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NOTATTION

acceleration in dynemics test;

single amplitude of acceleration;

pile radius;
damping coefficient;

rotational damping coefficient of pile—cap;

damping coefficient of the pler at level i;

interaction creep coefficient of the ciay'medium.at lével i;
interaction damping coefficient of the clay'medium at level i;
demping coefficient;

vertical distance of concentrated locad below the boundary
surface of the half-space;

vertical distance from the boundary surface to the mid-height
of the interval over which the uniform load acts;

creep coefficient of layer i of the clay medium;
damping coefficient of layer i of the clay medium;

vertical dlstdnce from base of foundatlon medlum to mide
height of level i of the clay medium;

overall height of the clay medium;

creep coefficient;

modulus of elasticity of the clay medium at depth z;

static moduli of elasticity;

dynanic moduli of elasticity;

'\f‘
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vertical distance from top of clay medium to mid-height

of level i of the pier system;

interaétion‘force in the bi~linear hysteresis type of
spring element at layer i of the clay medium;

yiélding value of interaction spring fofce at level .1 of

the clay medium;

force in the bi-linear hysteresis type of spring element
at layer 1 of the clay medium;

shear modulus of the clay medium;
acceleration of gravity;
half height of discrete layer of the clay medium

rotary moment of inertia of pile cap;

elastic spring constant for concentrated interaction spring
at level i;

rotational spring constant of pile cap;

Winkler continuous spring constant for a single pile;
Winkler continuous spring constant for a pile group;
stiffnesg influence coefficient of piles at layer 1i;

stiffness influence coefficient of the piler at level 1i;

Mi +'M§_’ = total mass at level i;

mass of the bridge deck and girders;

effective mass of the clay medium at level i;

mass of the piles at level i;
mass of pile cap;

number of discrete masses in the idealized bridge and piler
system;

lumped mass of clay medium at discrete point i;

vi
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mass of bridge pier at level i;

- number of discrete masses in the idealized clay system;

concenﬁrated horizontally applied load;
intensity of uniform line loading;
ultimate compressive strength of clay;
number of piles per group;

magnitudes of principle position vectors;

cylindrical coordinates;

axial load carried,by the piers at level 1;

axial load carried by the piles at level 1;
relativé displacement of the pile group at level i;
displacement of interaction spring at level 1i;

horizontal displacement in the x direction as produced by
losding acting in the x direction;

relative displacement of mass 1 of the clay medium;

displacement of the spring element associated with mass 1
of the clay medium;

earthquake ground acceleration;

weight of single pier per f&ot of height;

unit weight of clay medium;

principal shear strain;

soilltest displacement;

Kronecker delta;

major ‘prihcipal compression strain;

strain rate of clay medium at level ij;
Vit



D

i

i

H

#

angle of rotation of the pile cap about horizontal axis;

stress influence function at level i;

damping ratio;

shear wave length of clay medium;

Poisson's ratio;

mass density of clay medium;

principal compression stress difference, Gl - 0.3
major principal stress in compression test;
minor principal stress in compression test;

component of normal stress in the x direction;
\

principal. shear stress; and

displacement influence function at level 1.
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ABSTRACT

T A geﬁeral method of determining %he dynanic response to seismic dlg=

turbances of structures when supported on long piles extending through
deep sensitive clays is presented. This method accounts for the lInteraction
effects bebween the superstructure and its pile foundations and_ﬁhe intere
action effects between the plle foundabtions and their_a&rrounding clay
media. The method is epplied to e specific bridge structure presently
being deslgned by the California Stete Division of Highweys which is to
be erected at the Elkhorn Slovgh site.

An extenzive soll testing program was conducted using undlsturbed
clay semples teken from the Elkhorn Sléugh site; the resulis of this program
sre reported. The testing technlques used to»determine the non;linear
hysteretic stress-strain relations, the demping cheracterlstics, and the
creep characteristics of the clay are described in considerable detall,

The dynsmic response of the specific bridge-pile-clay system, when
subjected to the N-S component of the 1940 ElL Centro ground acceleration,
is presented in graphical form and its significance with respesct to design

questions is analyzed. .




