply to analysis of Grade B items, with
the exception that low frequency components need not be modeled as separate masses unless they
are items which can cause a hazard. For example, if an item could cause a shock hazard by
coming adrift external to the equipment, it should be considered as a separate mass.

Generally elastic-plastic shock design values apply to dynamic analyses of Grade B items.
However, hold-down means must be designed based on elastic inputs. Elastic shock design
values shall also be used for Grade B equipment where a hazard can arise by overstressing a
component which releases a toxic material from a bolted joint or where a hazard can arise as
a result of excessive deformation or fracture of a brittle container. Allowable stress criteria are
contained in Chapter 6.

The following two examples illustrate procedures for dynamic analysis of Grade B items.

Example 1. Consider the deck *
mounted, Grade B, equipment " »

shown in Figure 5-1. The analysis
for this item is required to show
that it will not come adrift under
shock. This is accomplished by
ensuring that failure will not occur

O jo

30.0° (762 mm) J

in the equipment legs or the hold- EQUIPMENT ,
down bolts under shock loading. —"I 0.57 <127 mm
(Only vertical shock is shown in =l |
this example) )itrnuunmmu
z -

Figure 5-1 Single Degree of Freedom Foundation Model
for Dynamic Analysis of Grade B Item
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Figure 5-2 Schematic Representation of a Single Degree of Freedom Foundation

The system can be analyzed as a single degree of freedom system as shown in Figure
foundation  weight

W = equipment weight -+ 5
=3’000+5_5£ 13’345+2001.7
2 2
= 3,225 Ibs (14.346x10‘N]

5-2, Assume K = 1,92 x 10° lbs/in ( 336.24 x 10° N/m) and assume

The angular frequency of the system is derived as follows:

. | Xz
® \ W
_ | 1.92x10°(386) \J 336.2x10° (9.81)
\ 3,225 14,346
- a9 ™
sec
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From DDS 072-1, for a system with a modal effective weight of 3.225 kips vertical
shock loading, deck mounting, and elastic-plastic design, the shock design values are,

V =24.8infsec  (0.63 m/sec)

A=490¢g’s
Therefore,
D - Ye
g
_ 24.8(41) 0.63 (479)
386 9.81
= 30.8¢g%
D = A = 490¢gs
Use D =308¢g’s
‘To analyze the stress in each foot, a force of
F = (3,000)(30.8) = 92,400 Ibs. ( 13,346 (30.8) = 411.1 kN )

would be divided between the two legs. It will be noted that 3,000 Ibs. (13,345 N) was used
instead of 3,225 Ibs. (14,346 N) to calculate the force. This was done because only the weight
of the equipment effectively acts on the legs (and bolts). ‘

P
Yoot A,

_ 92,400 4. 111 x 10°

5 2(.5)(30) [ 3(0. 0127 ) (0. 762) ]

= 3,080 psi (axdal ) (21.24x106N/mz)

In the interest of expediency for this problem, bending stresses in the legs will not be
examined. To stress analyze the four hold-down bolts, the force of 92,400 Ibs (4.097 x 10° N)
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is not appropriate because all bolts, dowels, pins and similar hold-down means must be designed
for shock on the basis of elastic shock inputs.

Thus, for elastic inputs, the shock design values for this system would be,
V = 49.6 in/sec (1.26 m/sec)

A=490¢g’s

Vo

g

. 49.6(479) A[1.261479!]

and D

386 9.81

61.6 g’s

D

A = 490gs

Use D =49.0g’s

To determine bolt stresses, the shock force is

F = 300049 = 147,000 Ibs
( 13,346(49) = 654.0kN )

and _ 147,000 Ibs . 654 .0 kN
ol 4 A, 4 Ao

The stress values determined above for the legs and the bolts shall be compared to the
allowable stress criteria in Chapter 6 of this report to determine if the design criteria is met.
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Exampie 2. Consider that the equipment shown in Figure 5-1 has a 200 1b. (889.6 N) motor
attached to it as shown in Figure 5-3.

MOTOR
r
N d
EQUIPMENT L
r ] Figure 5-3. Equipment/Foundation
Configuration with a
ke—— FOUNDATION Cantilevered Motor

T T

To determine whether this Grade B system will create a hazard by coming adrift under
shock loading the analyst must check that neither the legs, hold-down bolts nor motor attachment
will fail under shock loading because any one of them would cause the equipment or motor to
come adrift. To analyze this system, a two mass model such as the one shown in Figure 5-4
is required.

§..
i

weight of equipment + 1/2 foundation
K2 weight
_ W2 = weight of motor, portion of motor shaft
and attachment
0 K1 = foundation spring constant
K2 = motor attachment spring constant

K1

Figure 54. Schematic Representation of a
Two Degree of Freedom System

The method used for the dynamic analysis of a two mass system has been discussed in
Sections 4.7 and 4.8. The analyst shall determine whether failure of the motor mount bolting
will occur by using the forces developed in Spring 2 (K2). The feet and bolt stresses are
determined from the forces developed in Spring 1 (K1). In keeping with criteria presented in
Chapter 3, elastic shock design criteria would apply to the design of the hold-down means
which secure the equipment to the foundation, but not to the bolting which secures the motor
to the equipment.
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Chapter 6. ALLOWABLE STRESS CRITERIA
6.1  General Criteria

Each principal direction of shock loading (vertical, athwartship, and fore-and-aft) shall
be considered separately. Continuous operating stresses (as defined in Chapter 3) shall be added
to calculated shock stresses. Allowable stress criteria presented herein should be compared to
calculated stresses based on the Von Mises Failure Theory. Comparison of combined shock and
operating stresses to allowable stresses will generally determine design acceptability. The
allowable stress described in sections 6.2 through 6.5 apply to Navy standard metal materials
(e.g. steel, aluminum, K-Monel, etc.). Allowable stresses for other non-standard materials (e.g.
GRP, composite, epoxy chock, titanium, wood, etc.) shall be provided by the contract
specifications. If the shipbuilding specifications do not address the material design properties
of these materials, the contractor shall propose material properties for Navy approval. Other
failure criteria, as discussed in Section 3.1.4 and specified in the approved model report shall
also be considered. In addition, it shall also be assured that column buckling for those items
designed to elastic shock design values will not occur and the defiection of foundations must not
lead to overloading of flexible couplings or other displacement-critical components. Figure 6-1

"is a summary table for the allowable stress criteria reflected in this report for Grade A and B
systems.

Design stresses are categorized as general or local, and as membrane or membrane plus
bending. Definitions of these categories are provided below with examples for their application
provided in Appendix F. (Note: stresses derived from one-dimensional beam elements are
limited solely by the general stress categories). In finite element analyses, local high stresses,
analogous to stress concentrations, may be reported. Examples of regions of local high stress
include inadequate mesh refinement in areas of complex stress gradients, loading and geometry,
or modeling distributed connections where the results are in terms of a point load rather than the
true distributed load. In these cases, engineering judgement must be applied to the results to
properly determine the allowable stress requirements.

6.1.1 General Stress - General stress is the average (normal and/or shear) stress resulting from
global deformation of the structure under consideration.

6.1.2 Local Stress - Local stress (normal and/or shear) occurs in regions of load application
or structural discontinuity. Stresses which exceed the general stress allowables may be
considered local if the area over which the stress exceeds the general stress allowable does not
exceed 10% of the effective area. Definitions of the effective area are shown in Table F.1 of
Appendix F. The 10% limit can be waived if it can be demonstrated that the load carrying
capacity of the structure is adequate.
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6.1.3 General Membrane Stress - General membrane stress is calculated from the average
normal and/or shear stress across the thickness or depth of a section under evaluation. For one-
dimensional beam elements, this includes mean axial, shear and torsional shear stresses. The
mean axial stress is the normal stress averaged over the effective cross-section under evaluation.
It should be noted that for Grade A, elastic, case 2; Grade A, elastic-plastic and Grade B elastic,
*‘ the membrane stresses (normal, shear), defined as the average stress components through the

load carrying section, must be separated from the total stress prior to a Von Mises stress
combination (see step 9 of 6.1.8.1).

| - 6.1.4 General Membrane Plus Bending Stress - General membrane plus bending stress is
} calculated from stresses at the outermost fibers of the subject section. The bending stress is the

variable component of the stress (normal and/or shear) across the thickness or depth of a section,
i but excludes peak stresses caused by geometric discontinuities. The variation may or may not
be linear across the thickness or depth of a section. The depth of a section may be that of a
composite section made up of effective plate elements of a finite element model or the thickness
i of a single plate element. General membrane plus bending stress includes membrane stress
{ categorized as local in the evaluation of the adequacy of the cross section. The consideration

of local membrane stresses may result in lower magnitudes of general bending stresses being
| considered acceptable.

I
|
i
1
i | NAVSEA 0908-LP-000-3010
5
|
|
|

| 6.1.5 Local Membrane Stress - Local membrane stress is calculated from the total membrane
| stress produced by mechanical loads, including the effects of constraint of adjacent material or
’ self-constraint of the structure. It can occur in regions of gross or local structural discontinuities
i and at locations of intersecting structural members. Peak stresses are not limited. :
|

|

|

|

6.1.6 Lmleﬂamﬂn;Bmﬂngm-Mmmbmeplmbmdingmismlmﬂawd
from the total stress evaluated at the outermost fibers of the subject section produced by
| mechanical loads including self-limiting stresses developed by the constraint of adjacent material
; or self-constraint of the structure. It can occur in regions of gross or local structural
| discontinuities and at locations of intersecting structural members. Peak stresses are not limited.

i 6.1.7 Adijacent Local Stressed Regions - Table F.2 of Appendix F provides examples of
adjacent local stressed regions. Adjacent areas of local stress due to the introduction of
concentrated loads may not overlap. The centers of adjacent local stressed regions cannot be
closer than 2.5 times the average of the dimensions of the two locally stressed areas. The length
of each locally stressed region shall be based on the limit of local stress exceeding general stress
limits and shall be measured along a line of action between the center of each pair of adjacent
[ locally stressed areas.
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6.1.8 Stress Evaluation and Classification - A procedural outline is presented for finite element
stress evaluation and classification to help ensure consistent application of the criteria to
structural evaluations. The outline is specific to thin plate/shell stress evaluations, which
represent a significant portion of the structural evaluations. Considerations for one-dimensional
beam elements are also presented.

