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ABSTRACT

An experimental study c¢omparing the results of measurements of
forces on a submerged tank model due to earthquake excitation is pre-
sented. The experimental results are compared with analytical solu-
tions for the case where the model is submerged in water of depth equal
to 2.5 times the tank height and for the case where the depth exactly
equals the height.

Details are presented for the design of a 1 tc 100 scale model
of a circular cylindrical structure which is 34 meters in height with a
mass of approximately 250,000 tons. The model includes a foundation
system which simulates elastic half-space soil stiffness in three degrees
of freedom.

The experimental results are presented in the form of inertia
coefficients measured in harmonic motion at varying amplitudes and over
a freguency range of 0.3 Hz to 2 Hz in prototype scale., Coefficients
are presented for horizontal, vertical, rotational, and herizontal-
rotational coupling. The relationship between these coefficients and
the physics of the fluid-structure interaction are discussed in detail.

The study leads to the following cconclusions concerning earth-
quake induced forces on large submerged, gravity-type structures:

a. Available analytical technigues provide good estimates of
hydrodynamic inertia force coefficients for submerged structures of simple
form.

b. A correct estimate of foundation dampening is likely to be the
most critical point in calculating the hydrodynamic forces on a submerged

gravity structure.
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¢. Foundation stiffness only influences the hydrodynamic force
by changing the resonant frequency.

d. Freguency dependence in the inertia coefficients is not likely
to be an important consideration.

e. Coupling in the hydrodynamic inertia forces between the hori-
zontal and rotational modes is not likely to be an important consideration
in structural design.

f. Hydrodynamic dampening will not be an important factor for
deeply submerged structures but may be significant in near surface and

surface-piercing structures.
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1. INTRODUCTION

The progress of offshore development on the North American west
coast, in Alaska and around the Pacific Ocean in general in recent
years has made it increasingly likely that large volume, gravity-type
structures will be desirable in the near future in some applications
in areas of high seismic activity. Since this type structure has had
little or no prior history in this environment, it was considered
desirable to conduct a series of experiments in as realistic conditions
as possible in a laboratory to confirm or deny currently used analytic
procedures for calculating earthquake forces. The overall purpose of
this study is to reduce the uncertainty associated with the fluid-
structure interaction aspect of these calculations by answering some of

the gquestions concerning the inertia coefficients.™*

1.1 Review of Analytical Procedures

The details of the analytical procedures will not be discussed
in this paper, but it is appropriate to give some consideration to the
techniques which are generally used in engineering applications and to
the types of problems which they solve. These procedures can be lumped
broadly into three categories.

a. closed form (or continuum) sclutions,

b. diffraction theory based on the use of Green's functions,

¢. variational methods (finite element}.

Diffraction and variation methods can be considered as closed-

form solutions under some circumstancesz, but in application they

* guperscripts refer to the corresponding items under 'References'.



involve discretization of the system and are essentially numerical pro-
cedures. Wehausen and Laitone’ provide a detailed discussion of the
basis for all of these procedures, e#amples of the application of
diffraction theory are shown by Garrison and Chow" and by Hogben and

® an@ zienkiewicz and Newton’ show examples of fluid

Standing®, Bai
problem selutions applying the variational principle to finite elements.
Liaw and Chopra® also present a variational method solution for the
fluid problem along with a cleosed-form solution for comparison,
Petrauskas’ presents a similar closed-form solution.

The assumptions that are generally common to these methods are:

a. small amplitude displacements such that linear boundary
conditions may be assumed,

b. invisid fluid (irrotational flow},

¢. lincompressible fluid (except as shown in Refs, 7 and 8.
However, the effects of compressibility can be shown to be negligible
for the type of structure and motion presently being considered).

Soluticns to the fluid problem under these circumstances can be
considered as "linear potential flow" solutions, and it can be shown by
comparison of the results under similar conditions that the solutions
by any of these metheods are comparable, as one would hope. 2All methods
are not, however, available under all circumstances with closed-form
solutions being limited to simple geometries and diffraction and closed-
form soluticons being limited to harmonic motions, linear superposition
not withstanding.

It has been shown that all of these methods yield good results
under conditions in waves which satisfy their assumptions (see Refs.

6, 9 and 10, for examples). The experiments presented in this report



have attempted to test these assumptions under realistic earthguake
conditions. Diffraction calculations were performed by Garrison
specifically for comparison with these experiments in the fully sub-
merged condition and a closed-form solution after Liaw was performed

for the condition where the structure penetrated the surface.

1.2 CQObjectives and Scope of the Investigation

The study has concerned itself with examining the following
factors:

a. The general degree to which analytic procedures can accurate-
ly predict hydredynamic earthguake forces.

b. The existence of significant fregquency dependence over the
range of frequencies of interest for earthquakes.

¢. The influence of coupling between modes within the hydro-
dynamic inertia forces.

d. The sensitivity of the hydredynamic forces to changes in the
various coefficients.

It was desirable to stay as general and simple as possible in
selecting a prototype system to model so that the results would be inter-
pretable and broadly applicable—-while retaining enough realism to make
the effort worthwhile. The following system was selected to satisfy
these ends:

a. A circular cvylindrical tank, or gravity structure caisson with-
out a superstructure, of approximately 250,000 tons with a2 height approx-
imately equal to its radius.

b. BAn elastic but firm foundation.

¢. A water depth of approximately 100 meters.

The idealized prototype system is shown in Fig. 1.1.
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2. DYNAMICS OF OFFSHORE GRAVITY STRUCTURES IN EARTHQUAKES

2.1 The Equation of Moticn

It is appropriate to consider briefly the general equation of

motion for a structure in the marine envircomment, in this case general-

ly following the matrix notation of Penzien:!!

[m] (£} + [c) {2} + [x] {x} =
P [Km'l] [v] fu ¥}

+p [v] {a }

+ o [x,] [a] to 1)

+p [Kd] [a] {|{uw-rt)| (uw-rt)}. Y &2 §

In the general case for an offshore gravity structure, we would

be concerned about flexibility in the platform and legs, but we can
usually treat the base as being rigid. Since we are only considering

the base response in this study we will only concern ourselves with the

rigid body response modes. Therefore, we can define:

[A] = structure projected area matrix,

[C] = foundation damping matrix,

[K] = foundation stiffness matrix,

[Kd] = hydrodynamic drag coefficient matrix,

[Km-lj = [Cm] = hydrodynamic inertia coefficient matrix,

[Kw] = wave making coefficient matrix,

[M] = structure mass matrix,

{r} = displacement vector, relative to the moving foundation,

{rt} = total displacement = {r} + {ug},



{u } = foundation displacement vector, relative toc a fixed
reference,
{uw} = instantaneous water particle displacement relative to

a fixed reference,

[V] = yolume matrix.

The experimental work to be discussed was conducted under con-
ditions of initially still water, and we may, therefore, drop water
particle motions which are normally caused by waves from further con-

sideration.

2.2 Scaling of Forces

At this point, one should consider the relative magnitudes of the
various forces acting on the structure in an earthquake, as defined by
Eq. 2.1. We must, therefore, further define the conditions under which
we will seek a solution.

Physical considerations indicate that there are six parameters
(excluding viscosity ) which influence the earthquake forces on marine

structures. These are (see Fig., 1.1):

a = amplitude of ground motion = ug, etec.,

w = radial frequency of the moticn = 27/T, where T is the
period in seconds,

h = water depth,

D = diameter of the structure = 2R,

H = height of the structure,

g = acceleration of gravity = 9.807 m/sec?.



2.2.1 Forces in Horizontal Moticn

Examination of the right-hand side of Eg. 2.1 shows that there
are three types of forces: (a) inertial, (b) drag, and (¢) wave making.
If we assume harmonic motion, we can describe the magnitude of these
forces with the following approximate relationships for the horizontal

mode of motion:

X In Dx Wx
and, )
Foo= (K =) ViR p T—Haw? . ... .. .(2.2)
F._ = pK__ Alala = p D Ha® W’ Y 7.0 3'
Dx Dx
Fux = Py RO = DH'PWX e e e e e L (2.4
where: 0 = mass density of the water,
Pw = pressure on the structure due to waves being generated by
the structure motion,
H' = effective height of the pressure distribution on the struc-

ture.

MacCamy and Fuchs®? have shown that there are two components of
pressure due to a structure oscillating horizontally in a fluid; (a) one
associated with the inertia force term and due to local disturbance of
the fluid by the structure, {(b) a second in phase with the velocity and
due to creation of progressive waves of the same frequency as the
oscillations and which transmit energy from the system. The progressive
wave pressure term has been shown to extend to an effective depth
approximately equal to the wave length, A,

If we assume a wave amplitude approximately equal to the amplitudc

of the ground moticn, we can describe the velocity potential for the



linear progressive wave as follows: 2

_ aw cosh (kz) _. _
¢ = m -ESEE"?EKT sin (kx wt) .

B ~ w? . (2.5)
where: k =—-= E; tanh (kh)

The amplitude of the wave making pressure term then becomes:

. 8¢ _ paw?
wa =p Tr _WZF‘ R A 53 )

We can cssume that for all practical cases involving

gravity structures and earthquakes,

kh >> 2T,
Therefore,
2
w
k=%\f—=-— e e e e 2.7
g
and
y = 29 .2
w?
We may now rewrite Egq. 2.4 as follows:
paw?
2 LI 1
Wi m DH pag DH e e e e e e e 2.9
Defining,
M = h - H = depth of submergence,
Then, Eq. 2.9 becomes,
FWx = pagD{A-AH), e e e e e . (2.10)

where the wave force amplitude is recognized to be positive only.
We are now in position to consider the relative magnitude of the

various forces for horizontal motion. Dividing the sum of the forces



by thc inertia term we now have:

2 .2
) -
P 4pDH a” w” . 4pag DO - AHM)
pmD? Ha w? pTD? Ha w*
é%+1+M e e .. .(2.11)
DH w?

It is immediately clear that the drag term will not be important,
since we are generally considering amplitudes of ground motion much
less than one meter and structure diameters of approximately 100 meters.
It would appear that structure member diameter would have to be in the
order of one or two meters before drag would need to be considered in
earthguake motion. This agrees with the general range of importance
for drag in waves as found by other investigations.5

Consideration of the wave making term shows a somewhat more
complex situation. We can, however, see immediately from Eq. 2.10 that
cnergy will not be dissipated by wave making for any structure where

the depth of submergence oxceeds the wave length, or:

AH 2 == e e e e e .. (2.12)

For the case where structure height equals water depth (AH = 0),

the wave making force ratioc in Egq. 2.1l becomes:

FWx . gA 2@ g°
Fix pEw®  DHw®
= 2T e e e e . (2.13)
02
where,
s
g = W VDH . (204
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We can conclude that where the dimensionless freguency parameter,
0, is large, little energy will be dissipated through wave making,
regardless of the depth of submergence, AH. However, a considerable
amount of energy could be dissipated by wave making at low freguencies

and shaliow submergence depths,

2.2.2 Foreces in Vertical Motion

The forces due to vertical motion of the structure can be written

approximately as:

zZ 1z Dz W2
and,
F. = p(K -1) Vv = lT—]:ﬁH 2 2.15
1z o) mz v =P ) am. .. . . .. (2,15
P o= ook alvle = p MDD a2 42 (2.16)
Dz PRy, o) 2 e e e e e e )
D%
Fop = PK, AV = =P R - A

We note that the wave pressure force again is intended to describe
the effect of waves propagating from the system. Unfortunately, we do
not have a convenient expression to describe this quantity. However, we
can define the region in which it is likely to hecome important by noting
that the wave length of the highest frequency wave which could propagate
completely from the vicinity of the disturbance caused by structure motion

would be equal to the diameter of the structure, i.e.

critical D soes s s s (2.18)

This follows from the relationships between wave length, propagation

12

speed, and frequency in deep water. We can now define a critical
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frequency above which we would expect energy loss due to wave making

to decrease rapidly: 1

2Tg
woo, = (— e e e e e L (2,19
critical ( D ) ( )

Examination of the ratic of drag to inertia force yields

"Dz = 2
H
FIz

e e e e e (2.20)

Once again we can conclude that the drag force will be negligible for

most gravity structures.

2.3 The Virtual Mass Representation of Fluid Effects

We can now rewrite the equation of motion in simplified form as:
[m] {¥ b} + [c] {z} + [kl {r} =

- {m*] .} - [c*] {it}, R ¢ 3 B

with notation as before except:
[M*] = matrix of the "virtual” or "added" mass of the surrounding
water
= p [c"] [v]

coefficient of equivalent hydrodynamic damping, due pri-

fc*]

i

marily to wave making at shallow water depths.

o [x ] [a]

[

The purpose of this investigation was primarily to shed addition-
al light on the virtual mass matrix [M*] under earthguake conditions and
to compare the findings with analytical methods for computing these
effects.

The teym "virtual mass" is used in this report in the same con-
text as "added mass". Virtual mass is favored as a term for describing
the inertial effect cf the surrounding fluid because, depending on the

usage, the effect is not always additive.
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It is now convenient to dispense with the matrix notation and

write Eq. 2.21 as three independent mode equations:

- . = aME s VIR er
Mx + Cxx + Kxx M Xy M e@ Cxxt. c e e e e W (2.2
o+ ; = M . C* L. .
Mzzt sz + Kzz Mzzz sz .. {2.23)
5 : + = Mk G —ME ¥ —C*C e .z
MSO Ce@ Ke@ Meec A X CBO {2.24)

It would be expected that the coupled virtual mass tennsmze and

ng are approximately equal and that they arc not particularly large.
This last hypothesis will bhe supported by the test results which we shall
discuss later. The rotational acceleration, ét’ is also very small in

the experimental system and we would expect that the coupled feorce term

would drop out of Eg. 2.22.

2.3.1 Hydrodynamic Pressure

Before we proceed with the discussion of the submerged tank ex-
periment, it is enlightening to consider the fundamentals of the wvirtual
mass representation of fluid effects on structures. The following dis-
cussion will be limited to the rigid body mode of horizontal motion on a
flexible foundation; interested readers are referred to Chapter 2 of Liaw
and Chopra® for a discussion of the effects of structure flexibility
modes on virtual mass,

The uncoupled equation for horizental motion including f£luid

effects can be written (see Pig. 1.1):

LX) . —_ _ L - *
Mxx(t) + Cxx(t} + Kxx{t) qug(t) Px(t) el . W (2.25)
where P;(t} represents the force in the horizontal mode of eoscillation
associated with the hydrodynamic pressure, px(z,¢,t). This guantity

is described by the Laplace equation in cylindrical coordinates,



2 2 2
._.a__P+ 8_P+l_ ?-E+.B_p:0 ‘__.-..(2.26)

ar? Foor? 302 3z

Al

which, after applying appropriate boundary conditions, can be solved
for the dynamic pressure distribution on the surface of simply shaped
8,9

structures which pierce the surface. If such a seclution is available,

then

P;(t} = P, (z,$,t) Rcos $d¢p dz . . . . . . (2.27)

o =T
[ .
o‘-\j

2.3.2 The Complex Frequency Response Representation

One characteristic of linear systems with time independent
physical properties is that they respond to simple harmonic excitation
with simple harmonic motion of the same frequency, once steady-state
conditions have been achieved. The amplitude and phase relaticonship
of this response is frequency dependent in general. This frequency
dependence is conveniently described by the use of complex frequency
response functions. The complex response functien x(t) is written as
X{w) and has the property that when the excitation is the real part of
eth, the response is the real part of X {w) eiwt.

Applying this to the hydrodynamic pressure from Eg. 2.27, we

have for the pressure on the surface of an oscillating structure

P (z.9,t) = D (2,9, Wt R O ST

and for the kinematic quantities in Eqg. 2.25,

R(6) = %) eVW*

%(t) = -1 R(w) iwt e e e (2.29)
W e

®(t) = -8 (w) vt

2
W
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where all are expressed in terms of the complex acceleration response
function.

It is now convenient tc describe the dynamic pressure on the
surface of the cylinder in terms of total structure acceleration,

assuming that linear superposition applies, and ground acceleration is

b (z,0,8) = [B_(2.0,0) + B (2,00 k@] e . . . . . (2.30

Replacing the time dependent pressure in Eq., 2.27 with Eg. 2.30,

we have:
H 2ﬂ'_
PX(t) = [ g g B, (z/$,0) R cos $dd dz

27

+ % (w) f 5X1(z,¢,m) R cos ¢d¢ dz] (2.3
0

[ &

We can now see that the first term on the right of Eq. 2.31
represents the complex hydrodynamic "mass" associated with the rigid
motion of the structure on its foundation and the second term represents
"mass" associated with the relative moticon between the structure and the
foundation.

It is more physically relevant to describe these complex "mass"
terms as a real virtual mass and a real dampening which is associated
with the wave making component of pressure acting on the structure.

The terms in Eg. 2.31 become,

H 21 ic* (w)

P B, (2,0,0) R cos ¢ad dz = M* (w)- ——%§——- . . . . . (2.32a)
o ©

H 21 _ ACH, (w)

/I B (2,0,w) R cos ¢ap dz = Mk (w)- "J‘:T_ . . .. .{2.32D)
0 0
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We note that in the case of horizontal motion the terms for
rigid and relative moticon are the same for a rigid structure on an
elastic foundation, however, in general they are not.

Returning to the notaticon used in Eq. 2.22, we can now describe

the hydreodynamic forces of Eg. 2.27 as

t

= i = iw
PX(t) [{M;x(uJ +ME (W) X(w)} -~ = {c;(w) + CX(w) X(w}] e

ﬁ;(w) otWE e e e e .. (2.3

We emphasize that in the general case, the coefficients may be frequency

dependent.

2.3.3 The Acceleration Response Function

Substituting Eg. 2.33 and Eg. 2.29 into Eg. 2.25, we have

_ iC X(w) KX X _

o X X iwt _ _ _ 3
[MXX(m)— x - le - MM (W) ME (W) X(w)
fcx (@) iC* (W)X (w)
R 1™ L L L. (2034

This expression can be selved for ﬁ{w}, which represents the
acceleration amplification factor for horizontal motion. The soluticn

yieids:

{M (-0°M + K) - c*C} + if- %;(-mzﬁ £ K) - wCM}
X(w) =

252 - K =2
- =+
W H MK+ 2 ¢ e e e e e s . (2.35)

where directional and frequency dependent notation have been dropped in

the coefficients and where
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=
]

M, + M*
X XX
and, e e e e - (2.30)

C=cC, +C*
X x

2.3.4 The Hydrodynamic Pressure Response Function

We can now describe the hydrodynamic pressure in terms of the
acceleration response function as

- ~ . c* ] . _c* _cr .
Pr(w) = {M* + M* XR(m) + = xltw}} + i{m>* XI(w) m m xR(w)}

il

Pﬁ(w) + i P;(w) e e e e - . W (2.37)

where iR and RI are the magnitudes of the real and imaginary parts of
Eq. 2.35, respectively.

We can now describe a convenient expression for the steady-state
harmonic pressure force function of Eg. 2.31 in terms of structure sys-
tem characteristics and hydrodynamic coefficients. Recalling that the

. . iwt .
response to the real part of the excitation e is the real part of

= iwt .
P;(m) e (Eg. 2.33), we can state the harmeonic pressure response as

PxE{t} = P;(w) cos (wt} - P;{w) sin (wt) . . . . .(2.38)

This expression represents hydrodynamic pressure force per unit of
ground acceleration. For the cases where dampening due to wave making
can be ignered, this expression in its entirety becomes:

M* (~wiM? + MK
- - K2 >
w?M? —2MK + — + C
wz

} cos (wt)

pri{t) = {M* +

}osin (wt) . . . . .. . (2.39)

WM*MC
+ {
- - w2
w?M? -2MK + — + C7
mZ
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where,

M = total mass as in Eg. 2.35,

M* = hydrodynamic virtual mass, the real part of Eq. 2.32,

C = foundation damping only,

= 2£nﬁnmn where &n is percent of critical damping, &n is the

natural freguency of the system in that mode, and Mn is the
dry mass of the structure,

K = foundation stiffness,

4 = radial frequency of the excitation.