INTRODUCTION

Thé improvement of modern traffic systems requiresiin:certainjlocaiu
ities that major tridges be constructed across coastbal estusries which,
when located in acﬁive seismic regions, present an exbtremely diffiqult
design prdblam due to the poor foundation conditions usually present,
Under such conditions, the bridge piers are normally supported on piles
driven through a deep layer of relatively weak‘material>to a penetraﬁion
in the underlying firm material deemed sufficient to carry the super-
jmposed loads by friction or by point bearing.

The California State Division of Highways is presently designing a
bridge a@proximately 3000 feet in length to be erected across Elkhorn
Slough which is located near Monterey, California. At this bridge site
a surface layer of saturated soft to firm gray silty clay 1s present
Whichvvaries in depth from approximately 50 feet at the prqposed bridge
abutment locations to approximately 120 feet midway between these
locations. A vexry shallow‘layer of water covers the clay layer and
a well compacted sand lies below the clay layer. In order to ald the
State Division of Highways in carrying out a rational design of
a bridge~pile gtructural system for this site, the investigationvreported
herein was undertaken to determine the interaction effects between the
bridge étructure and ité supporting piles and between the supporting piles
and the clay medium when subjected to a prescribed strong motion earth-

. quake excitation.



General

The purpose of this section is to present a general method for_inm
vestigating the seismic effects on bridges which are supported on long
piles extending through deep sensitive clays. The analysis is separated
into two parts, namely (1) the determination of the dynamic response of
the clay medium alone when excited through its lower boundary by & pre-
scribed horizontal seismic motion, and (2) the determinaﬁion of the inter-
action of the entire structural system, ihcluding the piles, with the mqying
clay medium. Application of the method to a specific bridge strucﬁure now
being designed by the California State Division of Highways is presented

in considerable detail.

Dynemic Response of Clay Medium

The first part of the general analysis is the determination of_the
dynamic response of the clay medium alone without any bridge structure
being present. Since the deformations produced in this medium by a hori~
zontal excitation are essentially pure shear, the feal system will be
represented by the idealization shown in Fig. 1. It is necessary in this
case to use a discrete parameter system due to the non-linearities and
hysteresis effects involvéd in the shear stress-strain relations forAthe
clay mediwn. Thus, the basic idealized system consists of a series of
discrete masses connected by non-linear linkages which resist relative
lateral shearing éeformation.

Since the clay medium is assumed to be of infinite extent in the

horizontal plane and of constant depth, the discrete properties of the



mathematical model may be based on a column of clay having & unit cross
sectional ares and a height equal to the depth of the clay layer. Using
this‘column as the physical system, its mass will be lumped at discrete

points uniformly spaced as shown in Fig. 1. Thus,

= B ow o e W 2B
n, N f =g g (1=)
= 2B
mn, P (1p)

in vwaich 7 is the unit weight of clay medium, g denotes the acceleration
of gravity, and 2h is the vertical spacing of the discrete masses. The
number of discrete masses (n) is selected of sufficient megnitude so that
the response of the 1dealized model to‘any prescribed strong motion earth-
quake input will adequately represent the response of the continuous system.
Each of the linkages connecting adjecent palrs of maesses consists of
& bilinear hysteresis type spring having the idealized force-displacement
characteristics as shown in Fig. 2 and & non-linear dashpot placed in
parallel, which are in turn placed in series with a second nonmlinear dashpot.
Thesé three linkage components represent the elasto~-plastic, damping, and‘
creep properties, respectively, of the clay medium. Based on the discrete
paremeter model (Fig. 1), the non-linear coupled differential equations of

motion which define the»dynamic response of the clay medium are the following:

ol d,8 4 e 8 + 8 t -
mly +oogly = Cypg Uggy * Ty By <7f > ~ b < by > =ity (2)
- ) .

