PR IR

R 2 S e O e

e IAy

o
¥
) /
\ N
\o x
: s
-
¥
- @ :4
:
v 5
v
3
: 3
~
——— v
i Tprewr : Z
A, -
¢ e s
—
; ¥
ps
* J:
&
:
v 4 P
:
3 s
e — - -
c '
. o :

AN

\
.
b3 .
& ‘e
{
-
.
i :
\s
\*i
¥ £
|
- :
'
!
“
& 4
.
S\ E
: \
N :
- - .
‘ .
\ :
. a » '
e
R '
LR g~ B
R
.
Ao <
\ 3
\ 3 2
.

NATIONAL

Springfield,

uced by
TECHNICAL

INFORMATION SERVICE

Va. 22151

-



L T I Y PTO  Yr e T T LY R AT YT T i v ey

UNCLASSIFIED :
Security Classification "~
DOCUMENT CONTROL DATA - R & D 1
(Security classallication of title, body of absiract and indexing tation must be d when the overall report le classitied)
28, REPORT SECURITY CLASSIFICATION

1. ORIGINATING £ACTIVITY (Corporate author)

¥
4 IIT Research Institute
| 10 West 35th Street 25, GROUP
§ Chicago, Illinois 60616
! :i 3. REPORY TITLE
£ &
% CIVIL DEFENSE SHELTER OPTIONS: DELIBERATE SHELTERS VOLUME II
—; 4. OESCRIPTIVE NOTES (Type of report and inclusive dates)
Final Report
g 8. AUTHOR(S) (Firat name, middie initial, lasl name)
£ A. Longinow C. A. Kot
g J. Kalinowski F. Salzberg
z 6. REPORT DATR 78. TOTAL NO. OF PAGES 7b. NO. OF RE"S {
; December 1971 379 72
88. CONTRACT O ANT NO. 28, ORIGINATOR'S ALPOART NUMBER(S)
DAHC-68-C-0126
J6144

5. PROJECT NO.

OCD Work Unit 1614D
c. ob. g:’:c::ozrro-'r NO(S) (Any other numbere that may be sssigned 5

d.
10. DISTRIBUTION STATEMENT

Approved for public release; distribution unlimited. .
4

12. SPONSORING MILITARY ACTIVITY
Office of Civil Defense
Office of Secretary of Army
Washington, D.C. 20310 ¥

11. SUPPLEMENTARY NOTES

13. ABSTRACT

‘The ability of specific shelter structures to provide protection
for personnel subjected to nuclear weapon environments is investigated
and respective sheltering costs are estimated. Specific structures
considered and costs for several defined sheltering options are given,
and the capability of these shelters in providing protection relative !
to a range of weapon environments is presented. The bases for these ;

predictions are described.

w3 4

D '!'0:“1 47 :::3::,: 33:2:3"""1:&.- JAN 64, WHICH 19 UNCLASSIFTED

curity Classification




Security Classification

UNCLASSIFIED
Security Classification
14. LINK A LINK B LINK C
KEY WORDS
moLE| wr |noLE|] wr | moLe | wr

5

?i

f

‘

E

3

i

i

¥

g

y
L

UNCLASSIFIED

sl



VOLUME II

CIVIL DEFENSE SHELTER OPTIONS:
DELIBERATE SHELTERS

OCD Contract DAHC&%B-C-O 126
OCD Work Unit 1614D

Final Report

RSt S

by

i A. Longinow
J. Kalinowski
t C. A. Kot

F. Salzberg

it i R s

i ik

for
Office of Civil Defense

Office of the Secretary of the Army 3
Washington, D.C. 20310

December 1971

Approved for public release;
distribution unlimited.

OCD Review Notice

This report has been reviewed in the Office of Civil
Defense and approved for publication. Approval does
not signify that the contents necessarily reflect the
views and policies of the Office of Civil Defense.

\ ORIGINAY ¢OPY ey o POOT QUALTIR

f LEIT Ioss e 0 1 PRODUCTION FROM
oYY CtUrwy i a




FOREWORD

This final report on IIT Research Institute Project J6144,
Contract DAHC-68-C-0126, OCD Work Unit 1614D, entitled '"Civil
Defense Shelter Options: Deliberate Shelters,' is presented
in two volumes. The work was performed in the Structural
Analysis Section, Engineering Mechanics Division of IITRI by
A. Longinow, A. J. Kalinowski, C. A. Kot and F. Salzberg. It
was monitored by Mr. C. D. Kepple of the Shelter Research
Division, Office of Civil Defense.

Respectfully submitted,
IIT RESEARCH INSTITUTE
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Manager~
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Assistant Director
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ABSTRACT

The ability of specific shelter structures to provide pro-
tection for personnel subjected to nuclear weapon environments
is investigated and respective sheltering costs are estimated.
Specific structures considered and costs for several defined
sheltering options are given, and the capability of these
shelters in providing protection relative to a range of weapon
environments is presented. The bases for these predictions

are described.
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CHAPTER TWO
ANALYSIS OF STRUCTURAL BEHAVIOR

An exact solution for the response of a structure to dynam-
ic loads is a practical possibility only when the structure in
question is sufficiently simple and when the overpressure
loading-time variation is a known mathematical function. Actual
structures and loadings ordinarily do not satisfy these condi-
tions. For this reason, it is necessary in such cases to ideal-
ize both the structure and the loading. Structural idealization
is performed by considering only the dominant modes of response.
Very often only the first mode need be considered and the struc-
ture may then be represented by an equivalent single degree-of-
freedom system.

In the analysis of blast resistant structures we are ordi-
narily interested in deflections and their relationship to the
primary stresses in the structure. It is necessary thus to
select the equivalent system such that the deflections of the
concentrated masses are identical with those of certain points
on the actual structure. The resulting deflections may then
be related to stresses. The magnitude of error in such an ansl-
ysis is in the amount which would have been contributed by the
neglected modes. For most cases nf practical interest, one
mode predominates and reasonably accurate results may be ob-
tained by considering only this mode.