The magnitude of the hydrodynamic pressure force is
1

- 2
|B*(w) | = (px? + P;2) e e e e L (2.40)

and the phase angle relative to ground acceleration is

p*

& = ARCTAN (ﬁ;} e ... (2.a1)
R
It should be noted that an expression for vertical pressure

force can be developed in a similar manner. The differences occur
because the virtual mass and dampening terms as described in Eq. 2.32a
and 2.32b are not equal for the vertical case. These differences must
be considered in the pressure response functicn, Egq. 2.37, and when
developing the acceleration response function, Eq. 2.35. The nature

of the vertical virtual mass terms will be discussed further in Chapter

4.



18

3. THE SUBMERGED TANK EXPERIMENT

Before proceeding intc the details of the submerged tank model
and experiment, we shall take a closer lock at the reduced equations
of motion as stated in Egs. 2.22 - 2.24. We have previously stated
that the coupled terms can be dropped from Egq. 2,22, With this simpli-

fication we can rewrite all of the equations for solution:

* - -M ¥ - - g
M X, Mxxt Cxx Kxx Cxxt T O A
M* 2 = -M Z -C 5 - Kz -C*2 . . . . . . {3.2)

zz € z t b z

¥ 5 +MER = -MO -C.0 - —O*C ... .
Meeet Mexxt Me@t ceo Ke@ cee {3.3)

3.1 Mcdel Design

The general intent of the model design for the experiment was,
simply stated, to be able to measure or at least accurately estimate
all of the coefficients and kinematic guantities in Eg. 3.1 - 3.3 which
are required for solution for the virtual mass termg in [M*], while
allowing the possibility of varying the foundation stiffness in a con-
trolled manner.

The design was simplified by the fact that the prototype was
axisymmetric, therefore requiring only three degrees of freedom in a

two~dimensional plane (see Fig. 1.1).

3.1.1 The Elastic Foundation

The single most challenging feature in the model design was to
similate an elastic foundation such that an appropriate relationship

could be maintained between horizontal and rotational stiffness and
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therefore provide a more realistic framework in which to access the
importance of hydrodynamic coupling and the possible influence of non-~
linearities. An elastic half-space formulation for foundation im-
pedances was chosen from which to derive the stiffness coefficients. !’
An appropriate mean stiffness value for the frequency range tested was
chosen in each case. APPENDIX A contains the details of the foundation
impedances considerations and the approximations which were necessary
to select appropriate stiffness coefficients. The results of this analy-
sis are shown in Figures 3.1 - 3.3. The approximate equivalent proto-
type stiffnesses for the three foundation conditions examined are
indicated on these figures. It was unnecessary to maintain a consistent
relationship between the vertical stiffness and stiffness in the other
two modes, since no coupling was anticipated with the vertical mode,
The vertical stiffnesses used were somewhat greater than required by
the elastic half-space model for the respective horizontal and rotational
stiffness. This resulted from construction considerations. Elastic
coupling in the foundation was also eliminated so that analysis of hydro-
dynamic coupling would be simpler {see APPENDIX B}.

The early stages of foundation design included plans for adding
viscous damping to the foundation in approximate agreement with that
called for by the elastic half-space model. Careful consideration of
the dynamics of the system (see Eg. 2.35) revealed, however, that added
foundation dampening would only mask the effect of hydrodynamic dampen-
ing, if any existed. Therefore, this feature was excluded from the
final model design., The completed medel was found to have approximately
0.8% of critical dampening in all three modes in the dry condition, as
will be discussed in Chapter 4,

Control of the foundation stiffrness was accomplished by the
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design of compound cantilever springs, an example of which is shown
in Fig. 3.4. The details of the stiffness analysis of these load cells
and their operation in the model are contained in APPENDIX B. As is
demonstrated, these cells could be assembled to give an appropriate
stiffness in the axial direction and in shear, and produced no rotation-
al coupling when assembled in the model with the model center of gravity
adjusted vertically to the midpoint of the four load cells. The load
cells were instrumented with full bridge strain gauge rosettes for force
measurements in both the axial and shear directions, as shown in Fig,
3.5. Each load cell was calibrated on a dynamometer for its exact
stiffness in the two directions and for force-strain relationships.
Examples of these calibrations for the three conditions are contained
in APPENDIX B. Table 3.1 contains a summary of the mean stiffness
values of the three conditions and their approximate eguivalent secant
stiffness modulus (G/Su) for the prototype system.

Fig. 1.1 shows the model idealization of the prototype system.
Fig. 3.6 shows the general arrangement of the load cells on the model

base, with typical dimensions indicated.

3.1.2 Model Shell and Instrumentation

The shell of the model was designed to be simple and rigid.
The cylindrical portion was rolled from a 25 mm thick aluminum
plate. The top and bottom plates were of 19 mm thick aluminum
and were fitted with neoprene gaskets to form watertight seals to the
cylinder. The bottom gasket extended out from the model and attached to
the foundation plate on which the model was mounted. This gasket com-
pleted the watertight seal and was flexible encugh to allow free move-

ment of the model. The details of this arrangement are shown in Fig. 3.7.
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The model shell was suspended on the foundation load cells
from the top of the bottom plate, Fig. 3.8, with the upper part of.each
load cell being attached to an aluminum center post which was in turn
attached to the shaking table. All of the model structural parts were
reinforced to the fullest extent to hold deformations to a minimum.

The final weight balance in the model was accomplished by
attaching lead weights at appropriate locations such that a mass dis-
tribution which was considered reasonable for a structure of this
nature could be achieved. Table 3.2 shows the final dimensions and
weight characteristics of the model and an eguivalent prototype on a
scale of 1:100.

Four different types of instrumentation were installed in the
model:

a. accelerometers for recording total accelerations in the three
degrees of freedom of the model and horizontally and vertically on the
foundation. Angular acceleration was recorded on the shaking table
itgelf.

b. displacement transducers for relative displacements of the
model from the foundation.

c. full bridge strain gauge rosettes on each load cell, one
each for horizontal and vertical directions, calibrated to read
foundation spring forces directly.

d. pressure sensors in one quadrant, arranged at Gaussian
gquadrature points for integration of forces.

The general arrangement of the instrumentation is shown in
Figs. 3.7 and 3.8. Table 3.3 lists the details and specification for

the actual instruments used. The actual model with cover and foundation



22

support removed is shown in Figs. 3.9 and 3.10.
The model interior was pressurized to an equivalent hydraulic
head exceeding the actual water depth by approximately 30 cm. during

all tests to protect the instrumentation.

3.2 Experimental Setup and Test Procedures

Testing of the submerged tank model was conducted in two test
series on the earthquake simulator, located at the Earthguake Engineer-
ing Research Center, Richmond Field Station, University of California,
Berkeley. The facility contains a 6-by-6-meter, shaking table with a
load carrying capacity of approximately 60 metric tons. The table can
be excited harmonically either horizontally, vertically, or both simul-
taneously at frequencies up to approximately 30 Hz. It has a maximum
horizontal stroke amplitude of approximately 15 cm and can achieve
accelerations of approximately 1 g (g = 980.7 cm/secz) within the stroke
limitation. Random excitations can be induced in the table from mag-
netic tape input. The facility has direct recording capabilities for
128 digitized data channels to computer compatible magnetic tape.

A rigid bulkhead was constructed to surround the shaking table,
and a flexible membrane was placed over the table and bulkhead to form
the test basin. Figure 3.11 shows the experiment arrangement and
Fig. 3.12 shows the basin and model as filling begins.

The test procedure for each foundation condition and water depth
was approximately as follows:

a. shock tests for natural frequencies,

b. vertical and horizontal harmonic tests over the range of

frequencies from 3 to 19 Hz, using at least two different values of
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acceleration in most cases, up to a maximum of about 0.5 g when con-
ditions allowed,

c. vertical and horizontal random excitation with maximum
acceleration of approximately 0.3 g.

This procedure was also carried out for the dry condition for
calibration purpocses.

Four water depths were tested in this study, ranging from level
with the model top to a maximum of 2.5 times the height of the model,

a depth of 85 centimeters.

3.3 Data Analysis

Referring to Eg. 3.1 - 3.3, the tests yielded the following
information in our effort to solve for the virtual mass terms:

a. direct measurement of the total structure acceleration,
(&,

b. direct measurement of foundation acceleration, {ﬁg},

c. direct measurement of structure relative displacement, {r},

d. direct measurement of structure mass, [M],

e. determination of material damping in each mode from the dry
shock tests, [C],

f. direct measurement of foundation stiffness, [K],

g. determination of damping due to hydrodynamic effects from
the submerged shock tests, [C*].

The only remaining quantities needed in order to proceed with
the solution were the velocities, and these were calculated from the
acceleration and displacement time series using numerical integration

and differentiation schemes.
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In theory Egs. 3.1 and 3.2 could be solved at any peint in the
response time series for M;x and M;z' since they are satisfied for
all time and regardless of the nature of the motion. In fact, linear
regression techniqueslq must be applied using a large number of data

15

points before reliable results can be achieved. Multiple regression

i i . 3.3 £ * *
was used in solving Egqg. 3.3 for MBS and MSx

The details of the time series analysis and virtual mass cal-
culations are contained in APPENDIX C. The computer program used to
convert the raw experimental data to model response is listed in APPEN-
DIX D. The program used to analyze the model respense and calculate

the wvirtuwal mass is listed in APPENDIX E.
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TABLE 3.1: MODEL FOUNDATION CONDITION SUMMARY (MODEL UNITS)

COND APPROX. PROTOTYPE
o | Kx (N/m) | Kz (N/m) - [Kg (N-m/RAD) SECANT MODULUS (G/Su)

HORIZ.&ROT.| VERTICAL

[ 29x10% | 52xi0% | 3.2x10% 2500 3000
.ox10® | 48x10% | 2.1x10° 1600 3000
53x10° | 1.5x10% | 5.2x10% 500 1000

TABLE 3.2: SUBMERGED TANK MODEL DIMENSIONS AND CHARACTERISTICS

MODEL (SCALE 1109)
HEIGHT (H) 34.3¢cm 343 m
DIAMETER (D) 80.3cm 80.3m
C.G. HEIGHT 13.4¢cm 13.4 m
MASS 249.8 kg 249,800 TONS
RADIUS OF GYR. 26.2cm 26.2 m
CONSTRUCTION { MACHINED ALUMIMUM RIGID
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1016 SQ. CM.

SPRING STEEL

FIGURE 3.4: A TYPICAL FOUNDATION SPRING

22

.86 CM.
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FIGURE 3.5: A FOUNDATION SPRING INSTRUMENTED AS A LOAD CELL
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POSITIONING

LOAD CELL
- ARSEMALY
SLOTS

2 54TYP

FOUNDATION LOAD CELL ARRANGEMENT

FIGURE 3.6:
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4. THE EXPERIMENTAL RESULTS

4,1 General Model Response

The resonant response for the model system in the dry state and
at each of the four water depths tested is shown in Table 4.1. The
record of resonant response for foundatien condition No. 3 and relative
water depth (h/H) equal 2.5 is shown in Fig. 4.1. It can be seen here
that there is no detectable interference between the horizontal and
rotational modes of oscillation when they are excited simultanecusly.
This figure is typical of all of the resonant data recorded. The con-
clusion to be drawn from this result is that hydrodynamic coupling is
not stronyg, if it exists, and that we were justified in dropping the
coupled term from the analysis of horizontal virtual mass in Eg. 3.1.
Table 4.2 contains a summary of the Qampening, expressed as a percent
of critical dampening, derived from the model rescnant response data.

These values were found using the following free-vibration decay rela-

tionship: 16
6m
£ = ry— e e e e e e . (4.1
where, m = total number of cycles

=2
Il

1n (an/an+m), when a is the amplitude at time

n and a the amplitude m cycles later.
n+m

This expression is exact to within the accuracy of the recorded data
{approximately + 2%).
We use the notation E£* when referring to hydrodynamic dampening

in calcnlations. However, in most cases this is taken to be zero.
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4.2 Virtual Mass

The results of the analysis for virtual mass in the horizontal
mode are shown in Figs. 4.2 = 4.5, vertical mode in Figs. 4.6 - 4.8,
rotational mode' in Figs. 4.9 - 4.12, and the horizontal-rotational
coupled mass in Figs. 4.13 - 4.16.

The virtual mass in these figures has been plotted versus the
dimensionless frequency parameter mzvﬁﬁyg which represents the ratio
of inertia force to wave generation force in the horizontal mode, as
discussed in Chapter 2.

The mass values have been normalized in the following manner:

= M*
ci“{x wX_/ (pV) e e e e . (4.22)
= M*
2z Mzz 7 (pv) e e e e . (4.2b)
m=* 2
Cog = Mig 7/ (PV Rg) e e e e e e (4220)
CY = M%_ / (pV R) (4.2d)
ox Bx p g e e e e e s .
where,
V = displaced velume of the structure
=1 R’H
Rg = radius of gyration of the displaced volume
of water about its center of gravity
p = mass density of fresh water

The results from the diffraction theory calculations by Garrison

for the relative water depth h/H = 2.5 and from the closed-form sclution
after Liaw for h/H = 1.0 have been included on the appropriate figures.
Our first calculation of the vertical coefficient yielded a

value of approximately 1.0 at low frequencies and converged to the
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theory at the natural frequencies of the various foundation conditions.
This implied that there was a basic error in our formulation, since one
would not expect to see frequency dependence in the coefficients which
was related so closely to structure response.

This result has caused us to take a closer look at the physical
system we are modeling with Eg. 2.1. We are implying by our use of a
single inertia coefficient with the sum of the relative acceleration
and the foundation acceleration that each of these kinematic¢ conditions
excites the same flow regime above the structure. To put it somewhat
differently, we are saying that relative motion without foundation
motion and foundation-structure motion without relative motion excite
the same flow conditions. If one thinks in terms of an infinite rigid
foundation and an incompressible fluid it is apparent that this is not
true. In the latter case the structure would feel the effect of the
entire mass of the water column above it during foundation vertical
accelerations. This gituation is shown graphically in Fig. 4.17.

We can describe the forces due to vertical ground acceleration
as the summation of the force due to rigid body motieon of the structure-
foundation system {(no relative motion}

Fl o= (M, + pAH E%z—-} {Eg
and the force due to the relative motion of the structure above
m2, .
A

Py Mt Gy B

with the total force being
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We must now rewrite Eqg. 3.2 te solve for the vertical virtual

mass as follows:

M* 2 = -M Z_ - pAH?’R V -C 2 -Kz-C*2 . . . . . (4.3)
ZZ z t q z z z

The vertical mass coefficients shown have resulted from use of

this formulation.

4.3 Hydrodynamic Pressure Force

Hydrodynamic pressure forces were recorded in some of the har-
monic tests for compariscn with the pressure force which would be pre-
dicted using the calculated virtual masses and Eg. 2.40, as discussed
in Section 2.3.4.

Fox comparison purposes we have calculated the magnitude of the
hydrodynamic force using Eq. 2.39 and the mean virtual mass values for
horizontal and vertical modes. These results for each depth are shown
in Figs. 4.18 -~ 4.24 plotted as a function of the dimensionless fre-
quency parameter. All values shown are normalized to the 1g {980.7
cm/secz} foundation acceleration level.

Also shown on these figqures are the actual magnitude of the
pressure force amplitudes recorded in the testing. These forces were
derived from forces measured on one quarter of the structure, as shown
in APPENDIX C, The plotted values represent the average force ampli-
tudes observed, generally taken for a minimum of 30 cycles.

Hydrodynamic and structural dampening were both wvery small in
the model system, ranging between approximately 0.8 and 3.0 percent of
critical depending on the condition. This results in the pressure
force being nearly in phase with foundation acceleration and essen-

tially real valued, except near resonance. We have, therefore, not
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presented data on the pressure force phase relationship cbserved in
the testing. We will discuss the effects of foundation dampening on

the phase angle in Chapter 5 using calculated values based on Eg. 2.39.
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TABLE 4.1: MODEL RESONANT RESPONSE FREQUENCIES {HZ)
FOUNDATION RELATIVE WATER DEPTH (h/H)
CONDITION | O (DRY) 1.0 1.5 2.0 2.5
X 17 5.4 14.8 14.6 146
| z | 229 22.9 21.0 19.3 18.9
8 2.7 21.5 20.0 19.9 19.8
X 13.9 12.5 2. 12.0 1.9
2 Z 221 221 20.3 18.6 18.2
8 176 17.2 16.4 16.2 16.2
X 7.3 6.6 6.5 6.4 6.3
3 Z 12.3 12.3 1.0 10.6 10.5
g 8.8 8.3 8. | 8.0 8.0
TABLE 4.2: MODEL DAMPENING SUMMARY (PERCENT OF CRITICAL)

FOUNDATION RELATIVE WATER DEPTH (h/H)
CONDITION |MODEIGBRYY [ 1.0 15 2.0 25
X 0.8 0.8 0.8 0.8 0.8
l Z 0.8 0.9 3.0 2.4 2.9
8 0.4 0.5 0.5 0.5 0.5
X 0.7 0.7 0.7 0.7 0.8
2 Z | .4 1.3 1.6 4.0 44
8 0.3 0.3 0.3 0.3 0.3
X 1.9 1.6 K 1.8 1.8
3 yd .2 0.9 0.7 0.8 0.7
8 1.6 1.4 .2 1.2 1.2
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5. SUMMARY AND DISCUSSION

5.1 Inertia Coefficients

Summaries of the inertia coefficients resulting from these
experiments are shown in Figs. 5.1 - 5.4 as a function of relative
water depth (h/H). The Plotted values are the average of all data

taken in each condition, as pPresented in Chapter 4.

5.1.1 Comparison with Theoretical Values

Table 5.1 shows a comparison of the data average values with
those predicted by the two analytical techniques considered in thisg
study. All averages have been taken over the range of the dimensicn-
less frequency parameter (o) from 20 to 1000,

It can be seen that the agreement between the measured and pre-
dicted values is quite good. In all cases, the differences are less
than nine percent (9%).

These results are somewhat surprising in some cases, e.g., the
rotational coefficients of Fig. 4.9, in light of the large standard de-
viation of data values. The Sscatter in these data is related to the fact
that the rotational acceleration observed in the tests was very small.
However, the numbers of samples observed was sufficiently large to give
a good approximation of the mean value of quantities which are essen-
tially constant. This is apparently the case with the rotational
inertia terms. Tt is interesting to observe that both the horizontal
and vertical inertia terms decrease rapidly for h/H less than about

2.0, and they appear to approach a constant value for relative water

depths greater than 2.0.
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5.1.2 Frequency Dependence

Examination of the experimental results and theoretical values
shows that frequency dependence in the inertia coefficients is gen-—

erally very small for ¢ greater than 20.

The only appreciable change with frequency occurs in horizontal
motion for the case of the structure piercing the surface (h/H = 1.0),
Fig. 4.5. In this case, the coefficient is essentially constant for
values of ¢ greater than about 50. For smaller values of this para-
meter, the inertia texrm decreases rapidly with decreasing frequency.
Tt should be noted that the theoretical solution in this case includes
the effect of wave generation by the structure. The force dissipated
in wave generation exceeds one percent (1%) of the inertia force at

about ¢ equal 20 and increases rapidly for lower frequencies.

Ignoring frequency dependence in the surface piercing c¢ase would
mean that the inertia coefficient would be overestimated by approxi-
mately thirteen percent (13%) at o equal 20. This error would be

expected to decrease rapidly with submergence of the structure.

5.1.2 Horizontal-Rotational Coupling

Coupling between the horizontal and rotational modes of motion
in the inertia coefficients is predicted by the theory and can be

measured, Fig. 4.13. However, the value of this coupling is very small.

Eigenvalue calculations with the largest value of hydrodynamic

coupling observed in these tests show that the effect is seen in the
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fifth digit of natural frequency and mode shape.