%>=o | | (3)

L |
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- a do , At | s ] (3)
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Note that the time dependent coéfficiénts cg and cg (i = 1,2, « .,n) as
defined by Egs. 4 and 5 and the spring force terms given in Egs. 2 and 3
include the dimensionless time functions fi(t/T), gi(t/T), and hi(t/T),
respectively. These functions will be defined so +that they equal unity at
tine zero and decay with time thereafter in such & way that changes in clay
characteristics due to remolding can be included in the dynamic analysis.
These changes in characteristics are undoubtedly dependent on the entire
past history of response. However, the appropriate history dependency is
extremely difficult to establish. The dimensionless ﬁime functions as well
as‘the constants appearing in Egs. 4 and 5 can be determined only by exten-
sive laboratory tests performed on clay samples taken from the bridge siteo
A discussion of these specific tesbs and their interpretation towards estab-
lishing the preceding characteristics of the clay mediunm aré presented in

& subsequent section of this re?ort.

In the proposed analysis, the clay medium is excited through its lover
boundary by a prescribed horizontal acceleration (ﬁg) of the foundation
medium which is assumed to be time dependent only; i;e., space variations
in the horizontal direction of motion are ignored. This excitation is rep;
resented by the term (wmgﬁg) on the right side of Eg. 2. Cround acceler;
ations as recorded byvthe Coast and Geodetic Survey, U.S. Dept. of Commerce
(USCets) for several past strong motion earthquakes are used as the pre-
écribedrinputs. Solutions of the coupled differential Egs. 2 and 3 are

obtained assuming zero initial conditions and using known step-by-step

methods of analysis.



Dynamic Response of the Bridge Structural. System
The specilfic bridge structural system used in this investigation is
shown schematically in Fig. 3. Thislsystem included the bridge itself,
‘the supporting plers, and the piles. The dynamic response of this entire
bridge structural system in the direction of the longitudinal axis of the
bridge which resulis from its interaction with the clay and. foundation media
is determiﬁed using the idealized discrete paremeter system shown in Fig. L.
This idealized system characterizes a typical longitudinal section of the
bridge structure which is located between two transverse expansion Jjoints.
Since there are two distinct types of pile groupings in the bridge'
structural system being considered, namely a single row grouping and a
multiple row grouping, it is necessary that the lumped mass Md representing
the rigid deck girder mass be connected to the foundation medium by two
separate bult parallel discreﬁe pareneter systems having somevhat different
properties. The discrete parameters which characterize this idealized
. structural system are the following:
(1) a single mass Md repfesenting the mass of the bridge deck and girders,
(2) masses mg (i = 1,2, = -, m=1) representing ﬁhevmass of the plers,
(3)~ stiffness infiuence coefficiehts k?j’ k?e (4,3, nvl,E;u - -,m) repre-
. senting the elastic force characteristics 5f the‘piers,
(%) stiffness influence coefficiénté kgj, kga (j =1,2,- = =,m) repre-
o senting the elastic moments which are appliedﬁto the pile éaps by
the piers,
(5) linear viscous dashpots having constent coefficients CE (i = 1,2,==m,
m) which represent danping present in the piers and bridée éeck,
(6) mass M representing the mass of a pile cap which has rotary moment

of inertia equal to In’



(7)

(8)

(9)

(10)

(11)

(12)

- (13)

(1),

(15)

4

T
a linear rotational spring (spring constant Ké) representing the elastic
moment resistance to a rotation of the pile cap at the tower as produced

by the resulting axial forces developed in the pile grouping,

‘linear viscous dashpot having constant coefficient C9 which represents

damping due to rotational motion of the pile cap,

a

) . - a
stiffness influence coefficients kij’ kie (i = 1,2,-0m,n; = 1,2,--=,

n-1) representing the elastic force characteristics of the piles,

a a ;. .
037 L (j = 1,2,---,n-1) representing

the elastic moments which are applieéd to the pile caps by the piles,

stiffness influence coefficients k

bi-linear hysteresis type springs representing the inﬁeraetion‘forbes
Fi (excluding damping) between the clay medium and piles which have
characteristics similar to those represented in Fig. 2,