In idealizing dynamic loads two simplifications are ordi-
narily considered. The first involves the geometric distribu-
tion of the load on the structure; the second involves the load
time variation. If in the idealized structure, the mass of the

system is concentrated only at certain points, then modified load

magnitudes need to be applied at these points. The general form
of the dynamic analysis (Ref.13) performed on the subject shel-
ters is described in relation to a rectangular shelter, however,
the formulation is general enough to be applicable to any rea-
sonable structural system.
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The shelter shown in Fig. 2.1la is a buried structure subject
to uniform, time dependent loading (Fig. 2lb) over the surface of
the ground. The static load deflection relationship (resistance
function) for the point at the center of the roof slab is shown
in Fig. 2.1lc. Such a relationship is a function of the spacial
distribution of load over the surface of the ground, the type of
soil, depth of burial, and geometric, material and structural
properties of the shelter. The equivalent structural system is
shown in Fig. 2.1d and is selected such that the concentrated
mass deflection is at all times equal to the midspan deflection
of the slab. This may be accomplished (neglecting higher modes)
by obtaining a relationship between equivalent structure param-
eters p, (load) , m, (mass) and ke (stiffness) for a single degree-
of-freedom and the actual structure parameters p(t), m and ¥

(Ref. 13).

The procedure used involves an assumed deflected shape cor-
responding to the dominant mode. This establishes a relationship
between the deflections of all points on the structural element
which is constant with time and makes possible the representation
of the structural element by an equivalent system having one
degree-of-freedom. Factors which transform the actual paramcters
p(t), m and k to the equivaleunt ones (p,, m,, ke) are related and

obtained as described herein.
= 2
Po(t) = K p(t) 2 1
The lcad transformation factor KL is determined by equating the

external work done by pe(t) on the equivalent system to that done
by p(t) on the actual system. The time variation in both cases

is the same.
m, = Km m (2.2)

The mass transformation factor K  is determined by equating the
kinetic energies of the real and equivalent systems.

R, = Kr R (25030

66
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4 ' The resistance, R, of an element is the internal force tending to
restore the element to its equilibrium position (Fig. 2.lc). At
a given deflection the resistance is defined as being numerically
; equal to the static load required to produce the same deflection.
3 The maximum resistance then is the maximum load that the element
can carry and is computed using ultimate strength criteria. The

resistance transformation factor, Kr’ is obtained by equating

the internal energies of the two systems. On this basis KL==Kr

The spring constant of the actual system is defined as the

S Bal sl S op byt Soo. Br-iod

static load required to produce a unit deflection. Deflections
of the actual and equivalent system are equal. The spring con-
stant of the equivalent system is obtained from

PG X

‘ ke = Kr k (2.4)

where k is the stiffness (spring constant) of the actual system.

Having defined the transformation factors, the equivalent
1 system may be analyzed. This is done by solving the correspond-
ing equation of motion using the transformed parameters. The :
basic equation of motion of the equivalent single degree-of- freedom 3

system 1is
d2X 3
w my EEZ = pe(t) - Re(x). (2.5)

Replacing the equivalent terms m,» Pa» Ry with Eqs. (2.1) through
(2.3) we obtain

M T e o0 P N I T .

Ko d2x
K—]' n d—tz' = p(t) = R(X)- (2"6)

Y I P
s

Thus given a structural element, its characteristic resis-
tance function, a loading function and appropriate transformation
parameters KL and Koo the solution of Eq. (2.6) enables us to
predict deflection (and consequently stress and strain) at any
time during the loading history. Further, this information allows
us to make judgments as to the physical state of the structural

e i d e e o 4

member in question by means of comparisons with existing expecri-
mental data.
68
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The analysis approach described was programmed for electron-
ic computation and used to analyze the subject shelters. Essen-
tially this is a numerical procedure which is capable of solving
Eq. (2.6) for any given loading and arbitrary resistance function.
Since this equation is basic to numerous structures which may be
represented by a single degree-of-freedom, the procedure devel-
oped is capable of analyzing any such structure provided the re-
sistance function is known. Full range resistance functions for
structures more complex than a beam, a plate or an arch are not
readily available. For this reason each shelter was analyzed
using a step-by-step process which first determines the response
(physical state) of individual key components. Judgments as to
the physical state of the structure as a whole are then based
on the relative physical states of such components.

The objective of the analyses performed was to establish
for each shelter considered:

the overpressure level at which the shelter is

in a state of incipient failure, and

the overpressure level at which the structure

has lost its entire sheltering capability

(catastrophic collapse).
Physical states prior to the state of incipient failure, over-
pressure level PA (Fig. 2.2), are of no interest since relevant
injury producing mechanisms are not expected to be manifest with-
in the shelter. We postulate 100 percent survivors prior to in-
cipient failure. The overpressure level at which the structure
has lost its sheltering capability (overpressure level PB) is
defined as the state at which no survivors (both instantaneously
and over longer periods of time) are expected.

The range between these two overpressure levels is one of
relevant injury producing mechanisms and the transition can take
on different forms. We know that survivability (percent survi-
vors) declines between these two points; being maximum at over-
pressure level Py and minimum at overpressure level Pp.
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Fig. 2.2 TYPICAL SURVIVABILITY FUNCTION
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The manner of transition is not known and does not lend itself
to analysis within cthe current state of the art. We postulate
a linear transition between the two points.

Computational methods used to determine PA and PB for the
rectangular and arch type shelters are different at the detailed
level of analysis. This difference is due to dissimilarities in
the structural configurations and the way in which soil-structure
interaction takes part in each case. Consequently, the analysis
of each structural type is presented separately.

2.1 ANALYSIS OF RECTANGULAR SHELTERS

The specific rectangular shelters considered include both
single- and dual-purpose types and are described in Appendix A.
Single-purpose shelters include four structures with identical
structural systems except that each was designed (Ref.14) to
resist a different overpressure level (0*, 10, 26 and 30 psi)
and associated effects resulting from a single megaton range

weapon,

These shelters are mounded RC structures whose interior
and exterior walls form a rectangular grid when viewed in plan.
A typical shelter is illustrated in Fig. 2.3. The roof is a
two-way RC slab which is continuous over the interior walls.
Exterior and interior walls are one-way RC slabs which rest
on wall footings. The floor slab is wire mesh reinforced and
is structurally separate from all shelter components. The
entranceway (shown in Appendix A) is a corrugated steel tunnel
containing bulkheads and blast doors. Shelters are mounded using
a 4 to 1 slope which is sufficiently gentle to preclude signifi-
cant dynamic and reflected pressures acting on the structure.