5.2 Hydrodynamic Pressure Force

Most of the considerations in this report have dealt with de-
fining the hydrodynamic inertia coefficients. We would now like to
consider the variation in hydrodynamic pressure force directly be-

fore we conclude our study.

5.2.1 Parameter Sensitivity

We have stated previously that the hydrodynamic pressure force
can be related directly to structure response (and vice versa) through
the inertia terms, e.g., Egs. 2,37 and 2.39. We would now like to
examine which of the system characteristics most affect the pressure
force.

Fig. 5.5 shows the effect of a fifteen percent (15%) increase or
decrease in the value of the horizontal inertia coefficient, These
results show that the pressure force changes approximately in propor-
tion to the change in the inertia coefficient (actually p 17%). In
addition, there is the resonant frequency shift that would be expected.

Fig. 5.6 shows the effect of a ten percent (l0%) increase or
decrease in foundation stiffness. It can be observed that foundation
stiffness changes only shift the location of resonance and have no
influence on the magnitude of the pressure force.

Fig. 5.7 shows the effect of change in foundation dampening
from approximately eight tenths of one percent (0.8%) of critical, the

value observed in the model, to fifteen percent (15%), We note that
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the pressure force decreases by sixty-five percent (65%) as founda-
tion dampening is increased from five percent (5%) to fifteen per-

cent {15%) of critical.

5.2.2 Phase Angle

Fig. 5.8 shows the phase relationship between hydrodynamic
pressure forece and foundation acceleration for varying values of
foundation dampening. The phase angle is seen to be highly dependent
on foundation dampening at frequencies near resonance, It is also
interesting to note that while the pressure force and foundation
acceleration are in phase at frequencies far below resocnance, they
are out of phase by a fixed angle dependent on the damping at frequen-

cies far above rescnance.

5.3 Foundation forces in Random Excitation

We have examined fluid-structure interaction in harmonic motion
in considerable detail and have domonstrated that hydrodynamic inertia
forces can be measured or predicted accurately under these conrditions.

However, earthquakes occur as random ground accelerations and
structures must be designed to withstand this condition.

One common method of determining response to random excitation
is step-by-step integration of the equations of motion using a discrete
acceleration time series as the forcing function, A variety of methods
are available to accomplish this calculation, Most of these methods
rely on system coefficients which are constant in frequency and inde-

pendent of the magnitude of structure response.
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The hydrodynamic ccefficients measured in these experiments meet
the requirements for use in step-by-step integration. Therefore, we
can use this technique to examine the differences between forces
measured during actual random excitations and those that can be cal-
culated using a digitized record of the same ground acceleration.

The above comparison has been performed using the program
SUBTANK which is listed in APPENDIX F. This program is based on in-
tegration methods and subroutines developed by Professor E. L. Wilson
of the Civil Engineering Department at the University of California,
Berkeley. The ground acceleration used in testing was a reproduction
of the N-5 component of the 1940 FEl Centro earthquake, scaled to a
maximum acceleration value of approximately 0.31 g (304 cm/secz). A
version of this record was used as a control signal for the earthquake
simzlator table, and the resulting table and structure responses were
recorded. A digitized record of the actual table acceleration was then
used with the herizontal inertia ccoefficient determined by Garrison,
as previously discussed, to calculate a foundation shear force time
history.

Fig. 5.9{a) chows a plot of the horizontal foundation accelera-
tion recorded {and used in the step~by=-step integration) and Fig. 5.9(b}
shows the measured horizontal shear force between the structure and
foundation. Fig. 5.9(c) shows the calculated shear force time history
assuming hydrodynamic dampening equals two tenths of one percent (0.2%)
of critical and foundation dampening equals eight tenths of one percent
{0.8%), the values determined from the resconant decay tests. Coupling
between horizontal and rotational modes has been neglected in this cal-

culation. The case considered is for horizontal ground acceleration only.
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The maximum shear force measured in this test run was 3745
Newtons compared to a calculated force of 3740 Newtons, for a dif-
ference of approximately one tenth of one percent (~0.1%). The con-
clusion to be drawn is that the hydrodynamic effects are very linear
and can be properly considered by use of constant coefficients.

Fig. 5.10 shows three additional calculated horizontal shear
force time histories using the ground acceleration record of Fig. 5.9(a).

Fig. 5.10{a) shows the force record achieved when hydrodynamic
dampening is ignored. The maximum shear force calculated was 3834
Newtons, an incgrease of approximately two and four tenths percent
(2.4%) over the measured value. This would not be an important in-
crease in most applications. However, one can see from the effect
of this small amount of dampening that it would only need to be a little
greater before the resulting force reduction would begin to be sig-
nificant. This would occur as the depth of submergence was decreased.

Figs. 5.10(b) and 5.10(¢) show horizontal shear force time
histories calculated for foundaticn dampening of five percent (5%) and
fifteen percent (15%) of critical, respectively. The maximum shear
force is seen to increase by approximately fifty percent (~50%} for a
decrease in foundation dampening over this range. It is apparent that
foundation dampening will be a major consideration in properly pre-

dicting foundation forces induced by earthgquakes.
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6. CONCLUSIONS

The findings of this study concerning the earthquake response
of large gravity-type offshore structures are summarized as follows:

(a) Available analytical techniques provide good estimates of
hydrodynamic inertia force coefficients in the range of frequencies of
interest for the simple structure configuraticon considered.

(b} Foundation dampening is a major consideration in determining
the magnitude of the hydrodynamic pressure force and the resulting
foundation force. The sensitivity of foundation force to foundation
dampening indicates that this gite characteristic might dominate the
design and placement of large cocffshore structures.

(¢) Foundation stiffness only influences the hydrodynamic force
by changing the resonant frequency. This characteristic does not
influence the magnitude of this force directly.

{d) Frequency dependence in the inertia coefficients is not
likely to be an important consideration.

{e) Coupling in the hydrodynamic inertia forces between the
horizontal and rotational modes is not likely to bhe important at earth-
quake frequencies.

{f) Hydrodynamic dampening will not be an important factor in
the earthquake response of deeply submerged structures, but may be

significant in near surface and surface-piercing structures.
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APPENDIX A

RESPONSE OF ELASTIC FOUNDATIONS

Bl. Complex Foundation Impedance Representation

This study has concerned itself with the rigid body response of
large gravity-type structures on elastic foundaticons. Figure Al shows
such a structure in an exaggerated displaced configuration. The foun-
dation-structure interaction of such system has been described by a

13,17-19
number of researchers. In the case of structures which
essentially sit on the bottom, the force-displacement relations of the
system can be equated to those of a rigid massless disk resting on a
homogenecus foundation. These relaticonships are expressed in the form
of complex frequency dependent functions, the real part of which re-
presents foundation stiffness, and the imaginary part dampening. These
functions relate a set of harmonic forces, see Fig. A3, applied tc the
rigid digk at frequency w tc the resulting displacements,

The three degree of freedom system subjected te the harmonic

forces

(1) 72 (w)
X X
£ () = 7 () e S S
z z
£2(¢) 2 (w)
5] Z
has the following force-displacement relations:
Eb(u}) g 0 e X2 (w)
X XX xB
Eb(m} e1mt== o ib 9 Eb(w} elwt
|z zz
72 (1) gP 0 z° & (w) Al.2
3] Bx ee :
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- =b - . . s
where Fz(w}, Fz(w), and Fg(m} are, respectively the harmonic excliting
forces and moment at frequency w acting on the rigid massless disk;
=b =b =b . . .
W), Z (w), and O (w} are, respectively, the corresponding harmonic
horizontal , vertical, and angular displacements of the base. It
should be noted that for a linear system response to a real excitation
will also be real valued (see Section 2.3.2). Bars on the above
quantities indicate complex values for the general case.

The foundation impedances may be written in the form

ib 0 }—(b Kb 0 Kb
X% x0 XX %0
5 0 &P 0 = 0 K2 0
z2 ZZ
b -b b b
K
bx 0 Xag Kox 0 Y
c? 0 cP
XX X8
+ iw 0 Cb 0 1. Al.3
ZZ
b b
Cox 0 o6

b b
where Kij and Cij terms represent the magnitude of stiffness and
dampening, respectively, in the various modes.

Tt has been noted that the coupling between horizontal and

rotational motion of the rigid disk is negligible”'19

and will, there-
fore, be dropped from further consideration.
We would now like to relate the impedance functions of the

base to the motions of the structure under consideration, Fig. A2.

This can be accomplished by noting the following relationships:
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ib(w) 1 0 7 X (w}
cg
.—b -
7 (W) = 0 1 0 Z{) >+ . - - . . . Al.4d
B° (w) 0 0 1 3 (w)

where i(w), Z(w) and é(m) are displacements of the structure center of
gravity and ch is the height of the center of gravity above the
foundaticn surface.

We may also write

b

F {w) 1 0 0 Fo{w)
x H
- -b
F () = 0 1 0] Fz(w) e . . . . . Al.5
F (W) Z 0 1 72 (w)
8 ‘cqg 8

applying Eg. Al.2 (ignoring coupling) and Al.4 tc Egq. Al.3,

we have

- _b _b _

Fx(w) Kxx(m) 0 chKxx(w) X (w)}

- —-h —

F (w) = 0 K~ () o Z (W)
Z zZ2Z

F(w) z ©° (0 X, () G (w)
8 cg xxX 0 09

. Al.6

We are now able to describe the structure foundation impedances

in terms of the appropriate impedances of the rigid disk.

A2. The Elastic Half-Space Impedance Approximation

vVeletsos and Verbic'? have presented frequency dependent ex-

pressions for the foundation impedances of Eq. Al.6 as follows:
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B2 (W) = 4.8 GR {1. + 1 0.65 a (w)} . e . . . . .A2.1
MY O
0.224 a’ (w)
ﬁ?z{m) = 6.0 GR {1. - o
’ 1. + 0.64 a’(w)
O
0.179 ag{m)
+ i {0.75 ao{w) + 3}
1. + 0.64 a?(w)
o
e e s . . . A2.2
- 0.32 al(w) 0.256 a (w)
Kog (W) = 4.0 Gr? {1. - +i ¢ )}
1+ 0.64 a’(w) 1. + 0.64 aé(m)
. . . . . . . BA2.3

where Poisson's ratio equal teo one third (1/3) has been assumed and

G = s0il shear modulus of elasticity in the half space.
R = radius of the foundation
ao(w) = mR/CS, where CS is the shear wave velocity

A3. Evaluation of Poundation Stiffness for the Prototype Offshore

Gravity Structure

It is necessary to make a number of assumptions in order to
evaluate Egs. A2.1 - A2.3, for the prototype system. We shall simplify
these calculations by noting that we will not include additional
foundation damping in our model system, therefore, we will not consider
these coefficients further.

Shear wave velocity can be expressed as??

c_ = YG/p,

5

s v s e . . o« A3



93
where, [ = mass density of the soil, we can now write

2 — Z2 p
ao(w) = {w” R DS)/G . - - - . . . h3.2

We will assume that the foundation material in our system has a mean

dengsity of
0g = 2000 kg/m?
and that we are interested in response in the near vicinity of

fw = 7.5 radius/sec.
mean

or,

= 1.2 Hz.
mean

Finally, we will assume a prototype such that
R = 40 meters

Eg. A3.2 becomes

. 1.8 x 10°

2
ao{w) G

where G is expressed in KN/m® (1 KN = 1000 Newton's; 1 KN/m® = 21 1b/ft?).

With these assumptions, we can now write the stiffness portions

of Egs. A2.1 - A2.3 as

k? =192 g . e+« + . . A3.3
XX
i
sz z 240 g (1 - 2203 x 10 )} . . . . . . .B3.4
z G+ 1.152 x 10°
L
ng * 2.56 x 10° g (1 - 2=/0 X 10 ) A3.S
G+ 1,152 x 10> * + 0 0 A7
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where translational stiffness values are in KN/m and rotational stiff-
ness is in (KN~-m)/radian.
The stiffness relationships of Eqs. A3.3 - A3.5 are plotted
in Figs. 3.1 - 3.3 and the equivalent prototype stiffnesses used in
this study are indicated. An attempt was made to maintain a consis-
tent relationship between horizental and rotational stiffness but
vertical stiffness was considered to be independent of the other two.
An attempt was made to model three stiffness values which would
represent the range of shear modulus change experienced by a dense
sand undergoing strong shaking such that shear strain varied from
approximately 0.0001 percent to 0.1 percent, as reported by Seed and

Idriss.??

The stiffnesses actually achieved were in this range but
somewhat short of the extremes on either end. The actual values
were dictated by material availability and space limitations in the
model.

The detail of the analysis of model foundation characteristics

are contained in APPENDIX B.
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APPENDIX B

MODEL FOUNDATIQON DESIGN

Bl. Analysis of Foundation Spring Characteristics

An example of a typical model foundation spring is shown in Fig.
Bl. This particular configuration was chosen because it allowed for
independent contrcl of stiffness in axial compression and tension
{(vertical) and in lateral deflection {(horizontal). These stiffnesses
were controlled by varying the individual beam segement sizes and
lengths. This spring design has the added advantage of allowing the
model to be supported without friction surfaces (bearings) and retain
freedom to move in three degrees.

Calculation of the individual spring stiffnesses in the axial
(SZZ) and shear (Sxx) directions was performed by a standard two di-
mensional frame analysis program using a compound beam idealization
with lumped masses as shown in Fig. B2. Axial and shear flexibility
were calculated by determination of deflection for unit load in each
direction with the upper and lower beam ends clamped against rotation.

The lumped mass idealization allowed the calculation of
individual spring eigenvalues so that it could be determined that the
spring resonant frequencies were well above the frequencies of interest
for the model tests. The lowest natural frequency encountered was €60
radian/sec for the soft foundation condition springs. The highest
excitation frequency encountered during testing was 120 rad/sec.

After the individual springs were manufactured their actual
static stiffness was determined by testing on a dynamometer. 2An example

of the results for the axial stiffness of one set of springs is shown
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in Figs. B2. The static calibration indicated that the actual spring
stiffness was within fifteen percent (15%) of the stiffness calculated
from the compound beam analysis.

Each spring was instrumented with two full bridge strain gauge
rosetts (see Fig. 3.5, Chapter 3) which were calibrated during the
dynamometer tests to indicate spring force in axial and shear directions
directly. An example of these calibration results are shown in Fig. B2.
Table Bl shows the results of the calibration of all of the load cells
used in the model tests.

It was necessary to calculate the individual spring flexure
characteristics due to end rotation in order to determine the overall
model rotational stiffness and foundation coupling.

The spring system of Fig. Bl can be viewed as a simple beam
in terms of end deflections. Tt can be easily shown that if the trans-
lational stiffness {force per unit of deflection without rotation) is
S , then the lateral and rotational stiffness matrix for the beam end

XX

can be represented as

.« « . . Bl.1

Wt rfE

In our case, the values of 8 % were determined for each spring
X

system by testing as discussed previously.

B2, Analysis of Overall Model Foundation Stiffness

Fig. B3 shows an idealization of model foundation system, con-
sisting of four springs located in pairs on either side of the model

center of gravity in a two dimensional plane., The model stiffness
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characteristics in the three degrees of freedam in the plane motion can
be described completely by the two individual spring stiffness character-
istics Sxx and Szz and by the system dimensional characteristics Xs
and Z- The spring stiffness characteristics are those of lateral and
axial deflection, respectively, of the spring end as discussed in Section
Bl. The dimensions XS and ZS refer to the horizontal and vertical dis-
tances, respectively, that the moveable ends of the springs are located
from the center of rotation, i.e., the model center of gravity.

It shoulé be noted in intrepretation of Fig. B4 that the upper
ends of the springs are attached to the fixed foundation of the model
and the lower ends are attached to the model. The connection of the
springs to the model and foundation are considered to be rigid, thus
the lower end of each spring deflects with the model moticn.

The model stiffness in the horizontal and vertical degrees cf

freedom can easily be seen to be

K =48 -+ .+« . . . B2
XX XX

K _=48¢8 .+ - - . . . B2,2
ZZ ZZ

The rotational and coupled foundation stiffness require some-
what more consideration. For the purposes of uniformity, all springs
sets were designed with a height (L)} of 20. centimeters. With this
dimension and the sign convention of Fig. B4, the moment created due to

a small horizontal deflection {(Ax) can be written

Fex = {4 Sxes -4 Sex) Ax
4 Sxx L
=4 s Z_ -
Xx ©8 2

K (Zz - 10.) Ax
XX S
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Therefore, the coupled stiffness is

Kex = Kxx (ZS - 10.} - 4« « - . « B2.3

We are thus able to eliminate elastic coupling in the foundation by
adjusting the center of gravity of the model such that the distance
ZS equals 10. centimeters. This was accomplished in the model and
verified by dry resonant tests.

The moment created due to a small rotation (A8) of the model

about its center of gravity can be written

F. . = Z2 + 8 2 4 + AO
g 4{Sxx X zZZ Xx sBx zs SGS}
Sey L Zg Sey 1.2
= 4{s__ 22+ 2 - + A
{ XX s zZ S 2 3 ) ae
Rotational stiffness is, therefore
) L 2 L2
2
K . = - + —) + x4
ae Kxx {Zs A 3) Kzz s
= 133. K + K %2 . e v -« . . .B2.4
XX zz S

where L and ZS have been taken as 20. and 10. centimeters, respectively.
We can summarize by saying that for a given set of foundation
springs with characteristics Sxx and Szz, the translaticnal stiffnesses
are fixed (Eqs. B2.1 and B2.2) and the rotational and coupled stiffness-
es can be varied by proper selection of the dimension ZS and Xs (Egs.
B2.3 and B2.4). BAs menticned before, ZS has been chosen to eliminate

the coupled foundation stiffness.
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TABLE Bl: FOUNDATION LOAD CELL
CALIBRATION INFORMATION

(English units, see note

below)
CONDITION CELL STIFFNESS {1lb/in) FORCE (1lb/uE)
HORTZ. VERT. HORIZ. VERT.
1 A 3976.8 6619.1 0.12661 C.10202
B 4040.3 6786.2 0.12618 0.10122
C 4005.8 6467, 2 0.12500 0.1C134
D 3926.0 6795.7 0.12697 0.10455
2 A 2787.1 ©591.8 0.05310 0.09850
B 2697.0 6611.3 0.05247 0.09752
C 2742 .9 6430.4 0,05280 0.09360
D 2767.1 6452.3 0.05332 0.10017
3 A 648.2 1642.1 0.01888 0.03774
B 697.1 1555.1 0.01887 0.03760
C 679.1 1535.7 0.01888 0.03677
D 717.8 1582.5 0.01895 0,03865

NOTE: English units were used for lcad cell calibration because
current EERC Earthquake Simulator Laboratory procedures and

support software required their use,
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APPENDIX C

DISCRETE DYNAMIC TIME SERTIES ANALYSIS

Cl. Processing of the Raw Data Time Series

Sixty-seven (67) channels of discrete data were recorded in each
run of the submerged tank tests, as shown in TABLE C1. 0f these, only
thirty-five (35) channels were of interest in determining model response,
the rest pertaining to shaking table functions. The original data wecre
collected as a continuous stream of data points such that each channel
was sampled at a constant interval of AT and the time between sampling
of one channel and the next channel was AT/67. For this particular
experiment AT egualed 0.01005 seconds, or a sampling rate of 99.5
samples per second per channel.

This technique is convenient from the standpoint of recording
efficiency but very awkward in analysing the time geries data. For a
given channel, data point n + 1 cccurs 67 data points after point n in
the recorded data stream. In addition, there is a constant phase shift
(or skew) between any individual data channel and any other channel,
depending on their relative locations. The importance of this can be
quickly seen when one considers the maximum harmonic frequency con-
aidered in these tests, 20 Hz, and notes that there was a phase shift

of

& = 9—395- .360 = 72 degrees

between the first and last data channels at this frequency.
The original data were recorded on a nine-track magnetic tape

which became the property of the Earthquake Engineering Research Center
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and is held in secure storage as a permanent record. A working copy
of the pertinent data channels, as shown in TABLE Cl, was transferred
to seven-track magnetic tape for further conversion using the CDC-6400
computer.