messes M, (i = 1,2,~--,n-1) representing the mass of the piles which
include an effective mass of the clay medium (Mi; i=1,2,~=~,n-1)
resulting from the relative motion caused by interacfion, |
non-linear time dependent viscous dashpots having the variable coef-
ficients Ci (i = 1,2,~--,n) which represent the creep properties of
the clay medium resulting from its interaction with the piles;
non-linear time dependent viscous dashpots having the variable coef-
ficient C? (i = 1,2,-~-,n) which represent the damping characteristics
of the clay medium resulting from the elastic deformations produced by
interaction with piles, and

axial forces Si (i = l,2,~~~,m) representing the vertical imposed ioads
carried by the piers, and axial forces Ti (i = 1,2,---,n) representing
the vertical imposed loads carried by the ﬁilés.

Referring to Fig. L4, the idealized model will be excited simultaneously

at its base by the prescribed horizontal acceleration ﬁg ofithe foundation

<



medium and at each level i (i = 1,2,~--,n) by a known support acceleration
time history u: which represents the acceleration ‘cq‘me history of the clay
mediun at level i assuming no interaction with the bridge structure (see
Fig. l)q The coupled non-linear differentlal equations of motion which

govern the response of this idealized bridge structural system are the
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Matrix Bq. 6 represents the horizontal force equilibrium equations of
motion for masses Mi, Mg’"””’Mnml of pille group 1; thus, giving {(n~1) indi-
vidual equations. Similarly, Eg. T represents the horizontal fafce équi~
libriun equations of motion for masses mg, mg,«mm,mgﬂl; therefore, giving
an additional (m-1) individual equations. The horizontal force equilibrium
equation of motion for masses Mﬁ is given by Eq. 8. Similar equations to
those given by Egs. 6, T, and 8 must be written for corresponding masses in
pile group 2. In addition the equation of motion for mass Md must be written
as given by Eq. 9. Note that in this equation (also Eg. 12) a bar is placed
ébove those quantities representing pile group 1 and a doubie bar is placed
gbove those quantities representing pile group 2.

The horizontal forces included in the above equations are inmertia, damp-~
ing, iuteraction, transverse, shear, net horizontal components of axial
loads, and effeétive seismic loads. Eg. 10 is the moment equilibrium equa-
tion of motion for mass Mno In 2ddition to these equilibrium equations of
motion, it is necessary that force balance be maintained throughout each‘
individual linkage system representing the pile-clay interaction charaeter»

kKl

istics. The required equation which satisfies this condition for pile group 1
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is metrix Eg, 11. A similar equation must, of course, be wriﬁten Tor pile
group 2. The final equation which must be written to satisfy the condition
of continuiﬁy of horizontal displacément at mass Md for pile groups 1 and>2
is given by Eg. 12.

The preceding differential equations’of motion chtaiﬂ mmerous bime
dependent coefficients which permit non-linearities to be present in the
creep and damping characteristics of the Qlay‘madium and which also permit
changes in these characteristics due to remoulding. These variable»coeff
ficients are defined in a &imilar manner to those given by.Eqs° b and 5 and

may be represented as follows:

. 2
c co et qar eS e [ e 45 e A
cif[ci w0y 0y -0 -0y ey <Uri"Ui“1’“i>lei<Ff>
and

d do 4t S t
9 = [Ci + ¢ U] } Gy <T>

‘The dimensionless time functions as well as the constants appsering in Egs.
13 and 14 will be determined by considering the resulbs of laborabory tests
performed on clay samples taken from the bridge site, Mexny of these func-
tions and constants are of identical form sand magnitude, respectively, in the
- final analysis of the general ?roblem. All of the previously coupled differ-
ential equabions of motion représehﬁing the bridge structursl system are

solved numerlically assuming zero initial conditions.

Evaluation of Discrete Parameters of Bridge Structural Sysitem

(1) Masss M@ = This qﬁaﬂtity represents the total mass of the barrier
railings, deck slab, girders and disphrages between the transverse
expansion Jjoints (510 £t), plus the mass of the plers over thes height

(e, - emwl) /2.