6.1.8.1

Stress Evaluation Procedure for Thin Plate/Shell Elements

Compute finite element stress components at the bottom, middle, and top surfaces of the
piate element. Stresses may be evaluated at integration points of the element or
extrapolated to nodal points for joint averaging. Significant differences in unaveraged
nodal stresses from adjacent elements indicate a stress concentration or an inadequate
mesh size. Joint averaging should not be performed at thickness discontinuities, at
material modulus changes, or at geometric discontinuities such as the intersection of two
‘plates. Stress components should be oriented such that predominant stress states (e.g.,
beam bending, axial stress, hoop stress, radial stress, etc.) can be evaluated.

1.

Compute the stress within each mode based on the Von Mises Failure Theory as
defined in Section 3.5.4. Membrane stresses are computed from mid-surface
stress components. Membrane plus bending stresses are computed at extreme
fibers of the plate.

Compute NRL summed total stress as defined in Section 3.5.5.

Review stresses computed in step 2 (i.e., through use of fringe/contour stress
plots) noting which intensities exceed the established stress allowable (general
membrane) for the particular shock grade of the structure. General membrane
stress limits apply to mean axial and shear stress states over the member cross-
sectional area.

In cases where the general membrane allowable is exceeded, further investigation
of component level stresses in each mode will be required to classify the stress
component as general membrane, general membrane plus bending, local
membrane, or local membrane plus bending. A deformed plot for each mode of
the subject structure can aid in classifying stresses.

To classify an outer fiber stress as general membrane plus bending, a variable
component of stress through the thickness or depth of the section must be present.
If general bending of the structural member is present, use of the general
membrane plus bending limit is permitted.
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6. To classify an outer fiber stress as local membrane plus bending, the stress must
exist at a location of load introduction or structural discontinuity. The bending
stress variation is predominantly through the thickness of a plate and limited to
10% of the effective area. Average shear stresses derived from plate punch-
through and piate tear-out calculations shall be limited to the general membrane
allowables,

7.  "The stress at a load introduction or structural discontinuity identified in step 6
may exceed the local membrane plus bending stress limit if it is confined to less
than 5% of an effective area. No limits are established within this area. Average
shear stresses derived from plate punch-through and plate tear-out calculations
shall be limited to the general membrane allowables.

8. Classification of local membrane stresses is similar to classification of local
membrane plus bending stresses except that local membrane stresses are evaluated
at the plate mid-surface.

9. For those elements classified with general membrane plus bending or local stress,
re-evaluate the Von Mises stress as follows. Re-compute the combined stress
within each mode using component level stresses adjusted by the factor of the
general membrane stress allowable over the stress allowable applicable to each
respective component stress. Re-compute the NRL summation of stresses.
Compare the NRL summation of combined stresses to the membrane stress
allowables.

10.  Failure to meet the specified allowables is cause for structural modification and
re-analysis in accordance with Section 3.5.7 or in cases of local stresses further
demonstration that the load carrying capacity of the structure is adequate.

Note: General bending of a cross section may result in membrane stresses at the
element level (i.e., for I-beam in strong axis bending, flanges will be
predominantly membrane). It is not the intent of these criteria to limit element
level membrane stresses to membrane allowables. However, such limitation
would be conservative.

6.1.8.2 Stress Evaluation Procedure for Beam Elements

Stress evaluation for one-dimensional beam element models is limited to the general
membrane and general membrane plus bending stress categories. Member mean axial and shear
stresses are limited to the membrane stress allowables. Stresses evaluated at the extreme fibers
of a beam cross section that includes bending stresses are limited to general membrane plus
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bending stress category. Transverse shear distributions may be averaged for use in Von Mises
stress calculations.

6.2.1 CASE 1 - Where deflection is critical, combined operating and shock stresses shall not
exceed the material static yield strength (0.2% offset).

6.2.2 CASE 2 - Where slight permanent deformation of a cross-section can be tolerated,
general membrane stresses (average normal and/or shear stress) are limited to the material static
yield stress. The criterion of failure for general membrane plus bending stresses is the effective
yield strength of the material. This effective yield strength is defined by

ogr = 0, + f (0, - 0,)

In this equation o, is the 0.2% offset yield strength, elastic limit, or other accepted
definition of material yield strength. o, is the conventional definition of material uitimate
strength. All strengths are the values at the expected operating temperature. .

The symbol f represents a factor which takes account of the efficiency with which the
material in the member being analyzed is utilized. Examples of f are given below. The
efficiency is computed by comparing the load required to just initiate yielding of the member
with the load required to have the member completely yielded. In this computation it is assumed
that the stress-strain curve of the material is bi-linear, with no strain hardening. The factor f
(the efficiency minus one) is thus dependent on the kind of loading, i.e. tension, bending, etc.,
and on the cross-section of the member. For example, the factor is zero for any member in pure
tension and 0.5 for a rectangular section in pure bending.

In general, brittle materials, as defined in Section 6.10, may not be used. However,
where exceptions are granted the following applies: for any brittle material (one which has less
than ten percent elongation before fracture in a tension test) the factor fis always zero. This
is often true for ultra high strength steels and cast material (steel or aluminum). The factor f
must be taken as zero for any application where a slight plastic set cannot be permitted.

The value of the factor f is taken from limit design theory, in which the existence of a
"plastic hinge" is postulated. The plastic hinge occurs when the member’s cross-section is fully
yielded, as described above, in bending. Limit design theory may be used to define allowable
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component stresses under shock loading provided that the operability of any Grade A equipment
is not compromised by the permanent distortion associated with yielding. For example, limit
design theory permits the use of multiple plastic hinges under certain limited conditions.

Sample Factors f

Consider a rectangular bar subject to pure bending. The ratio of the fully plastic moment
obtained by limit analysis to the bending moment at yield is well known to be 1.50.

So, f = 1.50-1 = 0.5 and the allowable stress is,

o =0, + 0.5 (0, - 0)

For a typical I section,
S = A/(6 + 2A)

where A = _(web width) (depth of section)
2 (flange width) (flange thickness)

For a solid shaft in bending, f = 0.7

For a hollow shaft in bending, f = 0.913 - 0.638(R!/R) where R!/R is the ratio of the inner
to the outer radius and R!/R is equal to or greater than 0.6.

If bending is combined with torsion, shear, tension or compression, then the analyst
should compute the ratio of the maximum load to the yield load, and subtract one, to obtain the
factor f.

6.2.3 For CASE 2, local stresses have higher limits than general stresses. The local membrane
stress limits are 1.5 times the general membrane stress allowables. The local membrane plus
bending stress limits are twice the general membrane plus bending stress allowables.

6.2.4 For CASE 1 and CASE 2, combined continuous operating and shock loads shall not
exceed allowable column loads. Allowable bearing stresses are 160 percent of the material static
yield strength.

6.2.5 Special design criteria must be considered in the case of equipment or foundation
structures fabricated from aluminum or incorporating bimetallic (steel to aluminum) elements.
Tabulated nominal yield stresses from contract specifications for welded aluminum alloys shouid
be used to determine allowable design stresses. Manufacturers’ specified yield strengths should

6-7
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be used as the basis for shock design evaluations of bimetallic elements. Consideration must be
given in such evaluations to the increased width of the elements in comparison to the thicknesses
of the steel or aluminum structural members adjacent to the bimetallic elements. In general, the
design of the bimetallic elements should be such that their strength in shock is greater than that
of adjacent structural members.

6.3

6.3.1 In cases where it is necessary to limit permanent deflection to approximately twice the
maximum elastic deflection at yield, the calculated stresses (from elastic-plastic analysis) shall
not exceed the material static yield strength (0.2% offset) . The limiting elastic-plastic deflection
used for evaluation is twice the deflection that occurs at yield. Where deflections are critical,
elastic-plastic analysis cannot be used.

6.3.2 In cases where considerable plastic bending can be tolerated (as is usually the case with
foundations designed to suit elastic-plastic shock design values), membrane plus bending stresses
not exceeding 200% of the material static yield strength will be considered acceptable.
Membrane stresses shall not exceed the material static yield strength.

a) Where 200% allowable stress criteria apply, continuous operating stresses (if
present) shall be doubled before combining same with shock stresses.

b) Combined stresses, calculated as described in Sections 3.5.4 and 3.5.6, shall not
exceed the material static yield strength. (Calculated bending stresses subject to 200%
allowable stress criteria shall be halved before inserting into the combined stress formula.)

6.3.3  Allowable stress criteria for areas of foundations or equipments in way of holddown
bolts are the same as for other areas of the foundation and equipment. However, average shear
stresses derived from plate punch-through and plate tear-out calculations shall be limited to
general membrane stress allowables. Higher loadings resulting (in some cases) from special
criteria applied for purposes of holddown bolt design are applicable solely to holddown bolting
and shall not be transferred for design purposes to foundations or equipment.