The working tape data was "unpacked", corrected for phase shift
between channels, combined into the fifteen (15) model system parameters
needed for further analysis, and finally restored on a third tape in
individual time series form. The fifteen time series resulting from
this conversion are shown in TABLE (2.

The program CONTAPE which performed this conversion is listed
in APPENDIX D. The algoritdms used at each step in the conversion
process are indicated by comment statements.

There are several important points concerning the conversion
which should be noted:

a. A second order phase shift (skew) correcticn was applied
since a linear correction filtered the high frequency response data
excessively.

b. A base-line correction was applied by averaging all of the
data points and then subtracting the average value from the individual
data point values. This simple average correction results in a maximum
error of less than 5% of the amplitude for harmonics of approximately
3 Hz. The error decreases rapidly for higher frequencies, based on a
minimam of 300 data points. The error results when a non-integer
number cof cycles is averaged.

¢. Conversion from English units to S.I. units (Newton, Centi-
meter, Second) was included in the response time series conversion.

d. Hydrodynamic pressure force was calculated based on a twe
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dimensional gaussian guadrature arrangement of the pressure sensors.
This allowed the maximum possible efficiency in the use of available
pressure gauges. Fig. C1 shows the gauge locations for the horizontal
pressure and Fig. C2 shows vertical pressure force gauge lecations.

e. All other response quantities were calculated based on the
kinematic conditions of the model in three degrees of freedom motiecn

about the center of gravity and individual instrument locations.

C2. Calculation of the Virtual Masses

The forms of the equations of motion as arranged for sclution

were stated in Chapter 3 and are repeated here,

* = M » = x - - R
Mxxxt Mxxt Cxx Kxx Cxxt e e e s o. w201
M* Z o= - - - -C*
zzZt Mzzt C z -K z -C*z c2.2
ME O 4+ Mt X = -MO -C.0 -K.0 -cx6 ... ...cC2.3
5% * MEgKe = “MgPy Cqb KO -CEO ¢
where,
Xt x ug
2, = z + vg
Bt 2] Bg
= sum of relative motion and ground displacement
vectors.
And,
¢, = foundation dampening,
C; = hydrodynamic dampening due to wave generation,
Ki = foundation stiffness,

M = dry mass or moment of inertia,
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M?j = virtual mass of mode i due to motion in mode j.
1

The dots above the displacement quantities indicate first or
second derivatives with respect to time.

TABLE C2 lists the kinematic quantities which are dexived as a
direct result of recorded data. These include all of the total accele-
rations and relative displacement of Egs. C1 - €3. The structure dry
mass and foundation stiffnesses resulted from design considerations
as discussed previously. Foundation and hydrodynamic dampening were
measured in the shock tests, the results of which are shown in Chapter
4, Table 4.2,

The only remaining guantities needed were relative and total
velocities. These were calculated using a fourth order differentiation
and a second order integration scheme, respectively. The algorithms
used are shown in the subroutine VELCAL listed in the program MASSCAL
of APPENDIX E.

The virtual mass quantities of Egs. C1 and C2 were calculated
using a linear regression technique in one variable ({(least squares fit)
as described in Benjamin and Cornel]. l* This technique is a special
case of the multiple regression technique used to solve for the ro-
tational and coupled virtual mass in Eq. C3 and, therefore, only the
latter will be discussed in detail.

Eq. C3 represents balance of forces in the dynamic systems which
is, in principle, satisfieg at each of the N data points recorded in
the testing. If the masses are assumed to be constant for all time,
then Eq. C3 can be seen to describe a plane in three dimensiocnal space

and can be rewritten as
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81X1+B2X2=Y e e e e ... C4

where the Xi values (rotational and horizontal acceleration) represent
two orthogonal horizontal axes and Y (right-hand side of Eq. C3) re-
presents the vertical axis. The coefficients B1 and 82 represent the

slope of the plane in the X, and x2 directions, respectively. An

1
additional term could be included in Eq. C4 to describe the point where
the plane crosses the Y axis (Xl = X2 = ) but this is assumed to be
zerc in our case.

We can summarize our data reduction problem in the following way:
For each test run we have obtained N sample points, each described by a

set of coordinates (Xli, X..s Yi). We wish to find the best possible

2i
fit of a plane through these sample points. The slopes of this plane
are the coupled and rotational masses.

The solution of Egs. Cl and C2 for horizontal and vertical
virtual mass is essentially the same except that the slope of the plane
in one coordinate is known (or assumed) to be zero. Therefore, we
are solving for the best fit of a straight line through the data points
in this case.

It can be shown!*+1% that the solution for the slope coefficients

of Eg. C4 can be achieved by solving a system of simultaneous equations,

aj) By + 2, By =By,

21 "1 22 By = Py
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where N
N nfl Xin
a,, =2 x2 - { )2
ii ~] in N
n N N
. L X,
N nil Xl -1 Jn
a i~ ai' =1L (Xin x'n) N N
J J n=1 J
N N
N )X Xin . L Yn
bi _ (Xi. v ) n=1 Nn=l
¥ n=1 J
The slope coefficients are then
-1
{B} = [a] b} e e e . . . . CH

It can be noted that Eqs. C5 and C6 can easily be generalized to systems

of any number of variables. For our case, Eg. C6 becomes

312 Pyy

[ve]
!

17 91 b1y *

1 + 1]
2 T % Py tay, o

where the aij are the respective values of the inverted coefficient
matrix of C5.

This sclution process has been implemented in the Program
MASSCAL of APPENDIX E. ‘the regression calculation is performed in
Subroutine SOLMASS and REGRESS.

The accuracy of the regression calculation is directly related
to two factors associated with the characteristics of the variables X,

and Y of Eq. C4, These factors are:

@. The relative size of the variance of each Xi compared to Y,
i.e., the larger the variance of Xi relative to Y, the greater will be

the accuracy of Bi‘
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b. The statistical independence of the Xi, i.e., if xl and X2
are highly correlated it would be difficult teo find the individual co-
efficients Bi' This could occur in dynamics when two variables are in

phase at the same frequency.



TABLE Cl: DATA CHANNEL LISTS FOR THE MASTER
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AND WORKING TAPES

CHANNEL NR. DATA RECORDED

MASTER WORKING TP. IDENTIFICATION UNITS *

8] BLANK -

1l BLANK -

2 Command horiz. displacement inches

3 Command vert. displacement inches

4 Av. horiz. table displacement inches

5 Av. vert. table displacement g's

6 Av. horiz. table acceleration g's

7 Av. vert. table acceleration g's

8 Table pitch rad/sec?

9 Table roll rad/sec2

i0 Table twist rad/sec2

11 Table actuator force H1 kips

12 Table actuator force HZ kips

13 Table actuator force H3 kips

14 Table acceleration Hl g's

15 Table acceleration H2 g's

16 Table acceleration V1 g's

17 Table acceleration V2 g's

18 Table acceleration V3 g's

19 Table acceleration V4 g's

20 Table actuator force V1 kips

21 Table actuator force V2 kips

22 Table actuator force V3 kips

23 Table actuator force v4 kips

24 Table displacement V1 inches
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CHANNEL NR. DATA RECORDED
MASTER WORKING TP. IDENTIFICATION UNITS *
25 - Table displacement V2 inches
26 - Table displacement V3 inches
27 - Table displacement V4 inches
28 - Table displacement H1 inches
29 - Table displacement H2 inches
30 - Table displacement H3 inches

31 - BLANK -
32 - Table support force 1 kips
33 - Table support force 2 kips
34 - Table support force 3 kips
35 - Table support force 4 kips
36 10 Model foundation force AV kips
37 11 Model foundation force AH kips
38 12 Model foundation force BV kips
39 13 Model foundation force BH kips
40 14 Model foundation force CV kips
41 15 Model foundation force CH kips
42 16 Model foundation force DV kips
43 17 Model foundation force TH kips
44 18 Model displacement Vi inches
45 19 Model displacement HI1 inches
46 20 Model displacement V2 inches
47 21 Model displacement H2 inches
48 22 Model acceleration V1 g's

49 23 Model acceleration H1 g's

50C 24 Model acceleration V2 g's
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CHANNEL NR. DATA RECCORDED
MASTER WORKING TP. IDPENTIFICATION UNITS *
51 25 Model acceleration H2 g's
52 26 Hydrodynamic pressure 1 lb/in2
53 27 Hydrodynamic pressure 2 lb/in2
54 28 Hydrodynamic pressure 3 1b/in®
55 29 HBydrodynamic pressure 4 1b/in2
56 30 Hydrodynamic pressure 5 1b/in2
57 31 Hydrodynamic pressure 6 lb/in2
58 32 Hydrodynamic pressure 7 1b/in?®
59 33 Hyvdrodynamic pressure B lb/in2
60 - BLANK -
61 - BLANK -
62 - BLANK : -
63 - BLANK -
64 34 Model foundation accel, V1 g's
65 - BLANK -
66 35 Model foundation accel. H1 g's

*NOTE: Current EERC Earthquake Simulator Laboratory procedures and

support software require use of English units.
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TABLE C2: TIME SERIES RECORDED ON MODEL RESPONSE TAPES

RESPONSE TAFPE CHANNEL WORKING TAFE DATA
CHANNEL NR. IDENTIFICATION CHANNELS USED

1 Horizontal foundation acceleration 5
recorded con the shaking table

2 Vertical foundation acceleration 6
recorded on the shaking table

3 Aangular foundation acceleration 7
recorded on the shaking table

4 Relative horizontal displacement 19,21
of the model

5 Relative vertical displacement 18,20
of the model

6 Relative angular displacement 18,20
of the model

7 Horizontal foundation force on 11,13,15,17
the model

8 vertical foundation force on 10,12,14,16
the model

a Rotaticnal mement on the model 18-20

10 Total horizontal acceleration 23,25
of the model

11 Total vertical acceleration of 22,24
the model

12 Total angular acceleration of 22,24
the model

13 Horizontal or vertical force due 26-33
to integrated hydrodynamic pressure

14 Horizontal foundation acceleration 35
recorded on the model foundation

i5 Vertical foundation acceleration 34

recorded on the model foundation
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APPENDIX D. CONTAPE--PROGRAM LISTING
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FORTRAN CNMDILATICN RUN 2.3C0-7%274 26 APL TH 19112133 PALEF

PROGRAM CONTAPE{TACEY, TARPEZ, INPUT,QQTPUT)
COMMON INAME y IDRLNyNLCH, TINTY ,NRUN, CHANID{ 1281, STRIDWDATE,
+ CCALTL28)Y, ITYRPELQGBT7) 4NCHIISY ,EDATA(3S) .,EDT{35,3107],
¥ SDATA(IS ) TEMP(Z2,35]), ZERD({3I5]
NIMENSION CHLABELI(1S),CONDATA{1S,30%),D4MAXI15),2MINII1S])
DATA CHLABEL/SHT XACC,6HT ZACCsSHT ANGACC 4 THX, 1HZ 4 SHANG =Y 4 ZHF X 4 2ZHF
+Z ¢ 2HMY, GHXACC 4 AHZACCy HBHANGACC  IHFX Py 6HF ZACC, 2HF XACC/
DATA TMASS RMASS,ZCG/249.82T7,152427+454,5.2R509%/
COMMON sPLT/CONDAT A, DMAX 4 OMIN
LFFTI=LFN{SLTAREL)
C INPUT DATA ENTERED IN LB-INCH UNITS
5 READ 10004 NPRINT NFILS,SXySY XS
1000 FORMAT(IZ B34 15X+3F 1040}
[FISX.LLExd+) GO T 9373
IFINFILS.LE«O} NFILS=1
[ INITIALIZE TAPE FILES FDR READING BLNOCK BINARY
DO SQ0 MFE=1.NFILS
CALL FETZFROI{LFET1,.5LTAPEL>)
CaLlL BLDK{1l)
C REATD HEADING AND CAL. DATA4 FROM IOUSH DATA TADGE
READ{L JINAMEyNDRUNyNLOCH,, TINTV (NRUN
IFIEDRF s13900,1 20
100 READ(IYCHANID,STRID,JATE
READ{1 YCCAL, ITYRE
NLC=NLCH+ 1
C FO3M A LIST DF DATA CHANNEL NUMBERS
N=1
D0 L22 1=1¢NLC
IFCITYPE{1}.LT .2} G0 TO 123
NCH{N)=I—-1
N MN+1
120 CTONTINUE
C READ ROUGH DATA AND FORM ZEPRPO VECTOR
NRT=2
02 130 I=14+NDRLN
132 JERQO(I)=0.
20 134 J=1,1000
READI1} (EDATA{[), I=1,NDRFLN]
IF (E0F 411 135,031
131 20D 133 I=1,NDRLN
ZERJ(I)=7ERD{ 1 )+EDATA( I}
FORM RIOUGH DATA MATRIX FOR 307 POINTS
IF [NRT=-3271 13241324133
132 E2TL{I,J4)=EDATA(])
133 CANTINUE
NRT=NRT +1
134 CONTINUE
135 CONTINUE
FNRY=FLOAT{NRT}
D3 140 [=t.NDRLN
C COMPUTE ZERODOES
ZERD(II=ZERO{I I /FNRT
C ESTABLISH INITIAL WVALUES FOR SWEEP POSITINN CORRECTION
TEMPIT,T}=EQTII 1)

TEMPI2,]}=EDY(1,2}
140 CONT INUE
OB 150 I=1,15
DVMAXL{T ) =DMIN{T)=2,
150 CONTYINUE
NPQINTS=305
IF{NRT LT 307) NPOINTS=NRT-2

M

NTJa
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FORTRAN CCMPILATION RUN 2.3C2-75274 26 AR 73 19112133 PAGE NO. 2

C STARY PRICESSING DATA
e
SLCH=FLDAT{NLCH}+] .
FLCH?=FLCH®FLCH
NREC =]
N0 220 K=1,NPOINTS
C INTERPOLATE FIOR SWEEP POSITION CORRECTION
20 200 I=14+NDRLN
KK =K +2
EDATAL{T)=FDTL{I+KK]
FCH=FLOATINCHL{ T ))+1.
FCH2 =FCHEFCH
SDATA(IBZTEMP(l.I]*{(—FLCP*FCHfFCHZ}/!2-*FLCH2!!—TEMD(E'IlﬂtFCHE
+ P2 FELCHEFCH) /ZFLCHR2+EDATAL I I*{ 2. FLCH2-3 . 2FLCHEFCH+FCH2) /(2%
+ FLCH2)
SOATAL [J=SDATA({I)~ZERC{1}
TEMP{1 [ 1STEMP (2,11}
TEMPL2,T)=E3ATALIL?
230 CONTINUE
235 CCNTINUE

FORM THE CONVERTED RES2ONSE DATA VECTORS

EXCITATICN {(NDRMALLIZED TO &)

aEnaNaNalalE

HORTZONTAL TABLE ACC.
CONDATALL 4K)=SDATAL(S)

¢t VERTICAL TABLE ACC.
COMNDATA(2 s K)=SDATA(SE)

c ANGUL AR TaBLE ACC.
CONDATA(3 K I=-5DATA(T)

c MODEL ~ CUNDATION VERT, ACC.

CONDATA(14,<)=5TATA( 34)

¢  MODEL FOUNDATION HDRIZ, ACC.
CONDATA( 154K )=SDATA(35)
C
¢ MODEL DISPLACEMENTS (51 UNITS — CENTIMETE®S, RADIANS)
C
C  HORIZONTAL
CONDATAL&,K)={ SDATAL 2] }+(SOATA{1G)-SDATA(21})}*¥,412916)%2.540901
¢ VERTICAL
CONDATALS «K)=—(I{SDAYA(LB)+SCATA(R20))/2.)%2.,54001
C  ANGUL AR
CONDATALR KI={SDATA[20)}-SCATA(18))/25.3125
C
C  ACCELERATIONS [NORMALIZED TO G=9BD.665)
c
C  ANGUL AR
CONDATA(]2,,K)={SDATA[Z24)Y-SDATA(22))/.2734936
T  HORIZONTAL
CONDATA(L10 K I={{-SOATA{Z2S5)+SOATA{Z23) }/ 2.3+ 00266B9XCONDATA{]12,X)
. YERTICaAL
CONDATA{1Y] 4K)I==(SOATA(22)+SDATA(24)) /2.
c .
C FORCE AND MOMENT (SI UNITFS — NEWTONS, NEWTON-CENVTIMETERS)
C
C HORIZONTAL
CONDATAL(7+K)=({SDATA( 1L} +SDATA(13)+SDATA{L1S)+SDATA{17)-CONDATA(S,K)
+ ¥,0080350092SX1¥8448,22
C  VERTICAL

CONDATAL{S,KI=L SOATA( 1D} +SDATACI12)+SDATA({ 14)+SOATA(1E) }*44a8,22
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FORTRAN CLONZILATICN RUN 2.3C0-75274 26 APR 784 19:12133 PAGE

C ANGUL AR
CONDATALG K] =CONDATA( S 4K}IH{SXT21 447533+ SYEXSHEXS}R1L 42985
C HORTZONTAL FCRCE NDWE TO PRESSURE DN THF POSIT, HALF-CYLINDER
CONDATA{I39K)I=—261e46F4%(SDATA(ZH )} +SDATA(27))~255.5173%(SDATA(I2R}+
* SDATAIZ29))-2443F226%(SDATA{ 20)+5DATAL 31))}-28.6207T«{ SDATA(32)+
+ 5D0ATA(33))

THE FOLLOWING ALGORITHM IS USED WHEN THE VERTICAL PRESSUIE FORCE IS
BEING CALCULATED:

TOTAL VERTICAL FORCE ON CYLIANDER TOP; FROM PRESSURE GAUGES (NEWTDONS)
COMNDATA(]I3,,K}==109.377X( SDOATA(2A}+SDATAL29) )-776.4232(SDATA(2?)+
+ SDATA{30))-961.141%(SOATA(2A)+SDATAL31))

NOTE THAT THIS EXPRESSION COMPUTES THE TOATAL VERTICAL FDRCE WHILE
THE EXPRESSICN ABOVE FDOR HORIZONTAL PRESSURE FORCE YFILDS ONLY THE
FORCZ ON HALF THE CYLINDER, [«Esy 172 DF THE TOTAL FORCE,

OO0 AT N0 R

NREC=NREC+]
FIND THE MAXTME AND MINIMA FNP THESE FILES

20 210 1=1415

IF(OMAX{T) WL TLCONDATA(TL,K}} DOMAX(TI)I=CONDATALT ¢K)
210 TFIDMINIT)YGTLCONDATALT (K) ) DMINCIY=CONDATA{]I  K)

L]

220 CCNTINUE

[a)

WRITE STRING DATA TO THE QUTPUT FILE
ORINT 2004 yNFNRT
2004 FIRMAT (/7777715 ,5X,%¥TNTAL NR. DAYA PTS.=%,15/)
WRITE(ZY INAME ,STRIDWNRECITMASS,, RMASS, ZC Gy SXy SY L XS
20 240 [=1,15
PRINTY 20014 I42TNAME,STRID(DATE,NRUN, CHLABEL(T ) TINTY NRSC,DMAX{ T},
+ DMIN{I}

2031 FORMAT({ ¥ ONDSF,13410X,% DATA FILE NAMEI #,A10,10X+*STRUCTURE: *
+ JAlO.10X,2DATE: * A6, 10X, ¥RUN NO. %, I3/% DATAT *,A710,10%X,%SAMDL T I
FNTVL I3 FBSy ¥STCo L, 10X *DATA DOINTSI X, IS/% DATA MAX:%,12,F12.3,

+ LOX.*DATA MIN:*,E£12,.3/)
WRITE[(2) I,IMNAME;STRIDDATENRUN,CHLABSLIL)s TINTY ,NREC,OMAX( 1},
+ NMIN(I), {CONDATAL] K ) K= 4 NREC}
IF{NPRNT) 240,240,235
235 PRINT 2002, (CCNDATA(T 4K} +K=LgNREC)
2002 FORMAT{1P,136€12.3)
240 CONTINUE
ENDFILE 2
4a) PRINT 2003
2903 FURMAT{//* END-OF-FILE¥)
5499 CONTINUE
G0 TG0 5
S00 STDP
END

NO.