(2)

(3)

(1)

(5)

(6)

(7)

1L

mb 3})
Masses mi and=mi « Thses nasses are defined as follows:

R e T T ] '
Sp 7P Cygq ~ €gq
m, »» 3 P ("*"’WQ = (15b)

in vhich W denobes the weighﬁ of single pier per foob of height.
Stiffness Influence Coefficients Esj and E?j (1,3 = 1,29§;a,m,9) -
These coefficlents are obtained by standard methods of structural anal-
ysis, d.e., by inverting a flexibility coefficient matrix representing
the pier elastic properties. In the evaluation of the flexibility
coefficient matrix, for the case éf longitudinal motion, the top of
the pler is allowed to translate bub not rotate; wheress, the botbon
is assumed to be pinned.

Damping Coefficlents 6? and 3? - These coefficients define viscous
damping forces for the bridge super structure which are assumed pro;
vortional to the velocity of their respective masses relative to_the
bése of the pler., All demping coefficients are based on a percentage
of criticel damping of the system.

[ . =R
Masses Mﬁ and Mn - These masses represent the total mass of the pile

-caps for plle groups 1 and 2, respectively, plus a contribution_frqm

the piers to & height of el/e, and a contribution from the piles to

& depth of'(d.n - an_al) /2.

Rotary Mass Moments of Inerbis I, end fn - These texms represent the

(PRSI VNG I

gom@igg@ nass rgﬁagy moments of inertié of fhe pile caps for groups
1 and 2, respectively.
Spring Constant ﬁé - Bacause of the multiple row grouping of the piles

at the tower piers there will be an elastic resistance to rotation of



(8)

(9)

(10)

constants K,  and }

12

the pile cap due to the axial forces developed in the piles a result

of this rotation. This resistance to rotation is expressed by the

rotational spring constant Ké,

oy

Damping Coefficients CQ and. 69 - The rotational damping of‘the pile
caps is due to the dissipation of energy resulbing from the axial loads
which are induced in the piles and piers as caused by a rotation of the
pile cap, plus a contribution to the frictional resistance of the clay
medium to this same rotation.

Stiffness Influence Coefficients E?j and Eij (i, = 1,2,-=-,n,0) =
These stiffness coefficlents are obtained by inverﬁing the flexibility
matrices for pile groups 1 and 2, respectively. In determining the
flexibility coefficients, pinned end conditions are specified for the
piles.

Bi-linear Hysteresis Spring Forces ﬁi and ?i ~ These forces are asswned
to be related Lo their respective displacements ﬁi and, ﬁi as shown in
Fig. 2.

The fundamental expression used in the evaluation of the elastic sgpring

5

i

is the following Mindlin equation” which gives the x

1. ie

component of displacement as produced by a single concentrated force P

located at any arbitrary point (0,0,c) within an isotropic half-space, and

acting in the x direction:

N ___P(0,0,c) 3-by 1 2ez W1 - v)(1 - 2v)
uX (X)y.)z') = 16Tf(l - V)G : R]_ + R2 + 323 + R2 + Z 4+ C
.2 [ 13 L3 -Bhv ) 6c; 42 - v - 2;) ] }_ (26)
R, R, R, 32(R2 +c +z) ,
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in which v equals Poisson's ratio, and ¢ equals the z distance of the load
below the surface xy boundary plane, and

e . 2 2 + (z avc)eg 2., .2 2

R™Ex 4+ R, Ex +y + (z + c)2
Tt is assumed in the dynamic analysis that no transfer of water takes place

in the saturated clay medium during the earthquake. Therefore, it is reason-

able to use a Poisson's ratio v of 1/2. Thus G = E/3 which reduces Eq. 16 to

oy 3M0,0pe) )1 L ez, 2[ 1 ., 1 6ez
y ‘ 2 R, R° Ry R,

or, in cylindrical coordinates

_ 3P(0,0,c) 1 ,, 1
u (r,0,z) = o -

[rg + (ch)g} He [rg + (z+c)2] e

ez + r2 cos2 e 1 = b 1
o o7 3/2 5 o7 3/2
[r + (z=c) ] [r + (z4c) ]