*
This is used to indicate fallout radiation as the primary
design weapon environment.
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Fig. 2.3 RECTANGULAR, SINGLE-PURPOSE SHELTER (Ref. 14)
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Dual-purpose shelters analyzed herein include two use classes,
i.e., schools and parking garages. Six school shelters are ana -
lyzed whichmay be divided into two categories with respect to
size (5500 and 11000 sq ft of floor area) and three categories
with respect to design weapon environments (5, 25 and 50 psi
design overpressure levels and associated effects resulring from

a single megaton range weapon).

i School shelters (Ref.l15) are basement structures (see Fig.
2.4) having identical structural systems. The structural system
consists of two-way RC roof slabs (at grade) which are continu-

{ ous over interior partitions. External walls and interior par-
titions are one-way RC slabs (constructed as tilt-up walls)
supported on wall footings. The basement floor slab(wire mesh
reinforced) is structurally separate from walls and footings.

Three parking garage shelters (Ref.l6) are considered. Each
was designed to resist a different weapon environment resulting
from a single megaton range weapon. The three design weapon en-
vironments consist of 5, 25 and 50 psi overpressure levels and
associated effects of thermal and prompt nuclear radiation. Each
of the shelters is a below grade structure (see Fig. 2.5) and
contains 50,000 sq ft of floor area. The structural system con-
sists of a flat slab supported by columns (with column capitol
and drop panels) and peripheral walls. The peripheral walls
(constructed as tilt-up walls) are cne-way RC slabs supported
by wall footings. Columns rest on individual footings. The in-
terior floor slab (wire mesh reinforced) is structurally sepa-
rate from walls, columns and footings.

2.1.1 Analytical Model i

The rectangular structures described consist of an inter-
connecting network of slabs in the first case and slabs and
columns in the second case. When loaded, the internal force and
moment distributions throughout each component in the network
are coupled, i.e., statically indeterminate. Although it is %
possible to solve the complete interaction problem by considering |
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all components in the network simultaneously, the level of ef-
fort demanded for this approach is beyond the scope of this study.
Instead, we uncouple the network by making certain simplifying
assumptions regarding the restraint conditions at the junction
points of each component. Upon decomposing the system into a
series of smaller systems in the manner described, each component
can be analyzed as a separate unit and the weakest link in each

chain found.

2.1.2 Loading (Closed Shelter)

Roof Slab.--Rectangular structures considered herein have
roof slabs either at grade or slightly below. For those at grade,
the overpressure is applied directly to the surface of the roof
slab. For those slighcly buried, the loading is the same except
that the deadweight of the soil contributes to part of the load-
ing. The spacial pressure distribution is assumed to be uniform.
This assumption is reasonable when the time it takes the over-
pressure wave front to engulf the slab is small compared to the
period of the lowest natural frequency of the slab. In such a
case, the slab does not have sufficient time to respond to the
asymmetric loading that it experiences as the wave travels by.
Instead, the slab responds to the nearly uniform pressure dis-
tribution it experiences, after the wave front has traversed the
length of the slab. For the range of weapon sizes considered
(0.2, 0.4, 1.0 and 10.0 MT) the decay of overpressure over the
particular slab lengths is sufficiently small to make the uni-
form pressure assumption reasonable.

External Walls.--The loading on the external walls is due

to a combination of both the overpressure loading and the lateral
side pressure resulting from the deadweight of the soil. The

overpressure loading in the lateral direction is difficulc ro
predict due to the complex nature of the actual soil-structure
interaction relationship. We take the usual approximating ap-
proach (Ref.10,17) for determining this loading by assuming that
it depends on the specific soil and is a fraction of t4e surface
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overpressure. Further, the net mass of the wall slab is taken to
be ité actual mass plus an additional portion of the neighboring
soil mass. The volume of this additional mass is usually assumed
(Ref.17) to be equal to the slab area times one-half tha slab
depth. Wall loading is illustrated in Fig. 2.6.

Footings.--Once the solution to the roof slab problem has
been established, the resulting vertical shear forces at the slab
supports (the walls are actually the supports) are known. These
values are then assumed to be transmitted through the walls into

the footings.
2.1.3 Loading (Open Shelter)

Roof Slabs and External Walls.--When blast doors are open
or left off, the loading of the shelter is considerably different
than when blast doors are closed. As the blast pressure wave
Pin(t’;) (expressed in terms of time and space) enters the shelter
it tends to balance the external pressure Pex(t’;) acting on the
outside surface of the shelter. The net pressure at some point X

on the surface of an interior wall or roof slabs is therefore

given by

AP(t,x) = Pex(t,x) - Pin(t’x) (278

Computations of Pex and L have been made for a whole range
of overpressure levels, time durations and shelter volume to en-
trance area ratios and are included in Chapter Four. The results
of these computations indicate that in all cases of practical im-
portance, the pressure differential, AP, is very nearly equal to
the external pressure for the early time duration, AT, The in-
ternal fill pressure, Pin’ is initially very small in the dura-
tion ATC; consequently, for all practical purposes, AP can be
approximated with Pex over this interval. For the range of struc-
tures we are considering in this study, the period of the lowest
natural frequency of the roof siab (or external wall), T,» is of
the order or smaller than ATC. Consequently, the slab will fully
respond (i.e., reach its maximum stress) to the AP =P, pressure,
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assumed to
with wall
Pp = Vst 1atera1‘ (deadweight) soil pressure
py = Vs(t'+a) on vertical wall (vs = so0il density)
kpo = lateral blast induced wall pressure
k = coefficient of lateral pressure

12 (net wall Hbessure) kp + Pay

vz(p1+p2) = —2-(a +2t) N
m_ (equivalent unit wall mass) = 7—(av +2D a7 )

wall area
v = wall density
g = acceleration due to gravity

t = average depth of burial

Fig. 2.6 EXTERNAL WALL LOADING
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beforc it has a chance to be relieved by the balancing effect of
Pi,- Hence for the time duration of interest, AT, the loading
on the external walls or roof slabs will be essentially the same
regardless of whether the blast doors are open or closed, and
consequently the roof or wall slab failure pressure is taken

to be the same for either situation.