3
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MASSCAL~--PROGRAM LISTING
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FORTRAN COMP ILATION RUN 23C0-73274 26 APR 78 19:112:33 PAGE NO. 1
PROGRAM MASSCAL(TAPEZ2,TAPE3, INPUT,CUTPUT sPUNCH]}

THIS PROGRAM:

(A) DETSRMINES THE CHAPACTERISTICS DOF THE INDIVIDUAL
MODE. HARMONIC RESPONSE TIME SERTES WITH RESPECT TO AMPLITUDE AND
FREQUENCY &

{38) CALCULATES A RELATIVE VELOCITY TEME SERIES FOR
EACH DEGREE 0OF FREEDOM,

{3 CALCULATES THE INERYIA COEFFICIENTS IN
THREE DEGREES OF FRESDOM AND HORIZ.=-R0OT. COUPLING BASED ON A
STATISTICAL BEST FIT.

PPOGRAMED BY R.C. BYRD (1978)

NN onT o n

COMMON 20154 3053,0M{6)FM{6),CHLABEL{15),ZR(56,122) s TINTV,NREC,
+ NZR{6) 3 INAME , PHI ,RF (3 ) 4 DEPTH,CDUL 3 )+ KK
COMMON /FREGS A{ 2,2} ,8Y1+BY2455D% 4530 sS30YDyFNP VM{4) R1,R2,5X1,
+ 5X2,433532XD
COMMEN /DAMBZK{ 1) ,90[3),MASS(3], C{3),ZCG,SXy5YesX5,6(3)
COMMODN /LD~s DMAX{ 15)
REAL MASS,K
DATA MASS,G/249,827,249,827,172094.3,980.6565,980.6654+1./
JATA VM/A1T73,.7R5425T7a858,87116.77,3890.362/
HNET =20
S READ 12004KKyNFILS,CD,0EPTH
133 FORMATIT] ,14,4F10.0)
IF(NFILS«.LE«Q)} 50 T3 900
IF{CD{2)+EQeDad CO021=CDL1)
IF{CD{3)a=Qs0a) CO{3)=CD(1}
vM{2)1=5.0681L*DCPTH
OHI=2.%ASINIT1 L)
C _QAD TIME SERIES aTa FROM TAPE FOR EACH TEST RUN
30 53 NF=1+NFILS
READ FIL- HEADING RECORD
QEAD{2) INAME,STRID,NREC,THASS,RMASS,ZCGy3X+57Y4X5
IFIENF 42) 902210
10 NFT=NFT+1
C LDAD INDIVIDuAL TIME SERIES
12 CONTINUE
READ(2) [, INAME, STRID,DATE,NRUNJCHLABELIIL) , TENTV4NREC,DMAX{L},
+ DMINGL(D{TI.L), L=1,NREC)
IF(E0OF 421 20415
15 40 79 12
20 CANTINUE
IFEOMAX (214l Te v0334DRWDEPTH.LE 4N 60 T3 25
PRINT 190) ¢NFT g INAME ,DERTH
1001 FIRVMATULIHL % FILE NOWoHyT444X y¥TEST NO. ¥, A10,84X,*¥DEPTH=%,F5.1/)
25 CONTINUE
CALL DAMPLNG
IF{DMAXL2) sLT o s033IRaVM{2)4LEW0s) GO TO 529
CALL TMSER
CALL VELCAL
WRITE(3) INAME,STRID,NRECyMASS VMK FM s TINTVDM,D?CO4IEPTH
CALL 5DLMASS
ENDF ILE 3
S53) CONTINUE
LS ¢}
G0 TO S
Q00 sSTOP
MO

(4l
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FORTIAaN CTWMBPILATION RUN 2.3C0-75274 26 APR T4 19312333

SUBROUTINE TMSER

¥

COMPUTE HARMONIC TIMT SERIES CHARACTERISTICS

COAMMON D015y 3051,0M(6) yFMI6)CHLABFL(15)42R{6,102), TINTV,NREC,
+ ONZRUS ), INAME, PHIRF{3), DEPTHCOL T ,KK
NTS=4
ITSTINTY
OT2=DT /2.
FIND AMPLITUJFS ANJ ZERQ CROSSING TIMES FOR EXCITATION AND RESPONSE
DI B3 [=14NFS
NA=NZ=0
T=S5A=SAA=ST=STT=AIMAX=).
TEMPZADMINTI II02030000.

e}

N1=1
N2=NREC-3
D3 &3 J=N1 N2
TNGZRY & 3RD NORIER £E5T. POINT INTD DATA TIME SERIES
T=7+27
TEMPLGT=TEM®
AASD(L 4 J)
PR=ND{1,J¢1)
DC=0(F y 442
B=234{1,J+3)
TEMPR-( «PA+3 %2849 , AP C-PD) 16
C CHECK FOR ZTRN CROSSING
IF{PI=TEMP} 21,24,22
21 Z2T=1AadS(PS)/(ABS{PR)I+ABS{TEMP) ) 5DT2
S0 1O 2%
22 IF{TEMPRPC} 23,424, 26
A3 ZTNT24{ 8BS TEMP) F/LABS(TEMP) +ABS{(RCY ) ) ¥*DIT2
30 T 2%
24 IF(PR.FlaDa) Z2T=32.
IFITEMP2.FQe04) ZT=DT2
IF{PC«EQeD el GI T 40
c RFECNRD ZERJO CROSSING TIME
A3 CIONT INUE
IFINZAGF«122) GO TO &)
MZ=NZ+1
ZRUTZNZI=T+ZT
G0 1O 40
C CHECK FO2 MAXIMA QR MINIMA
26 PR=A8B5(PR)
TEMP =AGS{TFVP)
[FIPR.GT a TEMRPLST AND PR .GT .TEMP) GO TO 27
ICITEMP.GT ,PALANDLTEMALGT (ARS{PC]) ) GT TO 28
63 TD a4
27 NA=NA+])
AM=PB
50 T3 29
2B NA=NA+]
AM=TCMP
SUM aMPL. AND AMPL, SJIUJARE FOR STATISTICAL ANALYSIS
29 SA=SA+AM
SAA= SAM+LAMEAM
IF{AML,GT.ADMAX ) ADMAX=AM
IT(AMLLTLADMIND ADMIN=AM
43 CONT IMNUE
NZR(T)Y=NZ

]

[

DAGT NO.

1
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CAL QULATE HALF-PERIJNDS AND SUMS FOR STAT. ANAL.
NHP =NZ -1
D0 50 K=14NHP
HP=ZR{I.K+)1 )=ZR{I,K)
5T=5T+HP
STT=5TT+HP *HP
50 COCNTINUF
CALCULATE PERIDD AND aMPL STATISTICS
FNHP=FL OAT { NHP )
FMA=FLOATINA)Y
HP M= ST /FNHP
DMUT F=5A/FNA
M= 2, 2HPM
FM(L}=14/PM
IF{IeLEs?) RF{IV=2.*PHI*FM{]}
HPY=[STT-FNHPEHDMEHPM )} S {FNHP -1 4}
PSD=2 ., %SORT{ HPV}
Dvz( SAA-FNARDML {1*0{E)) 7/{FNA-1.]
DSD=SQRT{2V)
NORMALI Z5 STANJARD DJFVIATICN AS A PERCENTASGE OF THE MEAN VALUE
35D (0SS /DOME I I IELD0,.
PSI=(PSD/APMI*L 30,
ORINT 1002, I CHLABSSL (T ),FMET )Y, PSO,DM{[) ,DSD,ADMAX, ADMIN,NHP NA
1332 FARMATIIS ,a4X AL D4 X o ¥FM=% , FH .24 %F HZIT 4 AN FPSI=%4FH,145%,
+ ED M=k, El a3y dX  ¥0SD % 4F6 41 4 A Xy TMAXMINTE 10,3, FE11a3,
+x ONHPNA=F, 15, 15}
A2 CONTINUE
RETURN
END

ORTRAN CCMPILATION RPUN 2.3C0=-752Ta 26 APR 78 19:12:33 PAaGE
SUAROUTINET YELCAL
CALCULATE RELATIVE VELDCITY TIME SERIES F2R FACH DOF

COMMDN D1 15, 305),0M{ 5] FMI5) ,CHLABEL{1S5),ZR(6,+102¥, TINTV.NREC,
+ NZRE{H) y INAMF,PHI,RF (3}, DEPTH, CD(3),KK

COMMON ZDAMP/KE3) o dP{3) ¢ MASS{ 3y C(31,2CG,5Xy5Y,4X5,5(3)

D2T=T INTV

N2=NREC-2
20 2037 1=1,3
D3 103 J=3,N2
REGTIRE FOUNDAT ION ACCELERATIONS IN POSITINONS 13-15
DU13+41=D{15.+J)
D15, J1=DC34J)

CALCULATZ THE RELATIVE VEL. 3Y DIFFERENTIATION DF THE RELATIVE DIS2L.
USING A 4TH DJRDER SCHEME

DIL s JY=(D0I+3,J-2)-8.%0(1¢3, 010482000 +3,J+11-D{T+3,J+2))/112.%

+ DT)

100 CONTINUE

200 CONTINUE
RETURMN
END

ND.

NO.

2
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SUBROUTINFE SOLMASS

SNLYE FOR THE VIRTUAL MASS SY LINEAR CR MULTIPLE QFGRESSION AND
RECORD IN COEFFICIENT FORM

e oA IS

COMMON S015,3053,0M{6) 4FM{6) ¢CHLABEL(15) ,2ZR(64132} TINTV,NREC,
+ NZR{5)y INAME, PHI ,RF{3),DEPT Hy CDI 3 )4 KK

COMMDN /DAMP/K{3) ,DP {3}y MASSI3}y C{3)42CG,5%45Y XS5 4G(3)

COMMON /REG/ A(2,2),BY1,BY2,55DX,;550Y,550YDFNP,VMI4),R1;R2Z,5X1,
+ SX2,5S5DXD

REAL MASS,K

NLAST=NREC -2

C INITIALIZE YHE SUMS

SHAZSVA=SRA=O,

SYH=SYV=5YR=0.

SSHA=SSRA=5SSVA=0.

SSYH=SSYV=SS5YR=D,.

SPHARA =SOHAYH=SPAHAYR=0.

SPRAYR=SPVAYV=D.

SYHD=SYVD=0,

SSYHA=S3YVD=0.

SPHAYHD=SPYAYVD=],.

5VGA=SSVGAZC0.

C FORM THE SUMS OF [NDEP. VARIABLES, SQUARES, AND CROSS-PRDODUCTS
C

NP=0

DO 52 J=3,NLAST

NZ=NP+ 1

o

T ACCELERATION SUMS AND SUMS DF SGUARES
D10+ 4)=DC10sJI*G(L)
DULL »J)=DC011,J)¥%G(1)
DlLl4ed1=0018,0)*G11)
2A=D0L1,J)-D(148,J}
SHA=SHA+D(10,J)
SYA=SVA+D( 1144}
SVGA=SVGA+ZA
SRA-SRA+DI 12, J}
SSHA=SSHAD{ 12, J1#0{ 1D,J)
SEVA=SSVALD{ 11 ,J¥%0D011, 2}
SSVIATSSVIA+ZARZA
SSRA=SSRA+DI1Z2,J1%D{124J)

DEPENDENT VARIABLES AND SQUARE SUMS

[AEral A

YH=-MASSLL)ED( 13, 0)-Cl1)ED(1,J)~K(1)%D04,4J)
YY=-MASS{ZIAD( 1Ly J¥-Cl2)FD{24d}-RK{2IXD(5,4)
YA:-MASSE{3IYEDL12,J)—CU3)ED{34,4)-K[3)*D{(6,J)

C CALCULATE THE UNDAMPED VARIABLE
YHO=YH+CI1 VXD 4 J)

C CALCULATE ThHE DEPEND. YAR. FOR ADDED MASS (CORRECTED FOR CONST. LDAD)
YVO=YW=vMI21%D0 1 44 J)

[l

SYH=5YA+YH
SYV=RYVaYV
S5YR=SYR+YR
SYHDzSYHO+YHD
SYVD=SYVD4LYVYD
SEYH=5SYH4+YH®YH
SEYV=SSYVEYVRYY
SSYR=SSYR+YREIYR
S5YHD=SSYHD+YHD*YHD
SE¥YVD=SSY VD YYD EYYD
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C
c CRUSS-PRODUCTS WITH HORIZ ACC.

SPHARA=SOIHARA+D{ 10, JIEDC(124J)
SPHAYH=SPHAYH+D{12,J}%x¥YH
SPHAYR=SPHAYR+DO{1 0,4, J)%*YR
SPHAYHD=SPHAYHO+D({ 10,4 J ) ¥YHD

C

C CROSS-PRDOUCTS WITH VERT ACC.
SPYAYVSSPVAYVHYVEDL11,J)
SOVAYVDoSPOVAYVI+YVDAZA

C

C CROSS-PRODUCTSE WITH ROT . ACC.,.
SPRAYR=SPIAYR+D(12,4.J)*%YR

C

50 CONTINUE
FNP=FLOAY{NO)
PRINT 931 .FNP
901 FORMATI{///% N. OF DATA PTS. USED IN ANALYSIS =% ,F5.,0//}

d

€ HORIZONTAL MODE
[F(OMI1)elTea02) 50 TO 55
M=1

T FOPM RESRESSION CDEF. MAYRIX
350X =5$5HA-SHAF SHASFND
SSOXD=S50X
BY1=S52HAYH= SHA KSYH/F NP
Y 2= SPHAYHD-SHARSYHD/F NP
55DY=5SSYH- SYHE SYH/FND
SSDY D= SSYHD=SYHD%SYHI/FNP
R1=SYH /NS
RA=SYHO/FNP
SX1=SHA/FNP
$X2=5%1
PRINT 1300,N

1000 FORMAT(///7/% CDEFFICIENTS FCR MODE %,117)

CALL REGRESS{N)

c

55 CONTINUE

C VERTICAL MODE
1F(DM{2).LT,..02) 50 TO 60
N=2

€ FORM REGRESSION COEF. MATRIX
SSDX=55VA-SVARSVA/ENP
SSDXD=SSVGA~SVGAKSVGA/FNP
BY1=SPVAYV—SVAXSYV/F NP
3Y2=SPVAYVD- SVGARSYVD /FNP
SSDY=SSYV~SYV®SYV/FNP
SSNYN=S5Y VD - SYVDESYVD/FNP
RI=SY¥V/FNP
R2=5YVD/FNP
5X1=5VA/FND
SX2=5VGASFNP
PRINT 1200,N
CALL REGRESSIN)

'd

650 CONT INUE

C ROTATIONAL MODE
IF(FMIB) W GE220s5,0RaDM({1)LT4e02) GO TO &5
N=3

C FOA™M REGRESSION CDEF,. MATRIX
Al 14, 1)=5SRA=-SRA*S5QA/FNP
All ¢2)=A02,1)=5PHARA-SHA*SRA/FNP
AL Z2,2)=SSHA- SHAYSHA/FNP
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3¥1:=SPRAYH~-SRA¥SYII/SFNP
AYZ=SPHAYH-SHAXSYR/F NP
SSDY=SS5YR-S5YRFTSYR/FNP
R1=SYR/FN>

SX1=SRA/FNDP
SX2=5HA/FNP

SRINT 1007 ¢N

CALL SREGRESSIN)

65 CONTINUJE

RETURN
END

FORTQAN COMPILAT ION RUN 2,3C0-75274 ZE AR TS 19112333
SUAP DUTINE DAMPING

CALCULATE DAMPING FOR TACH DEGREE OF FRIEDIM USING DATA FROM SHOCK
TESTS

o nn

COMMON 9(15.305!.DM(6).FM[&]'CHLABEL(IBJ'ZRIG'102)¢TINTV'NPEC.
+ NZI{6H), INAME, 2HIZRF{ 3) 4DIPTHGCD{ 3 ), KK
COMMON /Q0AMP/K (3} ,0P(31,%AS5(3}, Cl3VeZTGy S SYeXS,3(3)
CCMMDN /LD/ DMAX{15)
REAL MASS,K
IF{KK=-1) 104+5,415
9 STIFFNESS INPUT IN KG, CM, SEC UNITS
5 READ 1329,4K
1000 FORMAT(3F20.90)
K=K K+]
GO YO 15
123 CONT INUE
C CONVERT STIFFNESSES TO SI UNITS (K3, M, SECH
K{1}=SX%¥175.126
K{2)=5Y*175.126
¥S5=ZLG-1.250
CYSS=YSEYS=21a333%(.1875%Y5-1.)
K{3) ={ SXECYSS+S5YREXSAXS) #1129 .85
15 CONTINUE
IF{DMAX[2) el T uad35.0R.DEPTHL.EuDe) RETURN
PRINT 1001 4K
PRINT 10024CD
1231 FDRMAT{/JX,*Kl=*.F9.0.5X.*K2=*.F9.0'5X.*K3=#,F12-01
1002 FORMAT(3X RCD=%,3F643/)
20 22 [=1,3
C CALCULATE DRY CRITICAL DAMPING
DP{I}=2.%SARTA{MASS(I)*KL{ 1))
ESTIMATE MATERI AL DAMPING TO RE A PERCENT OF DUy OJAMDING
CLII=CI(1)%0P(1)
20 CONTINUE
RE TURN
END

m

GAGE MNO.

PASGE NC.