- [re j:;cﬂ E73 (18}

Due to a singularity which exists at the point of application of the load
(0,0,c), deflections must be considered at finlte distances from this point.
Since the displacements of interest are those at the boundaries of the pilles,
i.e. r = B, this singularity does not cause diffiéulty° From Eqg. 18 it cen
be seen-tha% the deflection at a constant radius r is a function-of the
angle 6. Therefore, it is necessary to obtain a weighted average deflection
in the x direction at this radius using an averaging process with respect

to the coordinate y. Thus, for radius B, a weighted average deflection is

defined as



: B nr/2 SR
u (B,z) mk/“ v (B,0,z) dy m‘/h u. (B,8,z) cos 646 (19)
X o * Vo * ”

substituting Eq. 18 into Eq. 19 gives’

u (B;Z) - 3P(OﬂO5C> 1 + 3;_“ + _f?cg‘% > j?, B2 1 + 1 - GCZ (20)
x Bnk Rl R, 33 o 3 R 3 R >
By B© R R -
in which y )
l/2 1./2
R, = [Be + (z - c)2] 5 Ry E’[Be + (z + c)e}

When subjected to a displacement in the elastic range, & pile encounters
a conbinuously distributed lbading over its length as caused by the resis-
tance of the clay medium. This loading can be approximabed by assuming the
intensity gf ioading as uniformly distributed along the length of the pile
within each height interval 2h bulb that the inteusity varies from cne ine
terval to the next. The general expression for the welghted average de-
flection at radius B as caused by a uniformly distributed loading acting
over the height of one interval is obtained by substituting the intensity
of loading p(0,0,cxh) between points (& = h) and (& + n) for the concentrated
10ad P(0,0,¢) in Eq. 20 and integrating with respect to ¢ over this inter-

val. Thus, there is obtained

. - .33%9«@“9&53&2, el Sner el Sehez o el Sl
w, (B,z.)avg = sinh % sinh ==+ sinh 5
=1 c-hiz 2 5® (c+h) = orfy + (E+h)z2 v 73
- sinh +
B 552 | . o1 172
B + (ct+hiz)

_ B° (c-h) = o8Py 4+ (E~h)22 20
1/2
[Be + (E~h+z)2}_
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3

2 - (5-1n) 1w [ Pos@m 2
1/2 3 ] 3/2

[Bg + (ﬁmhmz)z] - l:B?‘ + (?+h+z)2

_ B2y + (c-h) 22 4 g3
373
[32 + ('5~h~x~z)2]

(@)

in which ¢ is the vertical distance from the boundary surface to the mid-
height of the jnterval over which the load acts.

The Mindlin theory permits one to completely.characterize an elastic
half-space. However, to use this theory in thé determination of the discrete
elagtic spring constants as previously defined for the idealized bridge
structural system, it is necessary that numerous simplifying assumptions be
made so that the problem at hand is amenable to solution. To recognize the
appropriate simplifying assumptions which can be made without altering appre-
ciably the basic characteristics of the structural system, one must under-
stand the basic characteristics of the previously mentioned theory of the
half~space. To demonstrate one very important characteristic, Eg. 21 has
been plotted in dimensionless form in Figs. 5 and 6 for h/E ratios of 0.08
and 1.00, respectively. F¥Fig. 5 demonstrates the fact that the displacement

uX(B,z)' decays very rapldly with distance from the loaded region in the

avg
verticél direction, i.e., albng the z axié. Similar rapid decay rates in
the displacement field are also present along therx and y axes. This same
'répid decay phenomenon may also be seen in Fig. 6 at the base of fhe loaded
region. Tt is important to note, for subsequent considerations, that dis;
placements uXCB,z)avg produced by the loaded conditions of Fig. 6 are
reasonably constant over most of The loaded region exceﬁt for a very narrow