Internal Walls.--The transverse pressure differential across
the internal walls of the basement rooms is the most difficult
loading to estimate, mainly because of the complex geometrical path
the pressure wave must traverse before coming in contact with the
wall. For example, in the basement school shelters (see Fig. A.1l4,
Appendix A) the overpressure wave must first travel down a stair-
well, through a blast door, down a narrow passageway, make a
90 deg right turn through another blast door aund finally down
a narrow hallway before exerting any pressure loading on an in-
ternal wall of the structure. At the instant the pressure wave
reaches the entrance to the basement room, the pressure differ-
ential AP across the internal wall exposed to the hallway is
the difference between the hall pressure P, and the existing
atmospheric pressure P. within the room. Although this APw will
be rather large initially, the pressure wave will rapidly fill
the room and eventually tend to equalize with the hallway pres-
sure (AP =0) in the time, teitre The determination of the actual
pressure differential as a function of time is an extremely diffi-
cult problem in gas dynamics. The problem is complicated by the

fact that the aboveground overpressure time variation is both
reduced in magnitude and distorted in waveform as a result of
passing through the mentioned channels and orifices before enter-
ing the basement room. In short, we are not able to obtain a
reliable estimate of the internal wall pressure differentials
within the capabilities of our current analytical techniques.

Because we cannot determine the loading accurately, we of
course, cannot define the actual overpressure at which the intermnal
wall will fail. What we can predict however, is the ultimate APW
that will fail the wall based on an assumed flat-top pressure dif-
ferential pulse shape.
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It was found that for the basement shelters treated in this
study the failure (initial yielding) overpressure was on the order
of 2 to 3 psi. This is for 6-in. RC interior walls (height 9.0 ft,
width: 24.0 ft). Experimental studies performed (Ref. 18) indicate
that pressure differentials of this order were experienced in room
configurations and blast environment conditions similar to the ones
existing in shelters considered in this study. It should be em-
phasized however that the rooms in the experimental shelters were
smaller.

It appears that in shelters whose blast doors are left off or i
open and whose internal walls are not designed to resist overpres- ;
sures normal to their planes, survivability may be considerably é
different from the closed door case. The loss of walls' supporting
action could cause failure of the roof slab. Injuries and/or fa-
taliti~s would be produced by debris from walls as well as the roof 3
slab. To what extent the internal wall failure affects the surviva-
bility of the shelter cannot be accurately estimated until techniques
are developed, analytically or experimentally, which can reliably
predict the pressure differentials which develop across the internal
wall slabs. Survivability functions developed in this study do not
reflect injury/fatality mechanisms produced by the failure of in-
ternal walls.

2.1.4 Definition of Structural Failure

For the structures described, incipient failure (overpressure
level Pys Fig. 2.2) refers to the overpressure level at which the ]
classical small deformation theory predicts failure in the weaker
of the key components, i.e., roof slab, wall, column, etc. of the ]
structure considered. This refers to the overpressure level at ;
which the load resistance versus deflection function (Fig. 2.1lc)
of the weakest key component becomes level. This leveling off im-
plies that the component being analyzed cannot sustain any increase
in load without experiencing unbounded deformations. At the point
of incipient failure, the slab cross section experiences the maxi-

mum possible bending moment that can be sustained at various points
in the slab.
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In some instances it is possible that the slab (roof or wall)
may experience a shear failure or bond stress failure at the slab
supports at an overpressure value lower than that which causes
failure in bending (i.e., the point at which the resistance func-
tion becomes flat). In these cases, incipient failure is defined
as the overpressure at which a shear or bond failure occurs.

Beyond the point of incipient failure, the concrete is con-
sidered inserviceable from the viewpoint of carrying applied
loads in flexure; however, the steel reinforcement network still
remains intact and is capable of resisting additional loading
through membrane action. The overpressure level at which membrane
action gives away is defined as the point of catastrophic collapse
(point Pg, Fig. 2.2). 1t is postulated that at this point a roof
slab would break away resulting in 0 percent survivors.

2.1.4.1 Incipient Failure Criterion for Slabs

Flexure.--As discussed previously, the overpressure level
producing incipient flexural failure in a structural component is
a load value beyond which the component is not capable of re-
sisting flexural deformations. This value is determined herein
by means of a resistance function which describes the full-range
behavior of the component in question. A typical resistance func-
tion for a slab capable of developing two sets of plastic moments
is shown in Fig. 2.7 and is determined using yield-line theory
as described in Ref. 19. Means for constructing resistance func-
tions for slabs of the type that frequently occur in rectangular
RC shelters are described below. Referring to Fig. 2.7:

Ry = ¢ M i + uM b limiting resistance in the (2.8)
P P elastic range, 1b
ky = v E L, /a° stiffness in the elastic (2.9)
range, lb/in.
Ry = 2BM__ + 20 2 M limiting resistance in the  (2.10)
P P elasto-plastic range, 1b
ky = p E, Ia/a2 stiffness in the elasto- (2.11)

plastic range, 1b/in.

where M and M, are plastic moments per unit length of side "a"

(short side) and side "b'" (long side) respectively (see Fig. 2.7).
For the condition where tension steel area per unit lengch (AS)
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Fig. 2.7 CHARACTERIZATION OF RESISTANCE FUNCTIONS FOR SLABS
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is equal to the compression steel area (A;) the values Mpa and Mpb
are expressed as follows:

Mpa = A

= ]
Mob = A2 fay

s fdy s

= ' |
dg = pg dy dg £y (2.12)

e !
d, = pydjd, £y (2.13)