1

3
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SUBROUY INE REGRESSINI

PERFORM THE REGRESSION OPERATION, COMPUTE STATISTICS, AND JUTPUY
TO CARDS AND TAPE

oMol alial

COMMON D(15,30S)30DMI(6 ) ,FMIG ), CHLABEL{151+7ZR{B4102)1, TINTV,NREC,
+ NZRI(B) s INAME,PHI yRF {3} 4DERPTHLCD{ 3 ) + KK
COMMON /DAMP/K {3),0003),MASS( 2)y CU3),7CGy SX,5Y4XS,G6(3)
COMMON FREGS AL24¢2) sBY L +BYDP 3 SS50X 4 SSDY, SSDYD,FHP,VM{a) ,R1,R245%1,
+t SX24550x7
RE AL MASS,K
[FIN.SQ.31 GO TO 100
C CALCULATE THE MASS COESFFICIENTS WITH AND WITHDOUT HYDRODYNAMIC NAMPING
Bl=AYl /55DX
B2=BY2/550X0D
C CALZe STANDARD DEV .
V1={550Y-BI%3YIL)IL{FND-2,)
V2={SSDYD-B2¥RAY2)/{FNP-2.])
SD1=SQRTLABS(V]1/SS0X )1 /RY
3D2=SORTLABRS{V2/55DXD)1/32
RI =R!-ARI*S5X1
RP=R2-B2%¥3 X2
SDRI=SOQRT{ ARSIVI/FNP Y I/RY
SDR2Z=SORT{ ARSI V2 /FNP) )} /R2
IE{NeEQ+P s ANDaVML 2] .LELCe) GO TO 59
CTAM] =81 /VMIN]
CAMZ=R2/VMIN}
G0 Y0 69
S0 CAM]=CAMZ=0.
62 CONT INUE
PRINT 123004814301 ,R1L+3DR!
PIINT 1001 ,32,5D2,R2,45DR2
DRINT 1202,CAML,CAM2
PUNCH 1003 ,INAMEFM{NET) yNFNPZCAML, CAM2,50D1,5D2,DFPTH
WRITE(3) NFNP,B1,82,501,502,CAM|,CAM2
RETURN
1000 FORMATL 3X ¢ ¥MAL =% 4 F 172423 T254 %S0 Fl2e2 4 TGG 1 #¥REST ¥, E1 04 45Xy *5DR=F,
+ Flia2)
1001 FOPMATIIX  FMAD 2% 4 F 1242 ,T258 4, %¥50T%,FI7.2,Ta5, ARES= %, E1 0.8, 5X s ¥SDF= %,
+ Fif a2}
1002 FORMAT{AX ;¥ CAM1 =% ,F10,.4,T25, XCAMP=F,F[N.4//)
1003 FORMAT(A109F4s 1,11 4FS.0,4E10.8,4F5.1)
C CALC. MODE 3 CNEF.
100 CONTINUE
£ F3AM THE INVERSE OF MATRIX A
JETA=ALL 1 IRA(2,42)-A02,1}%A(1,2)
Al=A(2,2)7DETA
82=A{1,1)1/7DETA
33=—Al1,2)/0ETFA
C CALC. REGRESSIDON CDEF.FOR MASSES
RM]1 =Al*AY] +B3XRY?2
AMP=B3*aY1+832%3r2
C CALC VARIANCE AND STANDARD DEV.,
VY={ SSOY-RMI%BY1-RM2¥8Y2) /{FNP~3.)
3D1=SARTLABSIB1%vVY})
SO2=SQRT{ABS{(B2%*vY })
SDLl=SD1*100./RM]
SD2=S502%100./RM2
R1=R1-AMLI*SX]-RM2%5X2
R2=5D2=0D.
CAM1=RM1/¥M! 3)
CAMZ=RM2/VML 4)
SDORISSQRTCABSI(VY )]
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PRINT 1000 +RM| 4508 4R1 3 SOR1

ORINT 1001,32M2,502,RZ,SD82

PRINT 1002 4CAM1,CAM2

PUNTH 130341 NAME ,FM{E) 4NyFNP CAMY  CAMZ (SD] ,SD2,DEDTH
WRITE(3) NyFNP,RM],RM! ,SD1,5D2,CAM],CAM2

RE TURN

END
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BEOGRAM SUBTANK{ INPUT ,JUTPUT 4PUNCH)
C A PROGRAM FOR STEP-BY-STEP INTEGRATION OF A MULTI-DEGREE-OF-FREEDDM
€ SYSTEM, BASED OM THE METHODS OF F.L. WILSON, CODED BY Ra.Cs BYRD
JIMENS ICN A(43233)
COMMON FOR,SKI3) yOMAXIE) s DMIN(SE ) ( NAME

PRINT 9303
560 FORMATILIHL o1 X, #hkiessraagesshddrtrs SURTANK  Rekkedirks codiiiox

+¥%E /2X,tA PROGRAM FOR CALCULATING THE RESPONSE OF A IGID:
+ /2X 4y #SUBMERGED TANK ON A FLEX IBLE FDUNDATION T RANDGQME
+ SOXLEEXCITATION —— CODED BY ReZe BYRFD (1973)¢#
+ PP TIIT LI E TSI 22 R Ll L bl bt
PET T IS LIS LS VIS
[ RFEFAD THE SYSTEM DIMENSIONS AND DUTPUT FORMAT
READ 10994 NE ¢ NDOF s NI Ny NOUT s FOR
IFLNOUT.LE .NINT HNOUT=NIN+]
PRIMNTL IO ¢ NDOF ¢ NINNOUT
1000 FORMATITL ,04,215/A10}
1001 FIRMAYT{ /¥ NO. OF DOF=%,15/72X, #ND. 0OF INPUT TIME SYEPS=#*,135/
+ 2% ,%=ND. OF DOUTPUT TIME STEPS=%, 15/}
MAX= 4000
MNM= 1
NN=MNDOFFNDOF
NT =1 +NN
NS =NC+NN
. MAT=MNS+ NN
NU=NXT +2*NDOF
MUT = NUENDOFENOUT
NTOT=NUI+NDDF ¥ 3-1
{FINTOT.GT aMax) G0 TD 903
C FEAY THE INTSGRATION COEFFICIENTS AND TIME STEP
READ 1C02,DEL,ALF,THE,DTT
1002 FORMAT{4F10.0])
PRINT 19034DEL tALF s THELDTY
1033 FORMAT (/2% ,%¥INTEGHRAT ICN COEFFICIENTS =%, 2%, *DEL=%4F 104564
+ BX G HEALT =%k, F 10,60 SXp*THE=%,F10.6/T30FITT=% ,F10.6,% SEC.%/)
CALL HYDRO3 {A(NMJ.A(NC),n(NS).A(NUI.N[N.NDUT.DTT.NE}
CALL STEDS!A(NS).A(NM).A(NC!;A(NU]}.A(NJ!,NUDF'NDUT;DTT,DEL.ALF.
+ THE)
CALL OUTPUT(AINUIy A[LNXT ) ¢ NDOF,NOUT (NE)
GO TO 950
Qpn PRINT 1004
LOD4& FORMAT{//# #%kekxkikk®x THE PRCBLEM EXCEENS THE CURPENT STORAGE LiwI

FTS —= ADJUSTMENTS MUST BE MADE #x&kfFFsaxt)
950 CONTINUE
5TQP

END
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aNaNaNe

C

C

[aNaNalal

On

SUBROUTINE HYDRO3I (XMeCyS5,ReNFNOUT, DT s NE)
THIS ROUTINE RFADS THE HYDRODYNAMIC COEFFICIENTS, SYSTEM CONSTANTS,
AND GROUND ACCELERATIDON AND ESTABLISHES THE MASS, DAMDPING, STIFFNESS,
ANT LOAD MATRICES FCOR A SYSTEM WITH 3 RIGID BODY DODF,.
CNODED BY R, €, BYRD {1978 ).

DIMENSION XM{3,3),C1{343),S(3,31,R{3,1),

+ VI3 yPB{3)14PCI3)PDI2),O{3),3ML])

COMMON FORGSKI(3),DMAX{5)yOMIN(E 1, NAME

READ 1000,DMASS RMASS,HS ,RAD
NOTE: ALL UNITS ARE { XGy CM )

PRINT 9923 ,RADy HSyDMASS sRMASS

933 FORMAT(///72X 3 *TANK CHARACTERISTICS:*r/

16Xy *RADIUS=%*,C10.17

16X, SHELGHT=% ,F1041/

14X, DY MASS=%,F1041/

2Xy#MASS MCMNT, OF INERT.=%,F10.1/)
READ 1000,CHMXX,CMZZ,CURR,CMIAX,DEPTH

-+t

1300 FORMATI(SF10.0)

SRINT Q00 sDECTH,CMXX4CMZZ4CMRR,CHRX

930 FORMAT (12% ,%WATER DEPTH=¥,FS5.1/

+ TIG RCMAX=® FHaF/TIGyFCMZZ=%,FH 3/
TI9 4% CHMRAI=F 4 FHe I/TIyHCMRE=¥,FheI/)

READ 1000,CDMAT ,CDHX  CDHZ, COHR

PRINT Q01 4COMAT COAXCDAHZyCOHR

31 FORMATI[/2X s %*FOUNDAT{ON DAMPING {ALL MCDES)=%,F6.3/

+ T2B s FCDAX IRy FH 3/ T2 8y FCDHZ=F y,FAR A/ T28,ECDOHR=*X, F6.3/)
N=3

NOTE?! STIFFNESSES ARE [N { KGy CM, SEC )} UNITS
READ 1002,5X45SZ+5R

1J02 FORMAT(3FE10.4}

SK{1)=5X/13Da
SK{21=5Z/100.
SK{3)=5R/100.

ESTABLISH THE MAS5S, DAMEING aAND STIFFNESS MATRICES

INITIALIZE THE MATRICFES
23 10 I=1,3
2010 J=1.3
10 XM{I,J¥=C(140}=S(1,J)=0.

MASS {COUPLED)
DTH=DEPTH-HS
PHI=Z 42 ASIN{L )
AR =PHI*RADERAD
VMWC=ARZDTH/ 1020
VMT=AR®HS /1000,
FGZ2={RADERAD/ &4 + } +r(HS¥HS5/12.])
VMR=VYMT2RG2
YMC=SORTIRGZ I X VMT

EXMIO] 4] }=XMEX=DMASS+CMXXFVMT
KM{Z242)=XMZZ=DMASSTCMZZEVMT
XM{3,3)=XMRR=RMASS+CMAREVMR
XM{T 4y 31=XM{3 ;1 )=XMRX=CHMRXEVYM_

STIFFNESS (UNCOUPLEDIL
S(1,1)=5X
S(2y2¥=52Z
5(2+¢3)=5R

N
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IF{NE.EQ. J»OR.NEL,EG-3) GO TO 15
C CALCULATE CHARACT=ERISTIC VALUES AND ¥ECTORS (NAT. FREGQGS. ANTD MODES)
CALL JACOBI[SXM,C4PCy3p4,12)
PRINT 1009
PRINT FOF,,PC
PRINT 1410
DRINT FORL((C{I J) =1 NI 4I=1,4N)
1209 FORMAT{//2X*SYSTEM FIGENVALUES:I®)
1010 FORMAT([ /72X ¢*SYSTEM FIGENYECTAORS: ¥)
C RCINITIALIZE TYTHE MATRICES
20 12 I1=1,3
20 12 J=1,43
12 XMIUT ,03=C{T,2)=50(L,3)=0.
C RESET STIFFNESS AND MASS MATRICES
KM{1 41 )=XMXX
XMU2 42 )=XMT7
XM{ 3,4 3) =XMRR
XMO1 9 3)=XM{ 3,1 }=XMRX

SE141)=5X%
S{242)4=52
S5{3,3)=5R
19 CONTINUE
C
C DAMPING [ UNCOUPLED)

C COMPUYE CRITICAL DAMPING FOR EACH MDDE
DOX=2 4 %SORTIXM{1,1)%5X)
DCZ=2.¥SQPTIXM(2,4,2)1%52)

DCR= 2. ES50RT(XM{3,3}3¢53)

C ESTABLISH THE DAMPING MATRIX
C{ly b= (COMATHCDHX }2DCX
Cl2+2)={COMAT+CDH7)2DCZ
Cl3¢ AI=(COMATHIDHR ) S0OCRH

PRINT 1003

1023 FIRMATE/Z72X,=MASS MATRIX-%}
SRINT FORJI{XMITIpJ )y =1 NigI=1,N}
PRINT 1004

LID4 FORMATUL/2X 4*CAMPING MATRIX-%)
PRINT FORy{{ ClIyJ) 4 J=1 N} 1=14N)
SRINT 1905

1335 FORMATI/2X *S5TIFFNESS MATRIX-%)
PRINT FOF (0 S{Lyd)ed=1yN}I=1,N}

[

C ESTABLISH THE LAOAD MATRIX, INCLUDING THT EFFECT OF HYDAGOYNAMIC

< DAMPING. ASSUME THAT THE SYSTEM IS AT REST FOR T LESS THAN ZERN,
o

C READ EXCITATLON FILE NAME AND NAX-MINS

FEAD 1D114NAME ({{DMaX{ L) 2MINCI)} I=1,6])
1011 FORMAT{A1OJ/6E12.5/6E12.5)

la

€ READ GRCUND ACCEL ERATIONS
READ 1006, {{R{T4J)41=1,N),J=1,NR]}
PRINT 19CH8
PRINT 1007, ({R{IsJI}yI=14NIyJ=1,NR}
1006 FORMAT({6E12.5)
1307 FORMAT(a([3x,3F3.4)}
1008 FORMATL /72 X o ¥GROUND ACCELERAT ICONT *)
C
C INITIALIZE THE COEFFICIENTS FOR A 2ND ORDER INTEGRATION OF THE
C GROUND ACCELERATION.
03 20 I=1,3
PEB{II=RIL,1)
PCLIY=R(I,2}
POLIY=RET,+3)



FORTRAN COMPILAT ION

20

32

C SET ALL VALUES

47

136

RUN 2.3C0-75274 26 A3

CONT INUE
Dl1Y=DCXFCDHXEIE ] JBES
202¥=0.

O{3)=DIREIOHR
RM{1)1=XM(1,]}¥980.,665
FM(2)=(VMWC+DYASS)I ¥TGRN.H65
RU{3)=x%(3,3)

INITIALIZE THE LOAD MATRIX AT T=0 AND 2+D7T

20 30 I=t,3

REF,13=~R{T, 1) *¥RM{I])

TEMP{ G +%P3{ 1 )49 .%PCL I )=PO{1))/16a
VT =2T*{2B[ 1)+ 2. ¥*TEMP+PCIT) ) /8.
R{1,2)}=-R{TI, 2V %ML -O(I )%V}
CONTINUC

NSTART=NR+ 1
D7 40 JsNSTARTZNOUT
R{1yJI=R{2,J)1=R(3,41=0.

C CALCULATE THE PEMAINDER DF THE LOAD MATRIX.

20 S0 =3 ,NR
20 50 =143

C CALCULATE VELOCITIES

50

Q902

CA=PBIl I}

PR{T)=PCLIT)

PCilr=P2{1)

PO(TI=RIL, J+1)

TEMP=[—PA+I.*¥PA{L}+9 +*PCLII-POILII 15,
VIT)=VII)+4DTE( PRI 1)+ 2., *%TEMP+PC(I)} /4.
RILy J)==R{T  J)=RMITI-DIT Y3V {T)

CONT INUE
VI =VI133G80.665
PRINT 902+VI 1}

78 19:112:33

IN RESPONSS MATRIX FOR T GHTATER THAN NIN#2TY FQUAL J.

FORMAT (/2% y#HOR 7 .GROUND VELOCIYY AT DTENIN=#,F10s41/}

RETURN
END

PAGE

NO.

3
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TORTRAN COYMPILATION RUN 2.3C0-75274 26 APR 74 19:12:331 PAGF NO. |

SUBROUTINE STEPS[S4XM,C, UL U NyNOUTDTT4DELyALF,THE}
DIMERSICN SUNgNYoXMINyNI g CINgNY s UT TNy 3 ) UTN,NDUT])
C ST THE [NITIAL CCNDITIONS TO ZERO
MOED TN
30 10 J=143
10 UI{T,4)¥="1.
¢ CIMPUTE THE INTEGRATION CONSTANTS
IF(THE «F Qs Q= JTHE=140
DY=THE#DTT
AQ=1./ALFHDTXDT)
A1=DEL/LALFEDT }
A=l o/ { ALFXDT)
A3=0,S/ALF 1.
AG=DEL/ALF =14
AS=0.5%ITX(DEL/ALF-2.)
AB=DTT=(1.=-DEL}
47 =0TTEDEL
AR={ ,S—ALF)I*DTY®DTY
A= ALF *DTT %=DTTY
C FORM THE TRIANGUL ARIZED EFFECTIVE STIFFNESS MATRIX
B3 100 T=1,4N
20 103 J=1,N
100 SUTy ) =S{Ted}+A0RXM{E, J)#AIRCIT,J}
CALL SYMSDL IS, UT+Nel,11}

C FOR EACH TIME STER

00 403 I=1,NOUT
C 1. CALCULATE THE EFFECTIVE LOAD AT TIMD T+DT

DO 2530 L=1lyN
X=AIFULIL,1)+A2Z2UT{L, 2 )*A32UT(L . 3)
Y=ALFUI(L 1) +ASRUI (L2 Y +#ASKUTIL,3)
DD 230 M=1,N
250 J(My I)=UIM I #XMIMLYFEXHCI{M,y L) EY
C fe SCLVE FDR THE DISCLACEMENT AT T+DT

CALL SYMSOL[S.U(]..[)‘N'I.'?]

C 1. CALCULATE ACCELERATICONS AND VELDCITIES AT TIME T#0T

D3 300 L=1+MN
AmAAX[UIL 1) —UT Lt} J-A2%UT{L, 2)-A3%UIIL,3)
DA={ A-uU1l1 3)) /THE
AzUI (L, 3)+DA
VEUI(L 23 +86%UTILy3) +AT™A
UIL e ID=UILL, 10 +0TTHUT (L 2I+AB%UTIL +3)eAPNA
UtiL«3¥=A
JIlL 2=V

339 UliL,13=0iL, )

400 CONVINUE

RETURN
END



FDRTRAN CNMPTLATION

A AN ST

Oy

el

SYMMETRIC

SUBROUT INE SYMSTOL{AyS,NN.LL M)

M=0 TRIANSULARIZE AND 50LVE

M=1

TRIANGULART ZE DMLY

138

RUN 2.3C0-TS274 26 APR TH

EAUATICN SOLVER-AFTER E.L.WILSON [1976])

Mz2 FORWARD REDQUCTION AND BACKSURSTITUTION ONLY

203
330
@07

DIMENSTIN ACNNGZNNYBINNLLL)

[F(M.FEQ«2) 5O TO 59092

DD 490 N=1 NN

IF(N.SQ.NNY 50 T 500
D=A(N N

[F{D.EQ.0:0) PRINT 2300 ,N
Nl=N+1

20 3920 J=HN1,NN

IFIA{NYy J)4EQe0-0) 50 TO 300
Al(Ny JISAIN,JII/D

D0 700 T=J4NN

Al D d3=A0 1 ¢ )-A0T  NIFAIN,J)
Al Jy 1) =801 ,4u)

CUNT INUE

CONT INUE

FORWARD REDUCTIDN AND 3ACKSUSSTITUTION

500

6273

a0

a00

200

23090

IF(M.EGal) RETURN

20 7323 N=1 4NN

DD 600 L=1,LL
BINgLIZBINyLIZAINyN)
ITFINLEQNN) 50 TO 326
NI=NT+1

O 733 L=1,LL

D0 700 I=N14NN
BULyLI=BII4LI-ALI,N}ZBIN,L)

N1 =N

N=N-1

IFIN.T0.0) RETURN

93 900 L=1,4LL

70 900 J=NI 4NN
BUNGLI=BUINLLI-AIN J) #¥B (S, L}
G0 TO A32

FORMAT[3GHO®¥¥ZERO DIAGONAL TERM EQUATION NUMBER 14}

END

19212:33

PAGE NDe

1
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FARTRAN CCMPILATION RUN 2.3C0-75274a 26 APR 73 19:12:33

SUBFROUTINE JACDBI {ABXsEyNgNFIG,NSMAX])
AN ETGINVALUE SOLUTION AFTER fe.Le WILSON (1977}
SUBRQJTINE SOLVES EIGENVALUE PROSLEM AX = BXE WHERE
A4 AND B ARE N X N SYMMETRIC MATRICES
Z 0I5 A DIASONAL MATRIX OF EIGENVALUES STORED AS A ROW AQRAY
X I% A N X N MATRIX OF EIGENVECTORS
NSMAX IS THE MAXIMUM NUMBER DF SWEES®S TOJ BE PERFORMED
NFIG I3 THE NUMBER OF SIGNIFICANT FIGURES TO BE CBTAINCD

alsEal ANl

ANy

OIMENSION AINyN) yBINGN) ¢ XINgN} yEIN)
C-==== INITIALT 2ATEON - === mm e e e e e e e e — e m e m o
NT=0
NN=N=1
RTNL=0,1*¥F{2¥NFIG}
EPS=0.01
I3 20 1=1,N
I 20 U=l N
22 Xfty,Ji1=0.
I0 X(1e13=1,
IF{NLEQ.1) GO TN 420
C—= == SWEED? OFF-DIAGONAL TERMS FOR POSSTHALE REDUCTIDON-~-
70 BOO0 M=1 3 N5SMAX
YMAX=0 o0
DO 700 J=1 4NN
Ja=a+1
D0 733 K=JJyN
Cmmmms COMBARE WITH THRESHOLD VALUE————-———=—————=—=
FAZABS((A(J, K IXALI LK) I/ CALS J)FA{K,K) YD
EAzZAAS(IB] J4k}xAL UK 1V (BLI, JIEDIK K] )
Y=EA+EB
IF(Y sGT . YMAX ) ¥YMAX=Y
IF{Y.LTE?S) GO TO 7920
C———-- CALCULATE TRANGFOAIMATIONS FEAMS-——-—-—-—-———==
Yaal ey DIFBIK G KI-AL{K,K)FB(J,y )
AK ZA (K KIHRB[ J,K)-S(KyK)FAL{ I, K)
Ad=A{ )y 18] JyK}-BllydITA{I4K)
Nni=yr/2.
D2=Y A2 +8 AKX AY
IF{D2.LT.0.0) PRINT 4000 ,J:K
4000 FIRMAT{20H OFF DIANGONAL TERM 2I15)
IF{22«LTa3a3} GC TO 730
22=529T{D2})/2.
Z2=D1 +¢D2
IFIO1.LT=0.0) 2=D1-D2
IF{Z} BD,7¢,80
70 CA=3.2
CE=—AL JyKIZALK K}
G0 TO 29
B0 CA=AK/?
Co=-AJSZ
C—==== ZERD TERMS A{J,K)} AND B{J K )———mm e e e
20 03 130 I=14M
IF{T1+EQ+J+0R+I+SQeK) GO TO 100