region neer its base, i.e. at z = 2¢, and for a very narrow region near the

G111 Pamas 1 A od e (Y
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From the preceding analysis of the plots shown in Figs. 5 and 6, one%
may conclude that (1) the displacement of a point along the axis of loading
within an elastic half-space is produced primarily by loading which is
present in the immediaté vicinity of the point being considered and (2)
the displacement of this point is notb infiueneed greatly by its verticél
position in the half-space, i.e., its z coordinate, unless it ig located -
very near the surface. Dué to these characteristics of the half-space, one
can approximate the pile-clay medium interaction effects by a method similar
to the classical "beam on elastic foundation" theory. This theory assumes
that the reaction force per unit length along a foundation at a given
location can be represented by the expression ku in which u is the deflection
of the foundation and k is & constant usually called the modulus of the
foundatién. This constant, therefore, is the reaction per unit length when
the deflection is unity. The simple assumption that the continuous reaction
intensity at a point along the foundation is proportional to the‘deflection
at that point only is commonly known asﬂthe Winkler assumption and has been
proven to be very satisfactory in practical cases. Therefore, it is con-
sidered appropriate for the pile-clay medium interaction problem being con-
8idered in this investigation.
| “Gonsider now the determination of aAWinkler conéinuous spring constant
k'(z) which the clay medium provides for a single pile of length d at depth
z." This spring constant is easily obtained by applying fhe uniform line
loading éf intensity p as shown in Fig. 6 to the half-space and determining
the resulting deflections uX('B,z)avg as shown in this same Fig. By defin-
ition of the spring constant,‘one may state that

k'(z) = u (B,z) (22)

avg o
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in which uxﬁfB,z)avg is given by Eq. 21. Substituting Eq. 21 into Eq. 22 gives

- d ‘
k'(z) = §%-“15)~ {f‘rom Eq. 21 with € = h = ,11,} (23)

Note that Eq. 21 was derived for an elastic half-space in which the modulus
E does not vary with location. Due to the rapid decay phenomenon previoﬁsly
discussed, this expression can be applied, however, with little loss of
accuracy, to a clay medium’where the modulus E varies slowly with depth pro-
vided the constent E is replaced by E(z). Thus, Eq. 23 reflects this
substitution. o
Consider now the determination of an appropriate Winkler continuous
spring constant, say k"(z), for a pile group of length d  consisting of Q
individual piles. For typical specings of piles within a group some inter-
action effects between individual piles are present and should be accounted
for in determining k"(z). Due to these interaction effects between piles

within a group, bne can state the following inequality, i.e., »

k'(z) < Q k'(z) ~ (24)
For the case where pilé spacings are very large, no appreciable inter- -
action effegts would be present and as a result the pile group spring
constant k"(z) would simply be equal to Qk'(z).

The loéding which will now be considered as applied to the clay medium
for the determination of k"(z), is similar to that shown in Fig. 6 except
-that this\same linevloading of intensity power depth dn will4be applied to
the clay medium along each of the intended axes of piles within the group.
It is necessary here to determine the horizontal x componentvof displacement
of the clay médium along each a#is and average these displacements for any

level =z.

The entire displacement field (x component) for a single line loading
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of the type defined previously is cobtained by substituting p de for P(O 0, c)
in Egq. 17 and 1nﬁegraf1ng w1th respect to ¢ over the interval O < ¢ <« d .

This results in the expression
-

3p 1 dh + z ‘ -1 dn - 7
ux(xpyyza) = é;‘ﬁ*m < sioh - l/2 + sinh 1/2
(F +¥°) % + )
\
2xFza (a + z)
4,.mw;£wmm (u nn /
2 -y 3 2
vy ‘[xg +y° +(a z)g]
2 -
2 (dn +2) x (dn +z) - 2z [y 4 z(d + z)]
+ + . '
/2 1/2
(x + Y ) [x + y2 + (d + z) } [xg + y2 + (d + z) J
2 2. 2 2 2, 2
(. - 2) 22[(x +y)yw(x“-y)2}
= (25)

o+
[Xg + y2 + (dn - 2)2} HE (x + Y ) [x + y2 + 22} He
in which the x and y’coordinates have their origin at the point of appli-
cation of the load.