6.3.4 Column buckling and bearing stresses need not be considered.

6.4 ab ig esig o Syj jc-P
Shock M Allowable demgn smesses for Grade B 1tems are the same as those
which apply to Grade A items, except that bending stresses need not be considered in cases
where it is evident that plastic bending of the members in c sestion will not lead to violation of
Grade B criteria. There are no limits placed on local stresses. In cases where the above cannot
be assured, the allowable stress criteria described previously for Grade A items shall apply.
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6.5  Allowable Bolt Stresses - For bolts, where MIL-§-1222 applies, the elastic proof stress
may be considered as the yield stress. For bolts fabricated from materials other than the
materials included in MIL-S-1222, the material static yield strength is the allowable stress. See
Section 3.1.3.d of this report for related criteria. If not shock qualified with the equipment,
fasteners used as holddown devices under shock loading shall be designed for axial and shear
loads so that the stress measure does not exceed the static yield strength of the material. The
Von Mises Failure Theory shall be used to combine the normal and shear stresses. Typically,
fastener bending stresses are not considered under shock loading. However, where consideration
for fastener bending is required, the maximum value of stress measure at the periphery of the
fastener resulting from direct tension, shear, and bending, but excluding stress concentration,
shall not exceed the static yield strength.

6.6  Allowable Stresses for Wire Rope

6.6.1 For Grade A systems in which no permanent deformation can be tolerated, 60% of the
specified nominal breaking strength used in conjunction with elastic inputs shall be the basis for
shock design of wire rope.

6.6.2 ° For Grade A and B systems in which permanent deformation can be tolerated, 75% of
the breaking strength in conjunction with elastic inputs shall be the basis for the design of wire
rope. Elastic-plastic inputs will not be used in conjunction with the design of wire rope.

6.6.3 Reduction of effective breaking strength due to wear, abrasion, lubrication, corrosion,
etc. are included in the determination of the preceding values. The fact that wire rope does not
possess the same degree of energy absorption (beyond the elastic limit) as a solid steel bar is
also included in the 60% and 75% values noted above.

6.7  Allowable Stress for Non-Metallic Material - For material where the creep strength is
low in relation to the yield strength and where pre-load is an important factor in shock design,
the allowable stress for joint design shall be creep strength rather than yield.

6.8  Special Stress Criteria for Foundations - In order to minimize weight, maximum shock
stresses on foundation members whose size is governed by shock shall exceed 75% (but not
100%) of allowable tensile, compressive or shear stresses in at least one primary member for
all foundations supporting Grade A and B machinery and equipment systems weighing more than
125 pounds. A primary member is any main structural supporting member. Foundations for
machinery and equipment systems that weigh less than 125 pounds are not covered by this
requirement. Shock design values to be used for foundation dynamic analysis are specified in
design data sheet DDS 072-1. Allowable stresses for foundations designed by method 1 (see
Chapter 4) are the same as apply to foundations which are designed to suit elastic-plastic shock
design values.
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6.9  Special Criteria for Piping Connections - When determining the stress in nozzles due to

restraint of attached piping, maximum shock motion of mounts shall be considered or the nozzles
shall be designed to withstand the fully plastic moment of the attached piping.

6.10 Ductility - In developing the allowable stress criteria presented in this chapter it was
assumed that the material under consideration has adequate ductility (expressed, for example,
as % elongation measured in a tensile test). Adequate ductility means that the material is not
subject to a brittle fracture failure, but will yield plastically before fracturing. Many types of
cast materials do not exhibit adequate ductility and thus cannot be analyzed with the criteria
contained herein. Elements with less than 10% ductility shall not be used in structural
applications which are intended to withstand shock loading.

6.11 Special Criteria for Design of Hold-Down Bolts - When 2 bolted joint is loaded in
tension (pre-load), shock loads do not directly increase the stress in the bolt, but decrease the

clamping force between the bolt flange and the foundation. If the bolt load exceeds the clamping
force the flanges will separate and the bolts will begin to stretch. Acceptability criteria are
exceeded when the load exceeds the yield strength or proof load of the bolt. The adequacy of
the joint in a quasi-static condition (when the load is gradually applied) depends more on the bolt
-material strength than the tightness of the joint. Under dynamic loads, however, the stiffness
of the joint decreases radically when the flanges separate and the system goes through a part of
its cycle at a reduced frequency, with correspondingly increased deflection, until the gap re-
closes with associated hammering and chatter. The initial tightness of the bolted joint therefore,
is of vital importance for system shock resistance since this hammering may be a more
significant damage mechanism for the equipment than direct acceleration associated with the
shock motion. In shock design calcuiations a bolted connection may not be adequate if the
pre-stress is exceeded regardless of the strength of the bolt. In order not to waste their strength,
bolts subjected to shock loading should be tightened to near their yield strength. Generally,
achieving bolt loads of 80% to 90% of yield are considered practicable. To prevent separation
of the equipment flange and its foundation, shipbuilding specifications require that threaded
fasteners, which are used to hold down machinery and equipment to sub-bases and foundations,
shall be of the self-locking type. In connection with this requirement, the pre-load torque
" necessary to achieve the desired clamping force for hold-down bolts of Grade A machinery and
equipment must be determined in the associated foundation shock design calculations and
specified on the applicable installation drawings.
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Chapter 7 - D

7.1 Background Because of the specialized nature of shock design requirements and in
particular the extreme importance of consistent and qualified determination of compliance, the
need for a responsible centralized review activity was recognized by the Navy. Shipbuilding
specifications generally indicate that review and approval of the mathematical model and the
dynamic analysis will be made by NAVSEA. To meet this need, a special group was established
and trained within the office of the Supervisor of Shipbuilding, Brooklyn, N.Y. In 1965 the
Dynamic Shock Analysis Division, Code 280, Supervisor of Shipbuilding, Brooklyn, New York
was assigned responsibilities to provide centralized technical support in review/approval of
dynamic analysis. Currently the responsibility resides with the Supervvisor of Shipbuilding,
Conversion & Repair, USN, Portsmouth Detachment, Colts Neck, NJ

In June 1966 NAVSHIPS INSTRUCTION 9400.13 was issued. That document outlined
the Navy's mathematical model report and dynamic shock analysis report review and approval
procedures. NAVSHIPS INSTRUCTION 9400.13, with modifications, forms the basis of this
chapter. The mathematical model report and dynamic shock analysis review and approval
requirements described in this chapter shall be considered to apply unless specifically modified

by applicable contract specifications.

7.2 Report Format and Content The format and content required by the Navy for
mathematical model reports and dynamic shock analysis reports are as follows:

athe =] R ent The mathematical model report
descnbes the structural and functlonal chamctcnsucs and the mathematical model of a shipboard
equipment or structure, with its foundation, for purposes of dynamic shock analysis. The report
is used to provide assurance that the equipment or structure will be properly modeled prior to

submittal of the dynamic shock analysis report. The mathematical model report shall contain the
following information as a minimum:

7.2.1.1  An introductory description of the equipment or structure being analyzed and its
normal function or operation.

7.2.1.2 The planned location and orientation of the equipment or structure with respect to the
ship’s axes.

7.2.1.3 The shock Grade (A or B) to which the equipment is to be qualified.
7.2.1.4 Mounting location (hull, deck or shell) of the equipment.
7.2.1.5 Type of shock design value (elastic or elastic-plastic) to be used in the analysis.

7.2.1.6 Procurement specification(s) under which the equipment is procured.
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7.2.1.7 Description of proposed method of analysis.

7.2.1.8 A list of specific areas of concern of the equipment or structure which might be
subject to high stresses or deflections under shock loading. Particular attention should be given
to the proposed failure criteria for each area. Yield stress or effective yield stress criteria (at
normal equipment operating temperatures) shall be described. The consequences of failure in
each critical area shall be considered. The effects of a postulated failure on equipment

* operability or on potential personnel hazards must be included.

7.2.1.9 Assumptions which have been made in the preparation of the model and justification
for such assumptions.

7.2.1.10 An estimate of the weight and location of center of gravity of the equipment or
structure. A listing of weights of components which are used to arrive at the equipment weight
shall also be included.

7.2.1.11 Admnpnonofthepmposedbmkdownofﬂweqmpmentorsuucmreforanalysxs
The description must indicate how the proposed mass breakdown permits determination of
stresses or deflections in the previously defined areas of concern.

7.2.1.12 A separate list of all lumped masses considered in the mathematical model shall be
provided. ﬂushstshanspeafymelomnmmthmpeawaspeaﬂedeoordmmwﬂemand
the composition, magnitude and direction of associated degrees of freedom for each lumped
mass. The model report shall discuss the extent and magnitude of computer generated
distributed mass used in the problem.

7.2.1.13 If dynamic reduction techniques are to be used in the shock analysis, the mathematical
model report shall fully describe the controls that will be applied to ensure that important
response characteristics will not be overlooked. The center of gravity of the mathematical model
masses for the original and reduced model shall be determined and identified in the model
report. See Section 7.2.1.10. The model report shall also provide a list of the master degrees
of freedom. The planned dynamic reduction process and associated criteria for reducmg the
problem size must be specifically approved by the Navy.

7.2.1.14 A description of the extent and structural characteristics of the foundation. Sketches
or drawings are required as part of the model report to indicate the arrangement of the
equipment and its foundation.

7.2.1.15 Properly labeled figures and text to describe the model for each direction of shock
shall be provided. The text shall discuss:

(1) Formulation of the model.
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(2) Representative element properties.
(3)  Details associated with combining shock stresses with continuing operating
stresses.

When the model is prepared for finite element computer analysis, the following

information shall also be included: '

(4) A description of the applicable portion of the computer program and the
characteristics of the elements to be used.

(5) A complete printout and description of the input data used.

(6) The node and element numbering system and plots of the model to help the
reviewer correlate specific nodes, elements and lumped mass locations with the
input data.

(7)  Boundary conditions used in the model.

Where special modeling techniques are used such as mesh generation routines,
sub-structuring, etc., additional information shall be furnished to clearly describe the process
including objectives and limitations.