ACJy 1Y ZALT 4 DI +CGRALT K )
ALKy 1) =AC] yKI+CAXALTL yJ)
ALT,J3=ALJ,1]
A{T¢K)=A(K, 1}
Blde 1300 14J}4CGHBI 4K}
(K, EI=BI1,KI+CAZB( 1,0}
B, Y=B{Jyl)
B{I,KI=B(K, 1}
100 CONTINUE
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FORTRAN COMPILATIGN RUN 2.3C0-75274 26 A3 73 19:12:313

AK=A[K 4K}
R =A{K,K]
ALKy KDY =AK+CARCA{ U, KI+A(Jd KIFCAXACD,J))
BIK, KI-SK+CAX{R(J, K I+B{J+KI+CATBTI T, J1})
AL Jy JI=A0J32)+CORIATDWRIFALIyKIHCGTAK )
Bl JIZB{ U, JP+0SH(B0I,KI+B1J K)+CG¥RK)
Al JpKY=0.
BlJeK)=0u
ALK« JI=0.2
3Ky J)=0.0
Cmm—— TRANSFORM TIGENVECTORG-———————mmmm v —
DO 2232 I=1,4N
XJ=X{T1,4)
XK=X{I,4K)}
XE 1y JY=XJHECOIEAR
2290 X1 KI=XK+CAEXJ
NT=NT+]
730 CONTINUE
[FIYMAX LT LRTOL]) GO TO 320
TOST L0l F{YMAX) RXR2
[F{YMAX «GT w1 40) ERPS5=0.01
893 CONTINUE
C——-—- SCaLF TIGFN VECTORS
8273 D7 841 J=1,.N
S(Jy=al g, /3000
AR=5QRTI(ALJ, I )
30 9ald K=14N
840 x{K,J)=x{K,J)/30
IF{NNLEGLD ) RETURN
C————-OUNDER EIGENVALUJUES AND EIGENVFCTORS —————————
D7 937 [=14NN
JL =T +1
AT=E£(1)
IM=1
370 8BS0 J=JLaN
IF(HT L TL.C{JY) GO TO 350
HT=2{4)
M= J
853 CONT INUE
Z{EIMYI=ECD)
E{I)=HT
30 949 J=L N
AT =X{ J41}
X{iJdy 1) =X {dyIM}
900 X{JyIM)=HT
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N COMPILATICN RUN 2.3C0-75274
SUBROJT INE QUTPUT (U, XT N yNOQUTLNE)
DIMENSINN JI{NsNDUT) ,XTI{N,2)

COMMON FOR¢SK{3)},0MAX( 6} 4DOMINIE]) s NAME

C FIND THE EXTREME VALUES

59

53
100

135

+
9G0

+C UNITSIE//T2S, SMEASURED® , TSS9 *CALCUL ATEDH

10729
+

230 50 I=1,4N

KTLI 41 }=XT(I,2}=10.

D33 100 J=1N0UT

D0 90 I=1,N

[FEXTL{I 1) elTUTT03) XTLI )= T,0)
IFOXTUL 323 aGTalUll ) XTI L2)=0{1,J}
CONT INUE

CONT INUE

IF(NELLT 2} GO T 195

PUNCH ¢OR|((U(K!J}|K=1INJIJ=1'NDUT}
CONTINUE

20 110 T=14+N

XTET 1) =XT{I 41 )%SK{1}

XTLL 42)=XTL[,2)*SK(I])

DMAXC T +3IV=DMAX L I+31%SK ()
OSMINTIT+#3)=DMIN{TI+31E5K{[)

CONT TNUF

CRINT 920, ({I,DMAX{ LTI DMINCLI} s [=1473)
SRINT 990

26

ADR TR

19112233

PRAANT 12004 (CT DMAXLT#I) DOMINITI*T XTI, 1) XTCIo2 by l=14N)
GAD FORMATL A7/ /72X ¥MEASURED MAX-MIN FOUNDATION ACCELERATIONS: *

/U EXyEDOFT %,I12y 33X, FMAXS¥,E10. 84 XL EMIN=%,E13,4))

FARMAT( FZ3XGEFOUNDATICN FORCES AND MOMENT ABNDUT THE CaGa (N AND

i

FORMAT (/72X ¢¥DOF T #*, 12, 3%y ¥MAX=H,E1 D48 X o XMIN=%,E10.4,
B AMAX=% , F1 003X yXMIN=R,E1048}

RETUERN
END

PAGE NOa

1
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EARTHQUAKE ENGINERRING RESEARCH CENTER REFPORTS

WATE: Numbors in parenthesis are Accession Numbers assigned by the National Technical Information Servico; tie-se are
followed by a price code. Copies of the reports may be ordered from the National Technical Information Serwvieco, D2HS
rovt Reyal Road, Springficld, virginia, 22161, Accession Numbers should be quoted on orders for roports (Bf —==--- !

and remittance must accompany each order. Reports without this information were not avallabkle at time of printina.
Ubon resquest, EERC will mail inguirers this information when it becomes available.
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69-12

6e-13

69-14

63-15

69-16

70-1
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79-3
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“Fpasibility Study Large-Scale Earthquake Simulator Facility," by J. Penzien, J.G. Bouwkamp, R.W. Tlouah
and [+, Rea - 1957 (DB 187 905)A07

[Inassigned

"Inelastic Behavior of Beam-to-Column Subassemblages Under Repeated Loading,” by V.V. Bertero - 19ER
[PR 184 HE8)A0D5

“A Graphical Method for Solving the Wave Reflection-Refraction Problem,” by H.D. MeNiven and Y. Mengi - 1904
(MR 187 243)A03

“Pynamic Properties of McKinley School Buildings," by D, Rea, J.G. Bouwkamp and R.W. Clough - 1968
(PB 187 902)A07

"Characteristics of Rock Motions During Farthquakes,”" by H.B. Seed, I.M. Idriss and F.W. Kiefer - 1968
{PB 188 33B)A03

"Earthquake Engineering Research at Berkeley,” - 1969 (PB 187 206)All

“Nonlinear Seismic Responze of Earth Structures,” by M. Dibaj and J. Penzien - 1969 (PB 187 9D4YANA

"Probabilistic Study of the Behavior of Structures During Earthquakes," by R. Ruiz and J. Penzicn - 19AY
(P8 187 8B6)ANG

"Numerical Solution of Boundary Value Froblems in Structural Mechanics by Reducticn to an Initial Value
Farmulation,” by M. Distefanoc and J. Schuiman~ 1969 (PB 187 342}A02

"Dynamic Programming and the Sclutien of the Biharmonie Fguation,” by N. Distefano = 1962 (PR 1R7 9411302
"Stachastic Analysis of Offshore Tower Structures,”by A.K. Malhotra and J. Penzien - 1963 {PR 187 403]A00
"mock Motion Accelerograms for High Magnitude Earthquakes," by H.B. Seed and I.M. Idriss - 1969 (PB 187 940 AG2

"Seyryctural Dynamics Testing Facilities at the University of California, Berkelevy," by R.M. Stephen,
J.G. Bouwkamp, R.W. Clough and J. Penzien - 1969 (PB 189 111)A04

"Seismic Response of Soil Depesits Underlain by Sloping Rock Boundaries,” by H. Dezfulian and H.B. Seed
196% (PB 189 114)A03

"Dynamic Stress Analysis of Axisymmetric Structures Under Arbitrary Loading," by S. Ghosk and E.L. Wilscn
1969 (PE 189 0261410

"s$eismic Behavior of Multistory Frames Designed by Different Philosephies," by J.C. Anderson and
V. V. Barterp - 1969 (PB 190 66Z)R10

"stiffness Degradation of Reinforcing Concrete Members Subjected to Cyclic Flexural Moments," by
V.V, Bertero, B. Bresler and H. Ming Liao - 1969 (PR 202 242)A07

"Response of Non-Uniform Spil Deposits to Travelling Seismic Waves,” by H. Dezfulian and H.B. Seed - 1969
{PB 191 0D23)A03

"Damping Capacity of a Model Stesl Structure," by D. Rea, R.W. Clough and J.G. Bouwkamp ~ 1969 (PB 1590 663) AlG

"Influence of Local Soil Conditione on Building Damage Potential during Earthquakes," by H.B. Seed and
I.M. Idriss - 1969 (PB 191 036)A03

"The Behavior of Sands Under Seismic Loading Conditions," by M.L. Silver and H.B. Seed - 1969 (AD 714 982)A07

"Farthguake Response of Gravity Pams,” by A.K. Chopra - 1970 (AD 709 640)A03

"Relationships between Soil Conditions and Building Damage in the Caracas Earthgquake of July 29, 14967, " by
H.B. Seed, I.M. Idriss and H. Dezfulian - 1970 (PB 195 762)A05

"Cyclic Loading of Full Size Steel Connections,” by E.P. Popov and R.M. Stephen -1970 {PB 213 545)A04
"Seismic Analysis of the Charaima Building, Caraballeda, Venezuela," by Subcommlttee of the SERONC Research

Committee: ¥.V. Bertern, P.F. Fratessa, S.A. Mahin, J.H. Sexton, A.C. Scordelis, E.L. Wilson, L.A, Wyllie,
H.B. Seed and J. Penzien, Chairman = 1970 (PR 201 455)A0D6
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"A Computer Program for Farthquake Analysis of Dams,” by A.K. Chopra and P. Chakrabarti - 1870 (AD 723 924)AN5

"The Propagaticon of Love Waves Across Non-Horizentally Lavered Structures,” by J. Lysmer and L.A., Drake
1970 (PE 197 B96JA03

“Influence of Base Rock Characteristics on Ground Response,” by J. Lysmer. H.B. Seed and F.B. Schnabel
1970 (PR 197 B97}A03

"Applicability of Laboratory Test Procedures for Meastring Seoil Liguefaction Characteristics under Cyclic
Loading,” by H.8. Seed and W.N. Peacock - 1970 (P8 198 018)YA03

*a Simplified Procedure for Evaluating Soil Liquefaction Potential,” by H.B. Seed and I.M. Idriss - 197
(PR 198 O009IAD3

"Soil Meduli and Damping Factors for Dynamic Response analysis,” by H.B. Seed and I.M. Idriss -1970
(PB 197 BRY)AN2

"Xoyna Earthguake of December 11, 1967 and the Performance of Koyna pam," by A.K. Chopra and P. Chakrabarti
1971 (A2 731 493)YA00

"preliminary In-Situ Measurements of Anelastic Absorption in Soils Using a Prototype Earthguake Simulator.”
by R.0. Borcherdt and P.W. Rodgers = 1971 (PB 201 454} A03

"Static and Dvnamic Analysis of Inelastic Frame Structures,” by F.L. Porter and G.d. Powell -197]
(PFE 210 135)A06

“Research Needs in Limit Design of Reinforced Concrete Structures,™ by V.V. Berterc = 1971 (PB 202 24311AN4

"Dynamic Behavior of a High-Rise Diagonally Braced Steel Building,” by D. Rea. A.A. Shah and J.G. Bouwlanp
1971 (PB 202 584)A06

"Dynamic Stress Analysis of Porous Elastic Selids Saturated with Compressible Fluids," by J. Ghaboussi and
E. L. Wilson - 1971 (PB 211 396}A06

"Inelastic Behavior of Steel Beam-to—-Column Subagsemblages," by H. Krawinkler, V.V. Bertero and E.P. Popov
1971 (PB 211 3335)al4

"Modification of Seismograph Records for Effects of Local Soil Conditions.," by P. Schnakel, H.B, Seed and
J. Lysmer - 1971 (PB 214 450)A03
"Static and Earthguake Analysis of Three Dimensional Frame and Shear Wall Buildings," by E.L. Wilson and

H.H. Dovey - 1972 {PB 212 904)A05

"accelerations in Rock for Earthquakes in the Western United States," by P.B. Schnabel and H.B. Seed - 1972
(PE 213 100)AD3

"gplastic-Plastic Earthquake Response of Soil-Building Systems,” by T. Minami - 1972 (PB 214 868) A0B

"Stochastic Tnelastic Reaponse of OFfshore Towers to Strong Motlon Earthquakes," by M.K. Kaul - 1972
(PB 215 713)A05

"Cyclic Behavior of Three Reinforced Concrete Flexural Members with High Shear," by E.P. Popov, V,V. Bertero
and H. Krawinkler - 1972 {PE 214 585)A05

"Earthquake Response of Gravity Dams Including Reservolr Interaction Effects," by P. Chakrabarti and
A.K. Chopra - 1972 (AD 762 3130)A08

"Oynamic Properties of Pine Flat Dam,” by D. Rea, C.Y. Liaw and A.K., Chopra -1972 (AD 763 92R}ADS

"Three Dimensional Analysis of Building Systems,” by E.L., Wilsen and H.H. Dovey - 1972 (PB 222 438)A06

"Rate of Loading Effects on Uncracked and Repaired Reinforced Concrete Members," by 5. Mahin, V.V. Bertero,
O. Rea and M. Atalay - 1972 (PB 224 520)A08

"Computer Program for Static and Dynamic Analysis of Linear Structural Systems," by E.L. Wilson, ~J. Bathe,
J.E. Patersen and H.H,Dovey - 1972 (PB 220 437)1A04

vriterature Survey - Seiamic Effects on Highway Bridges,” by T. Iwasaki, J. Penzien and R.W. Clough - 1972
(PR 215 613Rnl%

"SHAKE-A Computer Program for Farthquake Response Analysis of Horizontally Layered Sites." by F.B. Schnabel
and J. Lysmer — 1972 (PB 220 207}A06
"optimal Seismic Design of Multiatory Pramas,” by V.V. Berterc and H. Kamil -1973

“Analysis of the Slides in the San Fernando Dams During the Earthquake of February %, 1971.," by H.B. Seed,
K.L. Lee, I.M., Idriss and F, Makdlsi - 1973 (PB 223 402)Al4
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"Computer Aided Ultimate Load Design of Unbraced Multistory Steel Frames," by M.B. El-Hafez and G,H. Powrll
1973 (PR 248 315YAa09

"Experimental Investigation into the Seismic Behavior of Critical Recions of Reinforced Concrete Components
as Influenced by Maoment and Shear,” by M. Celeki and J. Penzien ~ 1973 (FB 215 B841AN9

"Hysterctic Behavior of Epoxy-Repairad Reinforced Concrete Beams,” by M. Celebi and J. Penzien - 19713
{PE 239 568}A03

"General Purpose Computer Program for Inelastic Dynamic Response of Plane Structures,” by A, Kanaan and
G.H. Powell - 1973 (PB 221 260)A08

"A Computer Program for Earthquake Analysis of Gravity Dams Including Reservoir Interaction.” by
P, Chakrabarti and A.K. Chopra - 1973 (AD 766 271)AD4

"Behavior of Reinforced Concrete Deep Beam-Column Subassemblages Under Cyclic Loads," by O. Kustu and
J.G. Bouwkamp - 1973 (PB 246 117)Al2

"Earthquake Analysis of Structure-Foundation Systems," by A.K. vaish and f.K. Chopra - 1973 (AD 766 2721AN7
“Deconvolution of Seismic Response for Linear Systems," by R.B. Reimer - 1273 (PB 227 179)A0R

"SAP IV: A Structural Analysis Program for Static and Dynamic Response of Linear Systems," by K.-J. Bathe.
E.L. Wilsen and F,E. Peterson~- 13973 (PB 221 967)A09

"analytical Investigations of the Seismic Response of Long, Multiple Span Highway Bridges.," by W.5. Tseng
and J. Penzien - 1973 (PR 227 Bl6)AlC

"Eartheuake Analysis of Multi-Story Buildings Including Foundatien Interaction," by A.K. Chopra and
J.A. Gutierrrez - 1973 (PP 222 970)A03

"ADAP: A Computer Program for Static and Dynamic Apnalysis of Arch Dams," by R.W, Clough, J.M. Raphael and
5. Mojtahedi - 1973 (PB 223 763)A09

"Cyrlic Plastic Analysis of Structural Steel Joints," by R,B, Pinkney and R.W. Clough - 1973 [PB 226 B41)A08

"OUAD-4: A Computer Program for Evaluating the Seismic Response of Seoil Structures by Variable Damping
Finite Element Procedures," by I.M. Idriss, J. Lysmer, R. Hwang and H.B, Seed - 1973 (PB 229 434)A05

"Dynamic fehavior of a Multi-Story Pyramid Shaped Building," by R.M. Stephen, J.P. Hollinge and
J.G. Bouwkamp - 1973 (PB 240 TF18)1A06

"Effect of Different Types of Reinforcing on Seismic Behavior of Short Ceorcrete Columns,™ by V.V. Bertero,
J. Hollings, O. Kusti, R.M. Stephen and J.G. Bouwkanmp - 1973

"Olive View Medical Center Materials Studies, Phase I,™ by B. Bresler and V.V. Bertero- 1973 (PB 235 9ARIANOR

"Linear and Nonlinear Seismic Analysis Computer Programs for Long Multiple-Span Highway Bridges,” by
W.5, Tseng and J. Penzien - 1973

"Constitutive Models for Cyclic Plastic Deformation of Engineering Materials,” by J.M, Kelly and P.P. Gillis
1973 {(PE 226 024)a013

"DRAIN - 2D User's Guide," by G.H. Powell -~ 19731 (PR 227 0l8)ADS
"Barthoguake Engineering at Berkeley - 1973.," (PB 226 033}all
Unassigned

“Earthquake Response of Axisymmetric Tower Structures Surrounded by Water," by €.¥. Liaw and A.K. Chepra
1973 (aDb 772 052)A00

"Investigation of the Failures of the Olive View Stalrtowers During the San Fernande Earthquake and Their
Implications on Seismic Degiqn,” by V.V, Bertero and R.G. Collins - 1973 (PB 235 106}Al13

“Further Studies on Seismic Behavier of Steel Beam-Cclumn Subassemblages,” by V.V, Berterco, H, Krawinkler
and E.F. Popov - 1973 (PB 234 172}A06
"Seismic Risk Analysgis," by C.S. Ollvelira - 1974 (PB 235 920}206

“Settlement and Liguefactlon of Sands Under Multi-Directional Shaking,” by R. Pyke, C.K. Chan and H.B. Seed
1974

"Optimum Design of Earthquake Resistant Shear Buildings," by D. Ray, K.S. Pister and A.K. Chopra - 1974
(PB 231 172)A06

"LUSH - A Computer Program for Complex Response Analysis of Seil-Structure Systems," by J. Lysmer, 7. Udaka,
H.B. Seed and R. Hwang - 1974 {PB 236 796)A0S
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"Sensitivity Analysis for Hysteretic Dynamic Systems: Applications to Earthguake Engineering,” by [. Ray
1974 (PB 233 213)A06

"goil Structure Interaction Analyses for Evaluating Seismic Response," by H.B. Seed, J. Lysmer and R. Hwang
1974 (FPB 236 513)R04

Unassigned .
*shaking Tahle Tests of a Steel Frame - A Progress Report," by R.W. Clough and D. Tang - 1974 (PR 240 D69}AD2