Coefficients @ ,p,y,a,Band p characterize the influence of the
type of loading, support conditions, geometric ratio a/b and the

strain phase
appearing in

s)

and are tabulated in Appendix D. Other parameters
Eqs. (2.8) through (2.13) are defined below.

long side of slab, in.
short side of slab, in,
Young's modulus for concrete, psi

average moment of inertia per unit length of

the short and long sides = (Ig+ 1) where Ig

is the average of the transformed section modulus,
leg, and the full section modulus Igg for the
short side; Iy is a similar quantity for the

long side. Thus, '

= : -
I, {Igs'fItSi/2 where Igs D”/12 and

3
(kgdy) 2
I, = + pgd |n(d, ~kgd P+ (2n-1) (kd, - d))

Similar formulas can be generated for the long
side by replacing the subscript s with ¢« in
the above equations.

slab thickness, in.

short or long side depth measured from the
compression face of beam (or slab) to the cen-
troid of the longitudinal tensile reinforce-
ment, in.

ratio of stcel modulus, Eg, to concrete modulus
E.» for short and long side, respectively.

percent steel perpendicular to tne short
side

percent steel perpendicular to the long
side

cracked section factor for the short or long
side (Table 11, Ref. 71)

area of reinforcing steel per inch of
edge length, in.

dynamic yield strength of steel, psi
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d',d) = distance between centroids of compression and
8" tensile steel in doubly reinforced member for
short and long side respectively, in.

Shear and Bond.--The incipient failure overpressure for
shear or bond failure is the value beyond which the slab is no
longer capable of resisting the dynamic shear forces (Va,Vb)
that exist at slab supports. These shear forces (reactions) can
be computed directly by the use of the resistance function R(x)
(see Fig. 2.7) and the net load P(t), applied to the surface of
the slab. The values v, and Vy are expressed as follows:

Va = 814F * 054R
(2.14)

Vb = 91£P + GZZR
where V_ and Vv, are total dynamic shear forces along sides a
and b respectively, lb. Coefficients le’ 925’ 912 and 922
depend on the type of loading, slab end conditions, the geometric
ratio a/b and the strain phase, i.e., elastic, elasto-plastic
or plastic., These are tabulated in Appendix D. The slab is at
the shear mode of incipient failure (Ref. 20) when the ultimate
shear stress ou24(0.85)'\/z:': unless shear reinforcement is provided.

Whan shear reinforcement is provided, the slab is at the
shear mode of incipient failure when the ultimate shear stress
'*u26)0.85)'\/-f_c':. See Ref. 20 for criteria on effective shear re-
inforcement (Sec 1707, para d, p 75). Ultimate shear stress is

computed from:

Sty
o =5 d (2.15)
where
b, is the critical section along side a and/or b,

d 1is the distance from extreme compression fiber to
the centroid of tension reinforcement.

The critical section is perpendicular to the plane of the slab and
located at a distance d/2 from periphery of reaction area along
the long or short side of the slab. V, 1is computed using Eq.(2.14).

The slab is at the bond made of incipient failure when the ul-
timate bond stress u, is equal to or exceeds the following values for
tension bars with sizes conforming to ASTM A305:
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6.7VE!
T

9.5VE;

—p— ©or 800 psi for other than top bars

or 560 psi for top bars
(2.16)

The ultimate bond stress u, is computed from

v
u = i

°© 0.85Y0jd
where Yo is the sum of perimeters of all effective bars crossing
the section on the tension side, 1f of uniform size; for mixed sizes,
substitute 4 Asfﬁ, where Ag is the total steel area and D is the
largest bar diameter. For bundled bars, use the sum of the exposed

portions of the perimeters. D is the nominal diameter of bar, inches.

Appendix C contains recommendations for the construction of
resistance functions for slabs where tension and compression steel
exists in different amounts. This appendix also contains a com-
puter program for the analysis of R/C slabs.

2.1.4.2 Catastrophic Collapse Criterion for Slabs

When a slab experiences a loading which corresponds to the
point of incipient failure, it cannot resist additional loading
in the flexure mode. At the point of incipient failure the re-
sistance function shown in Fig. 2.7 implies that for load magni-
tudes equal to or greater than the maximum flexural resistance
of the slab, deformations will grow without bound. 1In reality
the true resistance function does not remain horizontal indef-
initely. The small deformation theory upon which the flexural
resistance function was based does not consider membrane action
which significantly enters the picture as deformations get large:
The two-way slab (Ref. 4 ) shown in Fig. 2.8 illustrates the
membrane large deflection action that can develop during a dynamic
loading situation. The major error introduced by employing small
deformation theory is due to the fact that the dynamic equilibrium
equations used in the derivation of the resistance function, refer
to the undeformed (flat) shape of the plate which precludes any
supporting action from membrane forces.
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T.arge deformation theory however, accounts for membrane forces
by considering equilibrium of the deformed (dished) shape. Em-
ploying large deformation theory allows u. to account for the
reserve strength a slab has in its dished configuration.

The approximate load carrying capacity of a slab in its
dished configuration may be determined by first converting the
reinforcement network into an equivalent constant thickness mem-
brane having the same length and width as the actual slab. In
this model it is assumed that the concrete has lost its load
resisting capacity and instead serves as a matrix for keeping
the reinforcement rods separate and as an agent for transmitting
the applied pressure load to the steel rods. For example, the
plates tested under dynamic loading and illustrated in Figs. 2.8
through 2.10 support these assumptions. It will be noted
that the severe cracking experienced precludes any significant
membrane resistance of concrete. It is further assumed that
reinforcing rods are securely anchored (in tension) around the
periphery of the slab. This anchoring may be realized when
either the rods are cast into a supporting edge (e.g., an external
wall) or the rod tension is counterbalanced by tension that exists
in a similarly loaded neighboring slab. An actual reinforcing
steel network and an equivalent constant thickness membrane
(analytical model) are illustrated in Fig. 2.11.