.7.2.1.16 A map of the finite element model (figures or sketches) shall be provided showing

grid point (or node) numbers, element numbers and lumped mass locations (this information can
be provided by separate figures). Computer generated mathematical model figures (graphics)
are often difficult to read. Care should be taken so that the material is lepible and clear.

7.2.1.17  Fixed-base natural frequency calculations of suspected low frequency system
components, (e.g., shafts, cantilevered equipment, yardarm) should be provided..A comparison
of these frequency values to the cut-off frequency of the system shall be made and the
components modelled accordingly.

7.2.1.18 References to the source of analysis method, formulas, constants, curves and all other
sources used. Shock tested items which are a part of the equipment or structure to be analyzed
must be included in the model but need not be modelled in detail. Wherever qualification of

- components is to be through MIL-S-901 testing, rather than through analysis, the mathematical

model report shall contain information on the status of the testing. If testing has been
completed, references shall be given to the test report and applicable approvals by NAVSEA or
its representatives. If testing is to be done in the future, schedules and planned test facilities
should be described.

7.2.1.19 Equipment outline and assembly drawings, support, sub-base and foundation plans.
The report shall include preliminary drawings when final drawings are not available. If no
drawings are available, sketches shall be provided. These drawings or sketches shall disclose
a level of design detail commensurate with the analysis. Detailed working drawings are not
required.
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7.2.1.20 A simplified bench-mark model, including all input and outp:::, shall be provided
separately or with the model report if requested by the Navy. The purpose of this bench-mark
problem is to ensure that the DDAM criteria are correctly applied. The characteristics and
parameters of the bench-mark model shall be as specified by the Navy (or a simple three degree
of freedom model that can easily be verified by hand calculations). Stress calculations in the
bench-mark problem should be limited to beam-type stresses. The bench-mark probiem shall
also demonstrate pre- and post-processing routines and any special modeling procedures or
capabilities that are planned for the shock design analysis.

7.2.2 ; Analysis Repor (- The dynamic analysis report
demonstrates the ability of equipment, structures and systems to resist shock as defined by the
Dynamic Design Analysis Method (DDAM). The report is used in conjunction with the
mathematical model report when an item’s shock resistance cannot be determined by shock
testing or extension from a previously qualified item. The dynamic analysis report shall contain
the following information as a minimum:

7.2.2.1 A printout of the input data used in the analysis. This data shall include all nodal
point locations, element connectivity, material properties, element properties and mass
distribution. The DDAM report shall include a full description of the mathematical model used.
The approved mathematical model report may be submitted as an appendix to the final DDAM
report. Any differences between the approved mathematical model and the model presented in
the DDAM shall be noted, fully explained and justified. When computer output on large finite
element analyses is too voluminous for inclusion in the dynamic analysis report, Supervisor of
Shipbuilding, Portsmouth Detachment, Colts Neck, NJ. should be consulted to obtain a precise
definition of the data which may be excluded.

7.22.2 A list of all calculated modal frequencies, modal effective weights, participation
factors and modal design inputs for all modes of the system including those not considered in
the stress analysis process. This list shall also identify the modes which are used in the stress
or deflection calculations. Mode shapes and associated forces and deflections for all modes
considered in the stress or deflection calculations shall be included in the report. If computer
output is used directly, adequate references and sufficient explanatory detail must be provided
to facilitate review.

7.2.2.3 A graph showing modal effective weight versus modal frequency. Closely spaced
modes occurring in a DDAM analysis can produce misleading results. The existence of closely
spaced modes can best be determined by a graph showing the modal effective weight versus
modal frequency for all the modes chosen for analysis. This representation will show potential
closely spaced modes. All DDAM analyses reports must contain this graph in order to show that
the assumptions of the DDAM with respect to closely spaced modes have not been violated.
Where closely spaced modes exist an additional graphic representation is required to evaluate
the effect of the closely spaced modes on the system design. This second graph shows the modal
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response versus node point for the modes which are considered to be closely spaced.

7.2.2.4  Calculations of stresses and deflections at those specific areas of concern on the
equipment or structure under shock loading, as defined in the mathematical model report.
References to the source of data used in these calculations shall be provided. Drawings which
aid in an independent review of the calculations shall be provided. If no drawings are available,

. sketches shall be provided.

7.2.2.5 Tabulated summaries of calculated and allowable stresses and deflections. These
summaries shall include the sources of the tabulated stresses and deflections (for exampie,
tensile, shear and operating loads). NRL sum of stresses for all elements in the mathematical
model shall be provided in the DDAM report. Where the element is an equivalent elastic
member, such as a spring or a uniform beam rather than a comprehensive finite element
description, the effective forces or stresses on the actual structural element shall be derived and
presented in separate calculations. ’

7.2.2.6 A list of any elements with a negative margin of safety. Where an over-stress is
indicated, a proposed remedy for the condition is required. The effect of any such changes on

the overall analysis shall be provided. A re-analysis may be required by the Navy. If re-analysis

is required a formal pian of action and milestones (POAM) must be submitted which defines the
dates by which necessary NAVSEA approvals for the design change must be obtained, as well
as dates for completion of detail design and installation of the change.

7.2.2.7 A comprehensive analysis of the foundation, when such foundation is supplied by the
equipment vendor. When the foundation is provided by the shipbuilder, the vendor shall provide
a summary of the shock forces into the foundation for use by the shipbuilder in his analysis.

7.2.2.8 A full description of the application of ASM shall be submitted if ASM is used to
evaluate responses as part of a corrective action recommendation report. This discussion shall
provide the following information as a minimum:

description of the response characteristics under investigation

time step used

period of duration of the ASM

lowest modal frequency

highest modal frequency considered in the analysis

the suspected closely spaced modes for each member evaluated -

Q00000

7.2.2.9 A list of modal accelerations for sub-component appendages (such as antennas on mast
yard arms). This list shall include all modes of response and shall be sorted in decreasing order
by magnitude of the acceleration. The DDAM analysis shall include, in addition to the normal
mode selection, the modal stresses or deflections for at least the two most severe responses
associated with each appendage.
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7.2.2.10 Where plate finite elements are used in the mathematical model, :-- which forces and
stresses are calculated at each node point in the plate element, the values . high stress areas
may not be averaged between elements unless it can be demonstrated that the variations in
unaveraged stresses in the region of interest are within acceptable limits. A hard copy printout
of the unaveraged node stresses in the region of interest can be used to supplement contour plots
with averaged stresses. The evaluation of adequacy of mesh discretization will be based on the
relative magnitudes of stress among adjacent elements. Typically, in an adequately refined
mesh, the contour plots of Von Mises effective stresses will reveal “Stress Bands” which are
slightly discontinuous across element boundaries. Large discontinuities indicate a mesh which
is too large.

7.3 Review and Approval Authority - Mathematical model reports, dynamic shock
analyses, and shock extension requests based upon dynamic analyses shall be forwarded to the
appropriate Navy agency as indicated by this document or ship contracts and/or specifications.
All dynamic analysis submittals not covered by this section shall be forwarded to NAVSEA for
review and approval.

7.3.1  Equipment, Weapons and Systems Analyses - Mathematical models, dynamic shock
analyses, and extension requests based upon approved dynamic analyses developed to sati
contractual requirements shall be forwarded to the Supervisor of Shipbuilding, Portsmou
Detachment, Colts Neck NJ. for approval action.

7.3.2 Foundation Analyses - Where required, foundation dynamic analyses shall be subject
to review and approval by the local design approval agency uniess otherwise stated by applicable
specifications. (Review of foundation analyses performed by Government activities will be by
the Supervisor of Shipbuilding, Portsmouth Detachment, Colts Neck NJ., upon request, or as
i required by applicable directives.)

IF 733 Ten Sample Foundations - Where the ship’s specifications/contracts require the
| shipbuilder to submit sample foundation calculations to the Navy for review, these calculations
,f shall be forwarded to NAVSEA or its designated approval authority. The shipbuilder shall
: prepare sample shock calculations for a series of at least ten foundations covering all elements
| noted below. This selected set of calculations will constitute a diverse and representative sample
i describing the application of shock design requirements by the shipbuilder. The math model and
analysis may be submitted together. Calculations for additional foundations shall be provided
: if requested.

All the following categories shall be included in the sampling. One foundation model
may be used to address more than one of the categories listed below. Foundations associaied
1 " with equipment DDAM analysis shall be prepared with the equipment DDAM analysis and shall

not be included in the list of sample foundations.
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Foundation for hull mounted equipment

Foundation for deck mounted equipment

Equipment foundation including a sway brace configuration
Foundation for resiliently mounted equipment

Foundation for overhead mounted equipment

Foundation for bulkhead mounted equipment (structural bulkheads)
Foundation for bed-plate, raft, or pallet mounted equipment (items with two or
more mounted components)

Foundation for a typical electrical power distribution switchboard
Foundation for bulkhead mounted equipment (joiner bulkhead)
Foundation with an upper support in addition to a base mount
Foundation for Grade A alinement sensitive equipment

Foundation for typical Grade B equipment

Foundation for a fire pump

Foundation for equipment with critical clearance requirement
Typical deck-to-deck foundation

Foundation for free standing tank

7.4  Navy Review and Approval/Disapproval Cycle

7.4.1 Unless modified by the shipbuilding or contract specification, the Navy will compiete
action on math modal reports within 60 days of receipt of same. Provisional approvals may be
granted to permit proceeding with the analyses in cases where only minor corrections and/or
additional reference material are required. In such cases the cognizant design approval agency
will ensure that supplemental material is forwarded promptly. ‘

WeopgrRTrE mMoAnop

7.4.2 For mathematical models which are disapproved, the forwarding letter will indicate the

basis for disapproval. The cognizant design approval agency is expected to follow-up the
rejection to ensure that the shipbuilder or contractor is aware of the need for timely response.