"Hysteretic Behavior of Reinforced Concrete Flexural Members with Special Web Reinforcement,” by
Vv.V. Bertere, E.P, Popov and T.Y. Wang - 1974 (BB 236 79707

“Applications of Reliakility-EBased, Global Cost optimization to Design of Earthquake Resistant Structures.”
by E. vitiello and K.S, Pister - 1974 (PB 237 231]A06

"Liquefaction of Gravelly Soils Under Cyclic Loading Conditions,” by R.T. Wong, H.B. Seed and C.K. Chan
1974 (PB 242 042)A03

"Site—Dependent Spectra for Earthgquake-Resistant Design,” by H.B. Seed, C. Ugas and J. Lysmer - 1974
(FB 240 953)A03

"Farthquake Simulator Study of a Reinforced Concrate Frame,” by P. Hidalgo and R.%. Clough - 1974
(FB 241 9¢4)Al3

"Nonlinear Earthquake Response of Concrete Gravity pams," by W, Pal - 1974 {(AD/A 006 583)A06

"Modeling and Identification in Nonlinear Structural Dynamics - I. One Degree of Freedom Models,”™ by

N, Distefanc and A. Rath - 1974 (PB 241 548}A06

"Yetermination of Seismic Design Criteria for the Dumbarton Bridge Replacement Structure Vol.I: Deseription,
Theory and Analytical Modeling of Bridge and Parameters,” by F. Baron and 5.-H. Pang - 1975 (PB 259 4071A15
"Determination of Seismic Design Criteria for the Dumbarton pridge Replacement Structure,Vol.II: Humerical
Studies and Establishment of Seismic Design Criterisa," by F. Baron and S.-H. Pang - 1975 {PB 259 408)All
{For set of EERC 75-1 and 75-2 (PB 259 406))

"Seismic Risk Analysis for a Site and a Metropolitan Area,” by C.5. Dliveira - 1975 {(PB 248 134)A09

"Analytical Investigations of Seismic Response of Short, Single or Multiple-Span Highway Bridges,™ by
M.-C. Chen and J. Pengzien - 1975 (FPB 241 454)A09

"Am Evaluation of Some Methods for Predicting Seismic Behavier of Reinforced Concrete Buildings," by S.A.
Mahin and V.V, Bertero - 1975 (PD 246 306)Al6

"Earthguake Simulator Study of a Steel Frame Structure, Vol. I: Experimental Results,” by R.W. Clough and
D.T. Tang - 1975 (PB 243 9B8L)All

"Dynamic Froperties of San Bernardino Intake Tower," by D. Rea, C.-Y. Liaw and A.K. Chopra - 1975 (AD/AOQGE 406
A0S

"Seismic Studles of the Articulation for the Dumbarton Bridge Replacement Structure, Vol. I: Description,
Thecry and Analytical Modeling of Bridge Components,” by F. Baron and R.E. Hamati - 1975 (PR 251 539)A07

“Seismic Studies of the Articulation for the Dumbarton Bridge Replacement Structure, Vol. 2: HNumerical
studies of Steel and Concrete Girder Alternates,” by F. Baron and R.E. Hamati - 1975 (PB 251 540)Al0

"Static and Dynamic Analysis of Nonlinear Structures," by D.P. Mondkar and G.H. Powell - 1975 (PB 242 4341 ROB
"Hysteretic Behavior of Steel Columns," by E.P. Popov, V.V. Bertero and S, Chandramculi - 1975 (PR 252 23651811
"Earthquake Engineering Research Center Library Printed Catalog,” -1975 (PB 243 711)Aa26

"Three Dimenslonal Analysis of Building Systems (Extended Version)," by E.L. Wilson, J.P. Hollings and
H.H. Dovey - 1975 (PB 243 289)A07

"Determination of Soil Liquefaction Characteristics by Large-Scale Laboratory Tests,” by P. De Alba,
C.K. Chan and H.B. Seed - 1975 (NUREG 0027)A08

"p Literature Survey = Compressive, Teneile, Bond and Shear Strength of Masonry." by R.L. Mayes and R.W.
Clough -~ 1875 (PB 246 292)Al10

"Hysteretic Behavior of Ductile Moment Resisting Reinforced Concrete Frame Components," by V.V. Bertero and
E.P. Popov - 1375 (PB 246 38B8)A05

"Relationships Between Maximum Acceleration, Maximum Velocity, Distance from Source, Local Site Conditions
for Moderately Strong Earthquakesa," by H.B. Seed, R. Murarka, J. Lysmer and I.M, Idriss - 1975 {PB 248 172)1AN3

“The Effects of Methad of Sample Preparation on the Cyclic Stresa~Strain Behavier of Sands,” by J. Mulilis,
C.K. Chan and H.B. Seed~ 1975 {Summarized in EERC 75-28}
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The Reismic Behavior of Critical Regions of Reinforced Concrate Components as infiuenced by Meoment, Shear
and Axial Force," by M.B. Atalay and J. Penzien - 1975 (PB 258 B42)All

"Dynamic Properties of an Fleven Story Masonry Building,™ by R.M. Stephen, J.P. Hollings, J.0. Bouwkamp and
D. Jurukovski - 1975 (PB 246 245)A0D4

"State-of-the-Art in Seismic Strength of Masonry - An Evaluation and Review,” by R.L. Mayes and R.W. Clough
1975 {PE 249 040)A487

"Froquency Dependent Stiffress Matrices for Viscoelastic Half-Plane Foundations,” by A.K, Chopra,
P. Chakrabarti and G. Dasgupta - 1975 (PB 248 121)R07

"Hygteretic Behavior of Reinforced Concrete Framed Walls," by T.Y. Wong, V.V. Bertero and E.P. Popov -1975%
"Testing Facility for Subassemblages of Frame-Wall Structural Systems,” by V.V. Bertero, E.P. Popov and
T. Endo ~ 1975

"Influence of Seismic History on the Liguefaction Characteristics of Sands,” by H.B. Seed, K, Mori and
{.¥. Chan - 1975 (Summarized in EERC 75-28)

"The Generation and Dissipation of Pore Water Pressures during Soil Liguefaction,” by H.B. Seed, P.P. Martin
and J. Lyswmer - 1975 (PB 252 648}A03

"Identification of Research Needs for Improving Aseismic Design of Building Structures,” by V.V. Bertero
1975 (FP 248 136} A0S

"Evaluation of Spil Liquefaction Potential during Earthquakes,” by K.B. Seed, I. Arango and C.K. Chan - 1975
[NUREG DD26)AL3J

“Representation of Irregular Stress Time Histories by Edquivalent Uniform Stress Series in Liguefacticn
Analyses," by H.B. Seed, I.M, Idriss, F. Makdisi and M. Banerjee - 197% (PP 252 £35)A03

"FLUSH - A Computer Program for Approximate 3-D Analysis of Soil-Structure Interaction Preblems,” by
J. Lysmer, T. Udaka, C.-F. Tsai and H.B. Seed - 1975 (PB 259 IIXVA07

"ALUSH - & Computer Program for Seismic Response Analysis of Axisymmetric Seoil-Structure Systems," by
E. Berczr, J. Lysmey and H.B. Seed - 1975

“7TRIP and TRAVEL - Computer Programs for Soil-Structure Interaction Analysis with Horizontally Travelling
Waves," by T. Udaka, J. 'vamer and H.B. Seed - 1975

"predicting the Performance of Structures in Regions of High Seismicity,” by J. Penzien - 1975 (PR 248 130]A03

"Efficient Finite Element Analysis of Seismic Structure - 5oil - Direction," by J. Lysmer, H,B. Seed, T. Udaka.
R.N. Hwang and C.-F. Tsai - 1975 (PB 253 570)a03

"The Dynamic Behavior of a First Story Girder of a Three-Story Steel Frame Subjected to Earthquake Loading, "
by R.W. Clough and L.-Y. Li- 1975 (PB 248 B41lJA0S

"Earthquake Simulator Study of a Steel Frame Structure, Volume II - Analytical Resgults,” by D.T. Tang - 1975
{(PB 252 326)A10

"ANSR-I General Purpose Computer Program for Analysis of Non-Linear Structural Response,” by D.P. Mondkar
and G.H. Powell - 1975 (PE 252 386)A08

"Nonlinear Response Spectra for Probabilistic Seismic Design and Damage Assessment of Reinforced Concrete
structures,” by M. Murakami and J. Fenzien - 1975 (PR 259 530)A05

*Study of a Method of Feasible Directions for Optimal Elastic Design of Frame Structures Subjected to Earth-
gquake Loading," by N.D. Walker and K.$. Pister - 1975 {PB 257 781l1R06

"An Alternative Representation of the Elastic-Viscoelastic Analogy,” by G, Dasgupta and J.L. Sackman - 197%
(PB 252 1721403

"Effect of Multi-Directional Shaking on Liguefaction of Sands," by H.B. Seed, R. Pyke and G.R. Martin - 1975
(PB 258 781)Aa03
"strength and Ductility Evaluation of Existing Low-Rise Reinforced Concrete Buildings ~ Screening Method,” by

T, Okada and B. Bresler - 1976 (PB 257 906}All

"rxperimental and Analytical Studies on the Hysteretic Behavior of Reinforced Concrete Rectangular and
T-Beams," by S.-¥Y.M. Ma, E.P. Popov and V.V. Bertero - 1976 (PB 260 843)2l2

"Dynamic Behavior of a Multistory Triangular-Shaped Building," by J. Patrovski, R.M., Stephen, E. Gartenbaum
and J.G. Bouwkamp - 1976

"Earthguake Induced Deformationscl Earth Dams," by WN. Serff and H.B. Seed - 1976
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"analysiz and Design of Tube-Type Tall Building Structures,” by H. de Clercqg and G.H. Powell - 1976 {PB 252 22i1)
A1D

"Time and Frequency Domain Analysis of Three-Dimensicnal Ground Moticns, San Fernandos Earthquake,” by T. Kubo
and J. Penzien (PB 260 S58)All

"Expocted Performance of Uniform Building Code Design Masonry Structures,” by R.L. Mayes, Y. Omote, 5.W. Chen
and R.W, Clough - 1976

"cye=lic Shear Tests on Concrete Masonry Piers," Part I - Test Results," by R.L. Mayes, ¥. Omote and R.W.
Clough - 1976 (PR 264 424)A06

A Substructure Method for Earthquake Rnalysis of Structure - Soil Interaction,” by J.A. Gutierrez and
A_¥. Chopra-1976 (PB 257 783)A08

"Stabilization of Potentially Liquefiable Sand Deposits using Gravel Drain Systems," by H.B. Seed and
J.R. Bocker - 1376 (PB 258 B20}AD4

"Influence of Design and Analysis Assumptions on Computed Inelastic Response of Moderately Tall Frames.," by
G.H. Powell and D.G. Row - 1976

"Sensitivity Bnalysis for Hysteretic Dynamic Systems: Theory and Applications,” by D. Ray, ¥.5. Pigter and
u., Tolak - 1976 (PE 262 BS9)A04

"Coupled Lateral Torsional Respenge of Buildings to Ground Shaking," by C.L. Kan and A.K, Chopra -
1976 (PR 257 9071AQ9

"gSejemic Analyses of the Banco de America," by V.V. Bertero, S.A. Mahin and J.A., Hellings - 1976

"rReinforced Concrete Frame 2: Seismic Testing and Analytical Correlation,” by R.W. Clough and
J. Gidwani - 1976 [PB 261 323)a08

"cyclic Shear Tests on Masonry Piers, Part II - Analysie of Test Results," by R.L. Mayes, Y. Omote
and R.W. Clough ~ 1976

"structural Steel Bracing Systems: Behavior Under Cyclic Loading,” by E.P. Popov, K. Takanashi and
C.W. Roeder ~ 1976 (PB 260 7153)AR05

"Experimental Model Studies on Seismic Response of High Curved Overcrossings,"” by D. Williams and
W.3. Godden - 1976

"Effects of Non-Uniform Seismic Disturbances on the Dumbarton Bridge Replacement Structure,™ by
F. Baron and R.E. Hamati = 1976

"Investigation of the Inelastic Characteristics of a Single Story Steel Struecture Using System
Identification and Shaking Table Experiments," by V.C. Matzen and H.D. McNiven - 1976 {PB 258 453)A07

"Capacity of Celumns with Splice Imperfections," by E.P. Popev, R.M. Stephen and R. Philbrick - 1976
{PB 260 37B)A04

"Response of the Olive View Hospital Main Building during the San Fernando Earthquake,”™ by 5. A. Mahin,
R. Collins, h.K. Chopra and V.V. Bertero - 1976

“a study on the Major Factors Influencing the Strength of Masonry Prisms,” by N.M. Mostaghel,
R.L, Mayes, R. W. Clough and 5.W. Chen - 1976

"GADFLEA - A Computer Program for the Analysis of Pore Pressure Generation and Dimsipation during
cyclic or Earthguake Loading," by J.R. Booker, M.S. Rahman and H.B. Seed - 1976 (PE 263 947)R04

"fehabilitation of an Existing Building: A Case Study," by B. Bresler and .J, Axley - 1976

"Correlative Investigations on Theoretical and Experimental pDynamic Behavior of a Model Bridge
Structure,” by K. Kawashima and J. Penzien = 1976 (PB 263 383)all

"Earthquake Response of Coupled Shear Wall Buildings," by T. Srichatrapimuk - 1976 (PE 265 157)A07
“Tensile Capacity of Partial Penetration Welds," by E.P. Popov and R.M. Stephen - 1976 (PB 262 899)A03

"Analysis and Design of Numerical Integration Methods in Structural Dynamice,” by H.M. Hilber - 1376
(PR 264 410)A06

"Contribution of a Floor System to the Dynamic Characteristica of Reinforced Concrete Buildings," by
L.J. Edgar and V.V. Bertero - 1976

"The Effects of Seismic Disturbances on the Golden Gate Bridge,” by F. Baran, M. Arikan and R.E. Hamati =
1976

"Infilled Frames in Barthguake Resistant Construction,” by R.E, KXlingner and V.V. Bertero -~ 1976
{PB 2653 892)Aal13
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"PLUSH - A Computer Program £or Probabilistic Finite Element
Analysis of Seismic Soil-Structure Interaction,” by M.P. Romo
Organista, J. Lysmer and H.B. Seed - 1977

"Spil-Structure Interaction Effects at the Humboldt Bay
Power Plant in the Ferndale Earthquake of June 7, 1975,"
by J.E. Valera, H.B. Seed, C.F. Tsai and J. Lysmer - 1977
(PB 265 795}A04

"Influence of Sample Disturbance on Sand Response to Cyclic
Loading,™ by K. Mori, H.B. Seed and C.K. Chan - 1977
{PB 267 352)A04

"Seismological Studies of Strohg Motion Records," by J. Shoja-
Taheri - 1977 (PB 269 655)Al0

"Testing Facility for Coupled-Shear Walls," by L. Li-Hyung,
V.V. Bertero and E.P. Popov - 1977

"Developing Methodclogies for Evaluating the Earthquake
Safety of Existing Buildings,"” by No. 1 - B. Bresler; No. 2 -
B. Bresler, T. Okada and D. Zisling; No. 3 - ™ Okada and

B. Bresler; No. 4 - V.V. Berterc and 8. Bresler - 1977

(PB 267 354)A08

"A Literature Survey - Transverse Strength of Masonry Walls,"
by ¥. Omote, R.L. Mayes, S.W. Chen and R.W. Clough - 1977

"DRAIN=-TABS: A Computer Program for Inelastic Earthquake
Response of Three Dimensional Buildings," by R. Guendelman=-
Israel and G.H. Powell - 1977 (PB 270 693}A07

"SUBWALL: A Special Purpose Finite Element Computer Program
for Practical Elastic Analysis and Design of Structural Walls
with Substructure Option," by D.Q. Le, H. Peterson and

E.P. Popov - 1977 (PB 270 567}A05

"Experimental Evaluation of Seismic Design Methods for Broad
Cylindrical Tanks," by D.P. Clough

"Earthquake Engineering Research at Berkeley - 1976," = 1977

"automated Design of Earthquake Resistant Multistory Steel
Building Frames," by N.D. Walker, Jr. - 1977

"Concrete Confined by Rectangular Hoops Subjected to Axial
loads," by D. Zallnas, V.V. Bertero and E.P. Popov - 1277

"Seismic Strain Induced in the Ground During Earthquakes,"
by ¥. Sugimura - 1977

"Bond Deterioration under Generalized Loading," by V.V.
Bertarc, E.P. Popov and $. Viwathanatepa - 1977
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*Computer Aided Optimum Design of Ductile Reinforced Con-
crete Momsnt Resisting Frames," by S.W. Zagajeski and
V.V. Bertero - 1977

"Earthaquake Simulation Testing of a Stepping Frame with
Energy-aAbscrbing Devices," by J.M. Kelly and D.F. Tsztoo
1977

"Inclastic Behavior of Eccentrically Braced Steel Frames
under Cyclic Loadings,"” by C.W. Roeder and E.P. Popov - 1977

"A Simplified Procedure for Estimating Earthgquake~Induced
Deformations in Dams and Embankments,"™ by F.I. Makdisi and
H.B. Seed ~ 1977

"The Performance of BEarth Dams during Earthquakes," by H.B.
Seed, F.I. Makdisi and P. de Alba -~ 1977

"Dynamic Plastic Analysis Using Stress Resultant Finite
Element Formulation," by P. Lukkunapvasit and J.M. Kelly
1977

"Preliminary Experimental Study of Seismic Uplift of a
Steel Frame,”™ by R.W. Clough and A_.A. Huckelbridge - 1977

"Earthquake Simulator Tests of a Nine-Story Steel Frame
with Columns Allowed to Uplift," by A.A. Huckelbridge - 1977

"Nonlinear Soil-Structure Interaction of Skew Highway Bridge
by M.-C. Chen and Joseph Penzien - 1977

"Seismic Analysis of an Offshore Structure Supported on Pile
Foundations," by D.D.~N. Liou - 1877

"Dynamic Stiffness Matrices for Homogeneous Viscoelastic
Half-Planes," by G. Dasgupta and A.K. Chopra - 1977

"A Practical Soft Story Earthquake Isolation System,” by
J.M., Kelly and J.M. Eidinger - 1977

"Seismic Safety of Existing Buildings and Incentives for
Hazard Mitigation in San Pranciscoe: An Exploratory Study,"
by A. J. Meltsner - 1977

"Dynamic Analysis of Electrohydraulic Shaking Tables," by
D. Rea, 5. Abedi-Hayati and Y. Takahashi - 1977

"An Approach for Improving Seismic-Resistant Behavier of
Reinforced Concrete Interior Joints," by B. Galunic,
V.V. Bertero and E.P. Popov - 1977
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*The Development of Encrgy-Absorbing Devices for Aseismic
Base Isolation Systems,"” by J.M. Kelly and D.F. Tsztoo
1978

"Effect of Tensile Prestrain on the Cyclic Response of
Structural Steel Connections,” by J.G. Bouwkamp and
A. Mukhopadhyay - 1978

"Experimental Results of an Earthquake Isolation System
using Natural Rubber Bearings,” by J.M. Eidinger and
J.M. Kelly - 1978

"Soismic Behavior of Tall Liquid Storage Tanks," by A. Niwa
1978 :

"Hysteretic Behavior of Reinforced Concrete Columns
Subjected to High Axial and Cyclic Shear Forces," by
8.W. Zagajeski, V.V. Bertero and J.G. Bouwkamp - 1978

"Inelastic Beam-Column Elements for the ANSR-I Program,”
by A. Riahi, D.G. Row and G.H. Powell - 1978

"Studies of Structural Response to Barthquake Ground
Motion,” by O.A. Lopez and A.K. Chopra - 1978

"A Laboratory Study of the Fluid-Structure Interaction
of Submerged Tanks and Caissons in Earthquakes," by
R.C, Byrd - 1978