The thickness, tas of the equivalent membrane is determined
such that the cross-sectional area of a unit strip in the equiva-
lent membrane is equal to that of a unit strip in the steel net-
work. Thus, te==Ks where Kg is the steel area per unit length.
1f Ks is not the same for both sides of a two-way slab, then &,
is taken to be the average of both sides. The equivalent mem-
brane must be able to transmit tensile forces across the entire
span of the slab, therefore Ks must only be representative of
the continuous bars which span the full length,

Resistance functions (pressure load versus midspan deflec-
tion curves) for membranes rigidly supported at their periphery
are shown (Ref. 21) in Figs. 2.12 through 2.14 for several a/b
ratio values.
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Fig. 2.9 MEMBRANE - LARGE DEFLECTION ACTION
OF A TWO-WAY RC SLAB (Ref. 4)
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Note: Test condition: fixed edge, uniformly-dynamically
loaded RC slab (101 psi peak pressure load).

Fig. 2.10 CRACKED SURFACE OF TWO-WAY RC SLAB (Ref. 60)
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(a) Slab Reinforcement Matrix (c) Equivalent Steei Membrane
(Plan) (Plan)

(b) Slab Reinforcement Matrix (d) Equivalent Steel Membrane
(Section A-A) (Section B-B)

Fig. 2.11 SLAB REINFORCEMENT MATRIX
AND (EQUIVALENT) ANALYTICAL MODEL
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a = length of short side, in.
b = length of long side, in.
P

= total load (uniformly distributed) supported
by membrane, psi

z_ = midspan deflection, in.

c
S=t o =4 o, = ultimate tensile force per unit
length of membrane, 1b/in.

o. = dynamic ultimate strength of membrane mate-
rial, psi

Eg = dynamic ultimate strain of membrane material,
percent

The nomenclature used in these graphs is defined as follows:

In order to determine the overpressure magnitude producing

membrane failure we proceed as follows:

To find: P g = overpressure producing membrane failure.

Required data: a/b, tes Ty Ef

Procedure:

1. Select the appropriate figure (Fig. 2.12 through

2.14) whose a/b ratio is closest to the actual
ratio.

2, Using the value of ef, determine the P,/S ="
ratio in the manner indicated in Fig. 3.12a.

3. Determine POf by the use of the following equation:

k* t o
P .= —2 " .
of D,ca ds
where
t, = equivalent membrane thickness, in.
de = dead load per unit area of membrane, psi

Dye = dynamic load factor

(2.17)

Since for problems of interest the positive phase duration

purposes.

9%

of the blast pulse is large when compared to the natural period
of vibration of the membrane, and since the variation of Pa/S
(Figs. 2.12 through 2.14) is very nearly linear, the dynamic
load factor (le) was taken as 2.0 in this study for computational
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2.7 ANALYSTS OF ARCH SHELTERS

Arch shelters considered belong in the single-purpose category
and are described in detail (including costs) in Appendix A. Two
categories are included, i.e., low level blast effects shelters
(up to 30 psi design overpressure) and high level blast effects
shelters (100 and 150 psi design overpressure).

Low level blast effects shelters include two sets of four
structures each. In the first set the arch shell is of RC, while
in the second set a steel shell is used. In each of the two sets
the four arches are similar except that each is des?qned to resist
a different overpressure level (weapon environment) resulting from
a single megaton range weapon. The four design overpressure levels
are 0*, 10, 20 and 30 psi. All structures are semicircular arches
having a 17.5-ft inside radius and an 80-ft inside length. A typ-

ical cross section showing common (basic) dimensions and the posi-

tion of the soil cover relative to the structure is shown in Fig. 2.15.

4

<

‘1 10.0°' \
5'R

8.0'

-

Fig. 2.15 CROSS SECTION OF BASIC ARCH SHELTER

*This is used to indicate fallout radiation as the primary design

weapon environment.
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The slope of the mound (4 to 1) is sufficiently gentle to pre-
clude significant dynamic and reflected pressures acting on the
structure. The end walls (see Fig. A.2, Appendix A) are RC slabs
in every case. Entranceways consist of corrugated steel tunnels
containing bulkheads and blast doors.

High level blast effects shelters include two structures.
(ne was designed to resist 100 psi, the second 150 psi. They are
RC structures and are similar to the one described above except

that the entranceways also consist of RC instead of corrugated steel.

Basic properties are summarized in Table 2.1.

TABLE 2.1
BASIC PROPERTIES OF ARCH SHELLS AND END WALLS

Steel Arches

Design Moment of Inertia Cross-Sectional
Weapon Section per Unit Area per Unit
Environment Type Ax1ay’Length Ax1a% Length
(psi) L /in.) (in¢/in
Fallout 12 gage corrugated steel 0.0604 0.129
10 1 gage corrugated steel 0.1659 0.343
20 3/8 in. corrugated steel 0.2380 0.487
30 1/2 in. tee-flange steel 0.2920 0.583

Concrete Arches

Design Weapon Arch Thickness Endwall Thickness

Environment (in.) (in.)
Fallout 4 8

10 4 8

20 4 9

30 4 10

100 8 35

150 13.5 41
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1 2.2.1 Definitions of Structural Faillure

Arch structures are normally designed to carry transverse
pressure loads in membrane compression, whereas slabs (prior to
yielding) carry pressure loads in bending. This basic difference
in the load carrying mechanism leads us to redefine our previous
definitions for the incipient failure pressure PA and the cata-
strophic failure pressure PB 5

! Incipient Failure Definition for Buried Concrete Arches.--

; For concrete arches, incipient failure is defined as the over-
pressure which results in the strain through an entire cross sec- i
tion of the arch shell to exceed the ultimate failure strain of
concrete in compression (0.0024 in./in.). When this state of
strain is reached, the arch is assumed to collapse in the neigh-

: borhood of its center portion (i.e., away from the supporting end
walls). The external overpressure which results in this midspan
state of strain is termed the incipient failure pressure P,.