7.4.3  Unless modified by the shipbuilding or contract specification, the Navy will complete
action on dynamic shock analysis reports within 60 days of receipt of same.

7.4.4 For dynamic analysis reports which are not approved, the forwarding letter will indicate
the basis for disapproval. The cognizant design approval agency is expected to follow-up the
rejection to ensure that the shipbuilder or contractor is aware of the need for timely response.

7.4.5 Re-submittals of mode! reports and dynamic analyses which involve the review of
extensive modifications shall be treated as new submittals and subject to the applicable Navy
review times stated above.

7.4.6 'The allotted time for Navy review and approval/disapproval of all other dynamic analysis
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submittals shall be determined by NAVSEA on a case basis.

7.5  Guidelines and Requirements

7.5.1 A Iist of all equipment requiring dynamic shock analysis shall be prepared by the
shipbuilder or contractor and forwarded within 60 days of the signing of the contract, unless
otherwise indicated by appropriate specification or contract. :

7.5.2 A planned schedule of submittals of mathematical models and dynamic shock analysis
shall be prepared by the shipbuilder or contractor and forwarded within 30 days of item 7.5.1 .
above. The schedule shall be updated at 30 day intervals unless otherwise indicated in the
appropriate specification or contract. This schedule shall be based on realistic vendor
information and shall reflect the shipbuilder’s or contractor’s requirements for orderly plan
development and production/delivery schedules.

7.5.3 Each mathematical model report and dynamic analysis report for an equipment being
analyzed must provide sufficient information and detail to permit timely review. Items indicated
in Sections 7.2.1 and 7.2.2 of this chapter are needed to establish the suitability of these reports.

_The cognizant design approval agency will screen all mathematical model reports and dynamic

analysis reports for conformance with guidelines of this chapter, prior to submittal to Supervisor
of Shipbuilding, Portsmouth Detachment, Colts Neck NJ. In order to expedite review, the local
design approval agency may authorize direct liaison between SUPSHIP and the shipbuilder or
contractor.

7.5.4 Since it is the responsibility of the cognizant design approval agency to ensure that

. characteristics of the equipment are in conformity with the applicable ship or equipment

specification, modifications to equipment or foundations which are indicated by the analysis shall
be monitored by the design approval agency to ensure that the equipment installation complies
with the analyzed system. Responsibilities for approval of plans and installations are not
transferred to Supervisor of Shipbuilding, Portsmouth Detachment, Colts Neck NJ. by this
document. -

7.5.5 The shipbuilder (or his design agent or the prime contractor for Government furnished
material) shall ensure that all model reports and analyses are acceptable and shall indicate in the
forwarding letter that such documentation satisfies all of the requirements of the applicable
specifications.

7.5.6 In order to provide for timely submittals and reviews, all local design approval agencies
shall incorporate the reporting and review actions of this document in all contracts involving
dynamic shock design requirements and on outstanding contracts where applicable and
permissable under existing provisions. '
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A MP

It is the purpose of this appendix to illustrate by a simple numerical example, the
computation of required normal modes of a structure. Consider the following system:

ANNSNNNNNNN

Figure A-1 Mathematical Model - 3 Degree of Freedom System
m; = Mass Value
k, = Stiffness Coefficient
¢; = Damping Coefficient

x; = Displacement Coordinate
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The equations of motion for the system, which are obtained by considering the

dynamic equilibrium of each mass are:

ks(!s-!z) Cs(is-iz)
Figure A-2
Free Body Diagram
3 Degree of Freedom System

kp(xz=xy) ez(xy = %y)

ky (xq) * eq (x4)

Fq(t)

%, = Velocity

X, = Acceleration

mX; + KiX; - Ky(X; - X)) + Gk - (%, - %) = 0
myX, + Kx(X; - X)) - Ks(X3 - Xp) + (X, k) - C3(%3 - X)) = 0

m3i3 + k3(X3 - Xz) + 05(*3 'iz) = O
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These equations may be conveniently written in matrix form as:

M){x} + [CKx} + [K}{x} = {F(O} M
where:
m, 0 0O €€y T, 0 ky+k, -k, O 0
[M =|0 m O] [C]=| ¢ 3%y <3| [K]=| k2 katks Ky {F(f)}={°}
0 0 m 0 <3 &4 0 %, ks 0

For undamped free vibration, the damping matrix [C] and the forcing
vector {F(t)} are equal to zero and equation (1) reduces to:

Mz} + [Kix} = {0} (@

These equations are solved by substituting:

x; = a,sin(wt)
X, = agﬁn(@t)
X3 = a;sil'l(wt)

X, = -a,’sin(wt)
%, = -a,’sin(wt)
X; = -aw sin(w t)
into equation (2), and canceling the factor sin(wt) to obtain:
-maw 2 + ka, - k(@ -a) =0
-mya,w 2 + kya; - ) - ks(a; -a) = 0

~M3ayw0 z 4+ kg(ag - aq) =0
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In matrix form
ky +ky -m oF %, 0 e, 0
-kz kz "'k, -"lz‘lf -k’ ‘2 = {8} (3)
0 ‘k’ k3 ""'n_‘d a’

For a non-trivial solution, we require that the determinant of the coefficient matrix be equal
to zero (eigenvalue problem), that is:

ky +ky ~m,of -k, 0
) ky +ky -mya? -k, =0 (4)

The expansion of the determinant gives a cubic equation in « namely:

mymymye® - [kymm, + (k;+k)mym; + (k,+ks)m,m,Je*+
koksm; + (ks + kikm, +(kk, + kk; + kk)m)o? - kkk; = 0

Substituting the values for m;, m,, m,, k;, k, and k,
m; = 7.764 1b-sec’in.
m;, = 5.176 Ib-sec/in,
m; = 2.588 Ib-sec/in.
k, = 8.4804 x 10% 1b/in.
k, = 5.6536 x 10° Ib/in.
ks = 2.8268 x 10° Ib/in.

the cubic equation becomes:
y’ - 4.551133 x 10°y* + 5.36876 x 10"y - 1.303144 x 10° = 0

where: y = o*
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The roots of this cubic are:

o = 326,72
& = 1,424,591
o = 2,799,875

Therefore, the natural frequencies of the system are:

_ rad
W = 571.60 -s—ec—

| @ = 1193.56 24
@ = 1673.28 BL

or in cycles per second:
\ f =90.97 Hz
f, = 189.96 Hz
{ f, = 266.31 Hz

The modal shapes are then determined by substituting each of the values for
the natural frequencies into equation (3), deleting one of the equations, and solving the
remaining two equations for two of the unknowns in terms of the third unknown. The first
parameter a, is set to 1,.00. Performing these operations, we obtain the following values for
the modal shapes:
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a; = 1.00 ap = 1.00 Az = 1.00
ay =205 ap=054 ay=-134
ay = 2,93 an = -1.79 ayn = 0.86

2 e
! §>7=°3©—;w }

my

|
NNNANNENNN ANNNNNNNNN <<<§Z<<<\ <<<§:<<<\

UNDEFORMED MODE 1 MODE 2 MODE 3

Figure A-3 - Mode Shapes, Three Degree of Freedom System
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The eigenvalue problem may also be solved by numerical techniques. There are many
methods which can be used to solve the eigenvalue problem. However, the inverse iteration
technique is demonstrated here, since it is employed in various important iteration procedures
including the determinant search and subspace iteration. The following discussion is
presented to illustrate a typical computer analysis method rather than provide the reader with
a manual computation approach which would rarely be used. The method presented below
converges to the lowest eigenpair, however, shifts may be applied to obtain the higher order
eigenpairs.

In the solution, a starting iteration vector {X,} is assumed and then equation (4) is
evaluated in each iteration step k=1, 2.....
[K]{Xa) = [M]{X) (4)

after convergence, equations (5) and (6) are evaluated.

!
| &01

Xy = ———— (5)
. Y X[ MX,,
XK1 X,
\ W = DalKlX, 6
} ME&D = 3 M%, (©)

as k goes to infinity, X,,, goes to ¢, (eigenvector) and p{x,,,} goes to w, (eigenvalue).

The solution for the first eigenpair using this technique will be demonstrated for the
sample problem. The higher order pairs may be obtained by imposing a shift on the original
matrices and proceeding in the same fashion.

14. 134 -5. 6536 0
-5.6536 8.4804 -2. 8265
0 -2. 8265 2. 8265

[K] = x 10¢

To solve the equations in (4), it is first necessary to decompose the stiffness matrix
[K] into its triangular factors [D] and [L]". The general equations for the decomposition are
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as follows:
&, =k
i=-1
& < ka'z;lugj i =2, !
g
I' = 7;L } =1, ,] -1
i
dy = k; 'Elriga
r=1
The particular solution is:

dy, = ky, = 14.134 x 10°
g = k;, = -5.6536 x 10°

1, = gp/dy;, = (-5.6536 x 10° / (14.134 x 10%) = -0.4

dx = kp - 18, = (8.4804 x 10°) - (-0.4)(-5.6536 x 10%) = 6.226 x 10°

gxn = kyy = -2.8268 x 10°

ly = gn/dyn = (-2.8268 x 10°) / (6.226 x 10°) = -.454

dys = ki - gy = (2.8268 x 10°) - (-0.454)(-2.8268 x 10%) = 1.543 x 10°
The resulting decomposed matrices are:

4.13¢ 0 0
[D] =| 0 6.26 0
0 0

1.543

x 109

1-0.4 0
[L]T={0 1 -0.454
¢ 0 1

A-8
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Equation (4) may now be written as:

4,134 0 0 1ft 0.4 0 X, .76 0 0 1q
1060 0 6.226 0 |lo 1 -0.454|{X,} =|0 517 0O l{l}
0 0 1s54llo o 1 X, 0 o 2.588]U

Multiplying through:

14.134 -5. 6536 0
10¢] O 6. 26 -2.827

;rz {57‘12% }
0 0 1.543 | | X, 2.588

Reducing the right side vector:
i-1

q; = Q—Elﬁqr.

q = 1.764
G, = 5.176 - 1,(V)) = 5.176 - (-0.4)(7.76) = 8.282
q; = 2.588 - 1,3(V,) = 2.588 - (-0.454)(8.28) = 6.340

solving for {X,}

14.134 -5.653 O x) (7.
10 0 6.2 -2.827|{X, ={s.
0 0 1.543 | | X 6

Xs, = 6.340/1.543 x 10° = 4,10894 x 10°
X, = (8.282 + (2.827 x 10°)(4.1089 x 10)) / (6.226 x 105 = 3.1956 x 10°
X, = (7.764 + (5.6536 x 10°)(3.1956 x 10%)) / (14.134 x 10°) = 1.828 x 10°

Dividing {X,} by the first component X,, gives the first iteration {X,} approximation
to the lowest eigenvector.
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Therefore X, = 1.0
1.75
2.25

Continuing the iteration process using the resulting vector {X;} from the previous iteration,
as the starting vector in equation (4), the resulting iterations are:

Vector X, Vector X, VectorX; Vector X,
1.0 1.0 1.0 1.0
19 204 205 205
2.76 289 292 293

evaluating equation (5), to generate a normalized mode shape:

VIZXal” [M[ %]

.7 0 0
1.0 2.05 293; | 6 5.17%6 0O
. 0 0 2.588

i)

Muitiplying through and taking the square root:
= 7.1923

The normalized mode shape is:
0.1391

0.2853

0.4071

'A-10
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Now evaluating the eigenvalue from equation (6):
14.134 -5,6536

0
. 1391
[ 1301 .2853 .4071)|-5.6536 8.4804 -2.8268 xlO“[.ZSSB}
_ 0  -2.8268 2.8268 - 4071
768 0 0 11 1301
[ 1391 .2853 .4071)| 0 5.176 O || 2853
0 0 2.s88 |l 4071

p = & = 32,719.83 (gcd-)’

rad

w = 571.59 —, f 27w = 90.97 Hz
sec

Now imposing a shift, the eigenvalue problem becomes:
[K-uM]o = nMé

where:

assumming a shift of 1 x 10°, the [K-uM] matrix becomes:

6.374 -5.653 0
[K] = |-5-6536 3.304 -2.8265| x10¢
0  -2.8265 0.2385

The decomposition and iteration may now proceed as before.

A-11
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APPENDIX B
ANAL

When performing a dynamic analysis for any system with two or more degrees of
freedom, it is necessary to create a flexibility or stiffness coefficient matrix (see Section 3.3).
For complicated mass-spring systems hand calculations are impractical. The finite element
method is currently being used by many analysts to perform this analysis. The method is
described below. For dynamic analyses required by the shipbuilding specifications, the finite
element method is acceptable.

Finite element codes provide the user with a library of element types which represent
distinct patterns of structural response reflected by rods, beams, plates, continuum, etc. These
finite elements are derived from the principal of Minimum Potential Energy based on assumed
shape functions and are therefore approximate. However, sufficiently refined assemblages of
finite elements can be constructed to represent the behavior of structural systems. At element
intersections, displacements and rotational compatibility may be enforced or released by the user.
The finite element method is a systemized method for assembling sophisticated mass elastic
systems and therefore must conform to the guidelines provided within this document.

The following is a list of the type of information that the analyst must assemble for a
discrete element type model:

Type of material - steel, aluminum, etc.

Type of structure - frame or truss

Type of loading

Degrees of freedom - description of all releases and constraints
Description of each finite element

Mass distribution

e Ao op

The above type of information, when entered into an appropriate computer program, will
produce the stiffness matrices necessary for the performance of the dynamic analysis.

State-of-the-art finite element programs are capable not only of producing the stiffness
matrices, but also of calculating natural frequencies and mode shapes in one step. Such
programs tend to eliminate the distinctions made in Chapter 3 between the coefficient
computation phase and the dynamic computation phase. Certain proprietary versions of finite
element programs even calculate the DDAM motion inputs, modal stresses in beam or plate
clements, NRL stress and margins of safety relative to allowable design stresses. The evaluation
phase described in Chapter 3 can therefore largely be done in conjunction with the coefficient
computation phase with such programs.
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It must be emphasized that the use of large finite element models for DDAM analyses
does not relieve the analyst from the obligations to exercise judgement and to properly interpret
the analytical results. For example, shock stresses calculated directly by finite element models
are often only gross approximations. In many instances, complicated geometrical parts are
represented by simple constant-section beam elements for purposes of generating system
flexibility or stiffness properties. The program-calculated stresses in such elements must be
checked by means of manual calculations which account for the true geometry of the parts being
evaluated. Alternatively, secondary finite-element analyses with more modelling detail in the
areas in question may be conducted. These secondary analyses may be static ones, with the
applied loads being the DDAM-calculated inertia loadings.

The capabilities available in modern finite element programs tend to encourage the use
of large mathematical models for DDAM analysis. Figures B-1 and B-2 illustrate a finite
element mathematical model of moderate complexity. Included in the model are both beam and
plate elements. The tendency to use models of ever-increasing complexity should be
discouraged. Overly complicated models have the following dlsadvantages

A. Difficulty in performing review and check. Extremely voluminous input/output
data sets make checking of the analytical results difficult for both the Contractor
and the Navy and thus reduces the overall level of confidence in the shock
hardness of the design.

B. Misleading accuracy of results. Since the dynamic analysis by DDAM of most
large complicated models generally requires the use of reduction technigues the
accuracy of the results may not be as reliable as expected. Since the solution of
the dynamic problem has been obtained from a reduced mathematical model the
accuracy has not been increased by excessive refinement of the model. In fact,
if the reduction process is improperly applied, a lower level of accuracy will be
achieved for the more complicated model.

C. The larger the model the higher the probability of producmg closely spaced
modes.

B-2
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As noted throughout this guide, the DDAM is considered appropriate for use on linear,
elastic shipboard systems for which the DDS 072-1 shock design values are considered
applicable and appropriate. Other procedures, such as a transient analysis method or an energy
method, may be substituted for DDAM if approved by NAVSEA.

The transient analysis method, similar to the modal summation technique of DDAM,
requires a mathematical model to be developed which represents both the elastic and inertial
properties of the system. Whereas the DDAM assumes an undamped steady state solution by
combining the maximum responses of each modal contribution regardless of the times at which
these modal maxima occur, transient analyses determine the phased responses within a finite
response interval. It is not likely, in the presence of structural damping, that the peak modal
contributions will constructively combine as assumed in the DDAM. The high frequency
responses will likely diminish very rapidly and many of the analytical difficulties within DDAM
associated with closely spaced modes will not be present in a transient analysis. Furthermore,
lightweight equipment mounted on low frequency structures in tune with the ship’s hull girder
-frequencies will be subjected to vibratory motion rather than a shock loading, sometimes referred
to as shock induced resonance.

Differential base motions can be supplied for larger equipment items with multiple
supports to reflect variation in support structure. Non-linear effects and the ability of redundant
structures to redistribute forces can aiso be accounted for in sophisticated transient analyses.
However, unlike the modal methods in which enveloped spectral response motions can be
supplied to the analyst, transient analyses require time history forcing functions or base motions
as inputs. These transient inputs depend on the characteristics of the UNDEX parameters and
the ship structure. As yet no set of general inputs has been determined by the Navy which
constitute a transient design environment.

Transient response calculations can be conducted on three distinct levels of analytical
rigor:

a) Full ship responses in which a three dimensional hull model of the ship structure
is loaded via a fluid structure interaction algorithm. The pressures and motions within the fluid,
resulting from a postulated attack geometry and charge weight, load the ship structure and the
response of the internal equipment is calculated interactively with the full ship response. This
methodology allows the analyst to consider the effects of shock, cavitation and bubble pulsations
on the full ship, thereby providing the most complete representation of the three dimensional
ship structure response. Transient analysis techniques may also be applied to the analysis of
external appendages. The transient analysis approach however, has several obstacles to
overcome before it can be implemented in a shipbuilding program. The input parameters have

C-1
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not been defined, in fact, multiple analyses may be required to determine the most severe
response to various attack configurations which all correspond to the same shock environment
level. The full ship transient approach is potentiaily an expensive method to apply and is not a
practical substitute for DDAM in a production mode for most if not all equipment foundation
design.

b) Beam model responses in which the ship structure is reduced to an equivalent
beam loaded by a more simplistic momentum transfer algorithm. The equipment is driven by
the beam motions projected to the equipment locations. In these beam analyses, simplistic
characterizations of the fluid loadings may be prescribed. Beam models, however, globally
constrain entire components of motion, exclude significant coupling which may be important to
equipment response and filter the frequency content of the motion delivered to the equipment.

c) Local equipment responses can be determined by subjecting the equipment to
measured shock test data. These analyses can only be used following ship shock tests as an
evaluation tool for equipment response not equipment design. Care must be exercised in
selecting boundaries for the equipment model and the application of the input motions. Gage
records must be chosen prudently to best represent the characteristics of the equipment structure
interaction.