TP
S G003 (e i

—— i

Incipient Failure Definition for Buried Steel Arches. -- In
steel arches the ductility of the steel does not permit the arch 1
material to fracture apart as with concrete, thus we need a dif- 3
ferent definition for incipient failure pressure. The steel arch
will continue to support pressure loads at strains beyond the
yield strain, however this is at the expense of suffering midspan
deflections which grow increasingly out of proportion with each 3
unit increase in external load. For sufficiently large loads the
midspan deflection growth will continue, thus allowing yield :
hinges to form. This permits the deformation characteristics :
of the arch to resemble a mechanism and the arch collapses. What
k is sometimes done, is to define collapse as the external load which
: results in a prescribed number of yield deflections (Ref. 22). 1If
' we use the allowable yield deflection approach, the problem we

are confronted with is that the deflection just prior to the mech-
anism formation is usually many yield deflections. This is ordi-
narily well into the large deformation range and consequently out
{ of range of most computational techniques (including the one used

here).
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The problem can be overcome if we first recognize that a plot of
the actual applied load versus midspan deflection would be non-
linear in that it would rise linearly up to a point (6y) and then
nonlinearly level off, as in Fig. 2.16.

Let Py be the actual failure load and 6, = 65y be the corre-
sponding failure deflection (i.e., 6 yield deflections). Suppose
we did not know the precise number of yield deflections which
defined failure; or, we purposely defined 6c lower than the col-
lapse value to keep the structural computations within their
range of accuracy (within the small deformation limit).

Actual Failure .Point

P

P Load

|
I
|
|
|
|
3 :Pﬁ
|
|
|
|
|

|
|
|
|
[
I
|
!
|
|
|
|
b

0 & 24 3 46
y 4 ¥ Y 56? 66?

Deflection, 5

Note: 6y = one yield deflection

Fig. 2.16 NONLINEAR RESISTANCE FUNCTION
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For either of these two reasons, suppose that 6c - 36y was selected
as the critical number of yield deflections to failure. From

Fig. 2.16 we see that although the erroneous failure criterion

(36 ) is 50 percent in error with respect to the actual failure
defleccion the corresponding failure load (P3) is only off byabout
8 percent (on the conservative side) from the actual failure load
Py,. Inm other words the predicted failure pressure is fairly in-
sensitive to the number of yield deflections chosen for the fail-
ure criterion. The failure criteria used for the steel arches

in this study corresponded to 45y (i.e., four yield deflections).
Although this is still probably less than the actual number of
yield deflections at failure, (Ref. 22 used yield deflections
anywhere from 2 to 5), it is still sutficiently accurate to pre-
dict failure in view of the sensitivity argument given. In
summary, incipient failure pressure Pa for steel arches is de-
fined as the external overpressure which results in the midspan
deflection exceeding four yield deflections.

Catastrophic Failure Definition (Steel and Concrete Arches).--
Once the incipient failure pressure is reached, the arch (steel

or concrete) is assumed to collapse in the vicinity of its center
portion, i.e., away from the end walls. The portion of the arch
in the vicinity of the end walls receives partial support from
these walls, consequently the arch shell in this region is
stronger than at midspan. Thus failure at midspan does not inm-
ply that total collapse of the shelter will occur. What may
actually happen, at external pressures greater than P, is that
the arch deforms into two ''lean-to'" type compartments.

The volume (or survival space) of the postulated lean-to
compartments would be bounded by the end wall and the collapsed
portions of the arch. It is postulated that end walls remain
essentially vertical for pressures in the vicinity of P_. The
catastrophic failure pressure Py is defined as that pressure
which will ultimately fail the end walls in a bending failure,
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bond failure or shear failure. When this occurs the bounding
surface of the wall fails causing the lean-to voids to collapse
and thus bury or crush the occupants.

2.2.2 Analytical Model

As mentioned previously, an arch shelter consists of a semi-
circular cylindrical shell bounded by two end walls. The end
walls are RC slabs and the arch shell consists either of steel

or concrete.

As with the box-type structure described earlier, the in-
ternal moment and force distributions throughout each main com-
ponent of the structure (shell, end wall, footing, etc.) are
coupled (i.e., they are statically indeterminate). Here too, the
coupled problem is simplified by making certain assumptions re-
garding the restraint conditions (clamped or pinned) involving
the junction between adjacent members. Upon decomposing the
total structural problem into a series of smaller uncoupled
problems, each component is then analyzed as a separate unit and
the weakest link in each chain is found.

2.2.3 Loading (Closed Shelter)

Arch Shell.--Arch shelters under consideration are buried
as indicated in Fig. 2.15. The spacial pressure distribution
on the soil surface is assumed to be uniform and its time vari-
ation is taken to be the same as the free field overpressure
loading. Analogous to the box-type structures, the uniform
spacial distribution is reasonable so long as the time it takes
the overpressure wave front to engulf the structure is small
compared to the lowest natural period of vibration of the so.l-

arch structural system.

End-Walls.--The loading on the end walls is due to a com-
bination of both the overpressure loading and the lateral side ]
pressure of the soil. The specific loading assumptions are the
same as those discussed for the box-type structures and thus will

not be repeated here (see Subsection 2.1.2).
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Footings.--Once the solution to the arch structure has been
established, the resulting vertical shear forces at the arch sup-
ports are known. These shear values must in turn be supported
by the footings, thus establishing the sought loading.

2.2.4 Loading (Open Shelter)

When the blast doors are open, the differential pressure
loading on the structure is only slightly different from the
closed shelter case discussed. Brierly, the internal pressure
cannot build up fast enough to substantially reduce the net dif-
ferential pressure loading across the roof arch or end wall. By
the term "fast enough'" we mean that if structural failure is to
occur, it will have occurred by the time any significant reduc-
tion in pressure differential has been produced. Consequently,
the loading is assumed to be the same as in that of the closed
shelter.