The limitations inherent in any of the transient analysis approaches discussed above must
be clearly understood. The transient analysis approach requires a very accurate definition of the
base input motion. As explained in Chapter 3, test data have shown the great importance of the
spectrum dip, or equipment feedback, effect on ship base motions. Determination of this effect
requires that an accurate model of the equipment under consideration be included in the hull
model being used to derive the input motions. Errors in the determination of the spectrum dip
effect will cause the transient analysis to over-predict equipment and foundation responses to
shock. Similarly, responses caused by multipie resonant conditions within the hull model used
to generate input motions will generally lead to over-predictions. In general, it is considered
prudent to do a shock spectrum anatysis of proposed transient analysis inputs and to compare
them for reasonableness with the DDS 072-1 inputs before proceeding with a complete transient

" analysis.
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APPENDIX D
IRE H

Components of the design spectrum levels can be used to solve for equipment
response to an oblique shock or for redefining the shock design vaiues into equipment oriented
axes. Consider that the three specified design spectrum values, D,, D, and D; form an ellipsoid
(not of revolution). The octant of space occupied by this ellipsoid intersects the X, Y and Z axes
at values which correspond to the maximum (or principal) ship oriented design shock spectrum
inputs. Figure D-1 shows the relationship between the three axes of a hypothetical damage
surface. If we let the Y axis correspond 1o the ship’s vertical direction and its principle design
spectrum value is D,, the Z axis correspond to the athwartship direction with its principal design
spectrum value as D, and the X axis correspond to the fore/aft ship direction with its principal
design spectrum value of D; we can develop parametric equations for any angle of attack. The
point P on the surface of this ellipsoid represents the components of the design shock spectrum

values to be used for oblique angles of attack or to determine responses along axes other than
the principal ship axes.

y VERTICAL
Dv

ELLIPSOID

b N Df

S
= T7 x FORE/AFT
i /
Da ¢
Z ATHWARTSHIP

Figure D-1

Hypothetical Damage Surface
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Oblique Equi ori .

In a similar manner if we rotate the response axis to correspond with the equipment axis
rather than principal ship axes the analysis method requires determination of three coordinate
input values for each individual direction of design input. That is, components of the specified
vertical design shock input are required to be determined along each of the three equipment
axes. These component inputs are to be applied simultaneously and the solutions combined on
a mode by mode basis.

The design produced from shock inputs that have been re-oriented to coincide with
equipment axes is the same as the design produced by inputs along the ship axes and these
alternate inputs can be used if desired for ease of calculation and design.

onsider a mass-elastic model of the pent oriented in the fore/aft - vertical plane
of the ship whose local axes, x and y are rotated an angie 6 with respect to the giobal axes of
the ship.

Vertical

Fore/Aft

Figure D-2  Orientation of Equipment Axis
X . with Respect to Ship Axis
For each mode "a” of the equipment analysis a frequency, w, and a mode shape, {&,}
are defined in the local x-y coordinate system. Correspondingly, for this multi-directional
response analysis, Participation Factors are calculated for each mode and direction of motion as:

@wF M) n
@F M] @)

where the vector {r} relates the orientation of the motion of the ship to the local coordinates of
the equipment. For a simpie two degree of freedom system with one degree of freedom in the
local x axis and the other in the local y axis, the {r} vector will be;

D-2
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{r} = {_cs(;% } for fore/aft motion

{r} = {:gz} for vertical motion

Modal masses are calculated for each mode "a" and assumed direction of ship motion and
the spectral response values are obtained from DDS 072-1. For fore/aft motion the spectral value

is D, and for vertical motions the spectral response value is D,,.

The equipment response displacements for each mode and each direction of ship motion
is calculated from normal mode theory as:

{d }

” @} P, D, for fore/aft ship motion

a.

@) P, D, for vertical ship motion

For the two degree of freedom example previously described, the two components of
equipment response, X and Y, for a particular mode "a" will be, for fore/aft ship motion:

X
{d} = { f“}
% Y,

x - fI>a1(<I>d M, cos@ - ® .M, sin9)
" M, q’alz + M, @, e

v - q)ﬂ(q)d M, cosd - D, M, sinﬂ) D
d M, q)alz + M, q’azz e
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and for vertical ship motion

x - <I>al(¢1>¢1 M, sind + &, M, cosv) D
" M, q’alz + M, P’ v

Y, - @d(fbﬂ M, sind + @ .M, c:osl))Dwx
M, ‘pazz + M, ‘bazz

Alternatively, spectral response values can be prescribed in the orientation of the local

coordinates, N, and N,.
Nal  lcos@ sin@ |)Dg
N, " |-sin@ cos@® ||D

va

Participation factors P,, and P,, are determined as before, however, the {r} vector will
now relate the new orientation of the ship motion 1o the local coordinates of the equipment. For
the two degree of freedom example the vector {r} will now be:

{r} = {é } for x motion and

{r} = {(1)} for y motion

D4
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The equipment response displacements for each mode and each direction of ship motion
is calculated from normal model theory as before

{d} = @} P, N, forx direction ship motion

ld} = @} P, N, fory direction ship motion

For the example of the two degree of freedom system, the two components of equipment
response, X and Y for a particular mode will be, for x direction ship motion;

e

@2, M, (D, cos§ + D, sin8)
LM + LM,

X

®, ®, M, (D, cos8 + D, sind)
oL M, + LM,

xa

Similarly for the y direction ship motion:
X
o - (7]
» Yy‘

¢, P, M, (—Dfa sin@ + D cosB)

g LM, + O, M,
_— @, M, (-D,, sin@ + D, cosf)
" cPiIMl * <I>:2M2
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These modal response motions can be related by recognizing the relationship between the
input motions prescribed in the two coordinate systems. rFor a pure fore/aft ship motion the
response value D,, = 0, andﬂleremllbetwocomponentsofspecmlresponsevaluestobe
applied simultaneously:

N, = D, cos®

xa

N, = -D, sin®

Correspondingly, the equipment response in the x direction will be the sum of the x
direction response resulting from N,, and N,,.

@, M (D, c0s0) D, M(D,s .o)
¥, M + P, M, M o VM,

Xl‘ -

a

®, @, M(D,cs8) B, M/(D,sinb)

Y
§ @i, - B, M M, o+ ¥ M

e -

In this fashion, equivalent equipment responses can be calculated to motions in either the global
ship axes or the local equipment coordinate system.

' D-6
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1.0 Introduction

‘ This appendix s provided as an example of the format and content of a dynamic analysis
report for a typical finite element model. It is not the intent of this example to provide technical
guidance in the performance of DDAM.

This appendix presents the mathematical model and the vertical dynamic analysis of the
foundation for a radar test set, two transponder sets and an electronic controlier (Section 5 of
this appendix, Figure E-1). The appendix verifies that the foundation structure shown in Section
7 of this appendix, Figures E-4 through E-10, is adequate for Grade A vertical shock. Since
some permanent deformation would not invalidate the design for its intended grade of shock,
elastic-plastic inputs were used. The appendix also identifies and eliminates closely spaced modes
from the modal analysis. It is noted that the finite element model and shock analysis for
athwartship and longitudinal shock, although not presented here, will have the same format as
the vertical shock analysis.

The material presented in the example problem is representative of the material that
would be provided in a finite element DDAM submittal to the Navy for final approval. The
following data is provided:

PAGE
1. Introduction E-1
2. Mathematical Model E-2
3. Computer Analysis E-3
4.  Results | E-3
5. Sketch or Arrangement of Item E-5
6. Sketches of Equipment E-7
7. Sketches of Foundation E-10
8. Mathematical Model Sketch (node numbers) E-18
9. Mathematical Model Sketch (element numbers) E-20
10. Mathematical Model Sketch (mass locations) E-22

E-1
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11. Computer Input E-24
Joint coordinates

Member and element incidences

Member and element properties

Member releases

Boundary conditions

Load conditions

Mass values

meoanoe

12. DDAM Output

a. Frequency, participation factors and E-31
modal weights for each mode used in
the NRL sum

b. Modal Mass vs. Frequency and - E-34
Eigenvector vs. Node Number Charts
for suspect modes

c. Modal output (mode shape, forces, E-38
deflections) for each mode (Note 1)

d. Internal member force calculations for E41
each mode (Note 1)

e. NRL sum of stresses for each member E-46

Note: For this sample problem, modal output and internal member forces are
provided for a typical mode only to limit the size of Appendix E.

2.0 Mathematical Model

The rack type foundation, shown in Section 5, Figure E-1, supports a radar test set, two
transponder sets and an electronic controller. The electronic controller is attached to the center
transponder set. The equipment sketches for the radar test set are shown in Section 6, Figure
E-2. The equipment sketches for the transponder set are shown in Section 6, Figure E-3. The
electronic controller is a small rectangular box and the equipment sketches are not provided.
Scantling drawings for the rack foundation are shown in Section 7, Figures E~4 through E-10.
The foundation was modeled using prismatic beam elements for the entire model. The plates
shown in Figure E-8 were represented as flanges of beams using effective plate widths. The
radar test set and transponder sets are represented with a rigid frame configuration. The
electronic cortroller is modeled as a linear spring and mass, At the rigid
frame(equipment)/foundation interface, the moments about each of the three local axes were
released to simulate the effects of the bolted connections. The foundation frame is fixed for all
translations and rotations at the deck. Computer generated plots for the full structural model are
shown in Section 8, Figures E-11 and Section 9, Figure E-12.

E-2
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The mass distribution for the mathematical model is shown in Section 10, Figure E-13.
The three equipment masses are given dynamic degrees of freedom in the three global directions
(fully coupled). Because of its size, the electronic controller is given only a vertical dynamic
degree of freedom. Due to the symmetry of the structural masses, and resulting small coupled
motions in the horizontal plane for vertical inputs, these masses were given only vertical
dynamic degrees of freedom for the vertical shock analysis.

3.0 Computer Analysis

A particular computer program and dynamic solution technique has been chosen for this
example. There are numerous other programs available to perform a DDAM analysis. It is not
the intent of this example to restrict the finite element analysis to any one computer code. A
copy of the computer input data used for this shock analysis is shown in Section 11.

A system with three phases to the analysis was used for the shock analysis of the example
foundation. The first phase (a general structures program) calculates the stiffness matrix,
member loads, support reactions and joint deflections. The second phase performs the dynamic
analysis and determines the natural frequencies and effective static forces associated with each
mode. The last phase used in conjunction with the output of the general structures program
determines the forces, stresses in each member and all joint displacements associated with the
shock loading. This final phase also combines (NRL sum) the member stresses developed in the
modes analyzed.

4.0 Results

The results of the foundation analysis are provided on the following pages. To
demonstrate the identification and elimination of closely spaced modes, an iteration prior to the
final iteration is shown for demonstration purposes only. This iteration would not normally be
submitted with the final analysis report.

12.a Frequency, participation factor and model E-31 - E-33
weights for each mode used in the NRL sum.

12.b Modal Weight vs. Frequency and E-34 - E-37
Eigenvector vs. Node Number Charts

12.¢c Modal output (mode shape, forces, E-38 - E-40
deflections) for each mode.
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12.d Internal member force calculations for E-41 - E-45
each mode.
12.e NRL summation of stresses for each member. E-46 - E-50

Allowable bending stresses are twice yield for an elastic-plastic analysis.
Allowable stress is 2 x 33,000 psi = 66,000 psi.

Allowable shear stresses are 60% of twice yield.

Allowable shear stress is 0.6 x 66,000 psi = 39,600 vsi.

Reviewing the modal results shown in Figure E-16 of Section 12.b, it can be seen that
modes 6, 7 and 8 are closely spaced (within 10% of the lower mode). Further review of the
eigenvectors of the three modes, Figure E-17 of Section 12.b reveals that the 1 Ib. electronic
controller (node 66) is out of phase and dominates in modes 6 and 7. The force that the 1 Ib.
electronic controller is anticipated to be excessive. When these modes are summed in the NRL
procedure, the cancelling effect of the small mass is lost and erroneous results occur.

The problem is eliminated by stiffening the interface so that the mass of the electronic
controller may be combined with that of the transponder set. Section 12.b, Figure E-18 shows
the modified modal data. It can be seen that modes 6 and 7 have been combined into a single
mode having the same modal weight as the two previous modes.

After elimination of the closely spaced modes, the critical normal stress (NRL) in
member 18, at joint 21 is:

0y = 59,574 psi < 66,000 psi

After elimination of the closely spaced modes, the critical shear stress (NRL) in member
7 at joints 40/39 is: .
= 8,233 psi < 39,600 psi

me

All other stresses are also below allowable limits.

E-4
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Section 5.0

Sketch or Arrangement of Item
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~— ELECTRONIC
CONTROLLER
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SEE FIGURE E-3
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SEE FIGURE E-3
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SEE FIGURE E~4

Figure E-1 General Arrangement of Foundation
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Section 6.0

Sketch of Equipment
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Section 7.0

Sketches of Foundation
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Mathematical Model Sketch (node numbers)
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Section 12.a

Frequency, participation factors and modal weights
for each mode used in the NRL sum
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Section 12.b

Modal mass vs. Frequency and Eigenvector vs. Node Number Charts
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Modal output (mode shape, forces, deflections) for each mode
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NRL sum of stresses for each member
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: APPENDIX F
EXAMPLE APPLICATIONS OF THE ALI OWABLE STRESS CRITERIA

Allowable stress criteria used to evaluate the adequacy of structures under shock loading
are detailed in Section 6. Examples for their applications are provided in Tables F.1 and F.2.
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Table F.1 Example Applications of the Allowable Stress Criteria

Note: Sa = Allowable Design Stress
Stress region

Description of Load Types
and Stress Regions Remarks

1 General Membrane,

2 : General Membrane.

For structural cross sections, stress in
segments typically thought of as shear load
4 carrying members (i.¢. seginents parallel
“Ca to the direction of the shear l0ad) must
remain less than Sa.
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ja (Cont’d)

Table F.1

Remarks

sectior

General Membrane plus Bending.

Stresses evaluated at the outermost

Description of Load Types

and Stress Regions -

section. Stresses evaluated at the outermost

fibz:s must remain less than Sa.
scecion. Stresses evaluated at the outermost

The web of the cross-section is the shear
he~ading stress is varying across the cross-
fibers must remain less than Sa.
Thewebandﬂangesofthécross-section
are the shear load carrying segments.

load carrying segment.
General Membrane plus Bending.

fibers must remain less than Sa.
General Membrane plus Bending.
The {langes of the cross-section are the

shear load carrying segments.
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Table F.1 le lications e Allow Criteria (Cont’d)

Description of Load Types R I
and Stress Regions
6 General Membrane plus Bending.
F The bending stress distribution is through
—— the entire cross-section. The stress in the
GD ) section must remain less than Sa.

7 _ Local Membrane plus Bending.

The local bending stress distribution is
varying through the plate thickness due to
a structural discontinuity. The stress in any
36 degree section (10% of effective area)
must remain less than Sa.

degrees

F-4
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Table F.1 Example Applications of the Allowable Stress Criteria (Cont’d)

Description of Load Types
and Stress Regions -

Remarks

General Membrane.

Stress levels in the effective load carrying
area must remain less than Sa.

= Effective Load Carrying Area 1
=ty(t2 + 213)

Effective Load Carrying Area 2
=15(t) + 213)

Effective load carrying areas based
on 45 °load flare through thickness
of plate 3.

7 ~ara]l Membrane.

:73 levels in the effective load carrying
#vca must remain less than Sa.
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Table F.1 m. le Applications of the Allowable Stress Criteria (Cont’d)

Description of Load Types

and Stress Regions Remarks
10 Strucrural Discontinuity-Web Intersections
Local Membrane plus Bending. |
Nogx'eaterthanlo% of the length of the
line formed by the intersection of the
N Ls plates may experience stress greater than
// _L the general allowables.
nt L
1 2
1 L
g — < 0.10 (10%)
] L
o] Y
//
Le = Towl Length of Intersection
Ls = Length of Imersection Over Which
Exceed General Allowables
11 Local Membrane plus Bending.
e The local bending stress distribution is

varying through the flange thickness due to
a structural discontimuity. No greater than

10% of the length of the boundary of the

flange may experience stress greater than

the general allowdbles.

L
— <010 (10
I < (10%)

[4
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3
| 2 o

41

[f 12 Local Membrane plus Bending.

. Effective Load Carrying Area of the .

[ ~Section, 45 Degree Load Flares; Ae The area of stress, A,, in which geperal

i ' o aiiowables are exceeded must not exceed

| / : / 10% of the effective load carrying area of
s 7 \\ the section, A.,.

i 5% A,

/\\Q ; = <010 (10%)

; ZANING )

r Z NS \\ 45 Degres In order for a load path to be effective, at
| 7 Angles least one of the two angles created by the
| Vy flare boundaries and the edge of the plate
u /I must be 45 degrees.

l Zmdsﬂm&wm Average shear stresses from tear-out and
{ Genenal Allowables; As panch-through calculations are limited to
; genera! membrane allowables

’ 13 \ ... thembrane plus Bending

|

mwmma&e In cases where Jocal allowables are

i -45 Degrec Load Flares: Ae exceeded, the area of stress, A,, greater

| I IIs than the local allowables must not exceed
| ; v, 5% of the effective load carrying area of
l{ 7 N the section, A..

: Z 4, .

/ \ = <005 (5%)

} /K - ’ * ¢

;{ ANPDA 45 Degree 1o order for a load path to be effective, at
} Angles least one of the two angles created by the
| 7/ flare boundaries and the edge of the plate
;x must be 45 degrees.. )

' ,ZAMOfSMGmm Average shear stresses from tear-out and
1 ' general membrane allowables.

J.

F-7
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| Local Allowables; As punch-through calculations are limited to
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Table F.1 Example Applications of the Allowable Stress Criteria (Cont’d)

Description of Load Types
and Stress Regions

14 Stress Concentrations

Concentrated stresses are ordinarily
computed for determining fatigue adequacy
of a structure. Because adequacy for
fatigue is not a requirement for shock
induced loads, nodal stresses occurring at
points of stress concentration (i.e. corners,
cutouts, points of load introduction) are

Remarks

General stress requirements for the gross
section must still be satisfied.

CIUTOUTS & PENETRATIONS
In the case of local load introduction,
shear, tear-out and punch-through
requirements must still be satisfied.
POINT OF LOAD INTRODUCTION

F-8
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Table ”.2 Special Applications of the Allowable Stress Criteria

Description of Load Types
and Stress Regions

Remarks

! !- I !S ! B -
Membrane plus Bending.

Discretemgionsof‘locnlstmssremhing
from concentrated loads shall not overiap.

di +h

225 >

. ...LQcal Stress Regions

iaz centers of adjacent stressed regions
classified as local cannot be closer than
2.5 times the average dimension of each
locally stressed area unless the sum of the
areas is less than 10% of the effective load
carrying area. The length of each locally
stressed area (d,,d,) shall be taken as the
distance over which the stresses exceed the
general stress limits along a line of action
between the center of each pair of adjacent
locally stressed areas. '

Not applicable to concentrated loads.
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owable Stress Criteria (Cont’d)

Description of Load Types
and Stress Regions

W, = Effective Width of Flange
Oy= Allowable Yield Stress of Flange
_ E = Modulus of Elasticity

Calculate the effective flange width of the
contimuous plate from _DDS 1004.

w-ul|E
Uy

Use as an aid in determining effective area
for local stress evaluations.

t = Plate Thickness
The region of stress, A,, located between
As the effective flange widths is evaluated as
o a typical plm.

F-10
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