2.2.5 Incipient Failure Determination for Concrete Arches

The method of solution closely follows, in principle, that
discussed in connection with slab failure. Briefly, the method
consists of first finding the static resistance function, R(w),
for the midspan deflection of the arch. Appropriate mass and
load factors are determined through energy considerations. Next
the equivalent first mode, single degree-of-freedom differential
equation analogous to Eq. (2.6) is constructed. For a prescribed
weapon size and trial overpressure, the equation of motion is

integrated to determine if the failure deflection has been reached.

or exceeded. (Recall that for concrete arches, we defined the
failure midspan deflection as that value which results in a con-
crete cross section to be at a strain level of 0.0024 in./in.,
and for steel arches the failure deflection was defined as four
yield deflections.) ‘Ihe above process is repeated (the over-
pressure is incremented) until an overpressure (the incipient
failure overpressure, PA) is found which results in the timewise
peak midspan deflection which equals the failure deflection.
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Determination of Concrete Arch Resistance Curve.~--A finite

| element model representing the soil-arch configuration was con-
structed as illustrated in Fig. 2.17. The uniformly distributed
overpressure, Po’ was converted into concentrated nodal forces
acting normal to the soil surface. The resulting load-deflection
curve should of course depend on the physical properties of the
soil surrounding the arch. For a structure located in a stiff
soil, the soil will behave somewhat like an arch in that it car-
ries a portion of the load applied at the surface (active arching
action). At the other extreme, a soft soil will transmit most

e Lot oo o Tl Sl L il g Stk et

i of the surface pressure directly to the buried structure (passive
| arching action). The extent to which surface pressure is trans-
£ mitted to a buried structure depends on the surface loading, tvpe
' of soil, stiffness of the structure and depth at which it is

b buried.

For the arch-soil analysis, an intermediate stiff soil is
chosen with a modulus (ES) of 5000 psi, compressive yield strength
(oo) of 65 psi and Poisson's ratio of 0.4. The resistance versus
crown deflection curve is shown in Fig. 2.18.

In the analysis performed, the influence of soil yielding
under the arch footings was neglected. This omission would tend
to make the evaluation of survivability somewhat conservative.
The yielding of footings would allow the arch to carry more load
before failure occurs.

Referring to Fig. 2.18, the fact that nonlinearities in the
material stress strain law are admitted into the analysis accounts
for the leveling off of the load-deflection (resistance) curve.

Most of the leveling off is a result uf the plastic flow experienced
within the soil. To illustrate this fact the resistance curve was
run a second time with all parameters tne same except that the
compressive yield strength of the soil was assumed to be 200 psi.

E The result was that the flattening of the resistance curve (Fig.

i 2.18) was postponed in that yielding of the soil did not take

| place until larger .alues of the external load were applied.

Sebrc
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Crown Deflection, in.
Fig. 2.18 CONCRETE ARCH RESISTANCE FUNCTION
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What is often done in the analysis of buried arches of the
type considered here is to assume a priori a pressure loading on
the arch, perhaps the most popular being the uniform compression
mode loading assumption (Ref. 23). Briefly, the uniform compres-
sion mode corresponds to a purely radial pressure distribution
whose magnitude is equal to the pressure at the soil surface. It
is of interest to compare the soil-arch loading (i.e., the load
the soil imparts to the arch resulting from the free surface load-
ing) with the uniform compression mode. Since the finite element
computer program used herein (Ref. 24) operates in terms of ap-
plied nodal : ~es rather than applied pressures, it was necessary
to convert the uniform compression pressure loading into an equiva-
lent distribution concentrated force in order to make an appropriate
comparison. A comparison of the two types of loading is illustrated
in Fig. 2.19 and corresponds to the concrete arch case represented
in Figs. 2.17 and 2.18. With the exception of the vertical loading
component in the midhaunch-to-support region, the interaction solu-
tion loading is somewhat lower. This implies that the soil itself
is behaving as an arch wherein a portion of the surface load is
taken by the soil.

Determination of Load Transformation Factor KL.--The external
work, Wa, done on the actual arch-soil (unit depth) configuration
shown in Fig. 2.17 by the externally applied pressure is given
by the expression

. $ 4.4 1
W, Z(Fx Wy L) (2.18)
1

where Fi, Fi are respectively the horizontal and vertical ex-

ternal forces applied to each surface node of the arch-soil model;
wi, wi are respectively the corresponding horizontal and vertical
surface displacements; and the summation is made over all surface

nodes.
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The external work, Wos of the equivalent single degree-of-
freedom model (e.g., Fig. 2.1d) is given by

1
Wo =3 Py wy : (2.19)
where Py 1s the net external force on the spring model and W,

is the spring deflection.

Equating the actual and equivalent work expressions and
noting that the total vertical force P acting on the actual arch-
soil configuration is equal to X:F; we arrive at the expression

i
- _
Z(F wi +1= w)
P, =P (2.20)
we:z:F§
=l
L K. 4

Setting LA equal to the midspan deflection of the arch, the
term in brackets (according to the definition given by Eq. (2.1))
i3 the load factor, KL. The load factor expression (in brackets)
is computed automatically in the arch-soil interaction finite
element computer program.

Determination of Mass Transformation Factor K, --To estab-
lish the mass factor, we need an approximate relation for the
nodal velocity distributions. As a crude approximation, we
assume the ratio of the nodal to midspan velocity distribution
is proportional to the ratio of the nodal to midspan deflection.

Or mathematically,

4., 8
= X; Xa.. X (2.21)
&m wm ‘;,m wm
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where (w 5 wi) are the vertical and horizontal nodal displace-
ments due to a static unit surface pressure load, w" 1s the mid-
span deflection and the dotted quantities are the corresponding

velocities.
The kinetic energy of the actual arch-soil configuration
is thus given by the expression

2. 2
KE, = 3 ‘émi[(&;) + @l ] (2.22)

where m1 is the mass of each lumped nodal mass. Or, upon
inserting the velocity ratios we can rewrite the above expression

as : 5
2 l' ! 1
~m (w)) + (w) ]
c o (W i y x J
;- Gy a1 @29
i (w)
The kinetic energy of the equivalent single degree-of-
freedom system is given by
anl 2
Equating KE, and KE, and setting V equal to the midspan velocity
w" we obtain =
Y m [(wi)2+ (wi)Z]
ity X
M, = M, 1 (2.25)
2 A}
m
(w") Zmi
N e

where M, is defined as the total nodal mass summation (i.e.,
z:mi) By comparing this last expression to Eq. (2.2) we
see i that the expression in brackets is the mass transformation

factor Km.
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