It should be noted that Egq. 21 represents a weighted average displace-
" ment of points on a clrecle of radius B which lies on g horizontal plane at
level z and whose center is at the location of the horizontal load; whéreas,
Eq. 25 represents the displacement at an arbitrary point (x,y,z) in whicﬁ
(x° + y2)1/2;> B. In using the latlter mentionedvéxpressién, it‘will be
assuméd.ﬁhat the deflection of poiumt (x,y,z) which is some distance re-
moved from the points of application of the loading, adequately represents
the weighted average deflection of points on a circle of radius B whose

center is located at this same point.

Using Egs. 21 and 25, one can obtain the horizontal x component of
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dispiacement of any vertical axis (intended pile axis) within the clay med-
ium at level z due to a single line static loading of intensity p applied:
to the clay medium over the intefval O'< Z < dn. By moving this same line
losding to each of the Q ihtended pilé‘axes within the group and using Egs.

21 and 25 in each case, one obtains @ x Q displacement functions each of
which may be denoted as urs(z) where r,s = 1,2,. . .,Q. Thus, an individual
displacement function urs(z) is defined as the horizontal displacement of the
clay mediun along axis r due to the line loading which is placed along axis

8. Refefring to Egs. 21 and 25, these displacement functions may be expressed

in equation form as follows: For the case r # s

d + z d -z

. _.3p O N < WP & n L L
urs(z) = Bra(a) sinh = )172 + sinh (R )1/2 b
rs rs

rs

2 2 .
2x2 zd (d_ + z) hix® zg(d + z) ergdnfz? = 2Z[yrs+z(dn+&)]
o Trs n'mn N rs n . R i ,/
' 3/2 ’ - 1/2 ' ’ 1l/2
2 2 2
[Rrs + (dn + 2) ] R [Rrs + (dn + z) ] [Rrs + (d,n +2z) ]
: . 2 2 2 2
%2 (a_ - z) az[Rrsyfs h (er - yrs)z }
rs' n

+ [R ) (dn ] Z)2j|1/2 .+ RrS[RrS . ng 172 €26?

rs
in which R axg +y2:>32 and x_ and y_ _ are the x and y coordinates, res-

T TrsTrs Yrg” rs rs ’
pectively, of axis r when the origin of these coordinates coincides with the
s axis.

r::l;g,e“.-.,Q; 551)2,0 ® e,Q I‘%S
and Q is the number of intended piles in the group under consideration.

Por the cage r = g
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; 4, *z L 4, -7y B + ze(dn + 2)
u (z) @ o ) oginh T =+ ginh gl
fE( )] B B 3 To 513/2
B" + (a_ + z)
n
o B (d - 2z) + z (d + z) Bg(dn - 2)

*‘ 3132 [Bg + (dn + z)g} l/d ' [BE + dn - Z>2} He

z3 - Bez

[Be +»22] He

=3

(27)

N

Tt is now necessary to obtain the average displacement of all Q axes within

the pile group, say u{z ) ave’ which by definition may be expressed as

fi ﬁi urs(z) ?28)

Y= 1,2, « o g = 1,2,. . &

U(z)av

D

Using Egs. 26 and 27, Eq. 28 may be written as
Q

u(z)avg = g?%%?ﬁﬁ fi }M (1 - ars) fron Eg. 2?}

I"@l,e,. e o Sal,g,o ¢ e
+ §i {%ram Eq. 2{} | (29)
51,2, o . ‘ -

where the Kronecker delta term & is defined as
Crs ) Ors#s

o
e}

rs
lr=-=s

The Winkler spring constant k"(z) for the pile group is now defined as
Q
i .
5'(2) = g | (30)
avg L

Substituting Eq. 29 into Eq. 30 gives

2
K'(z) = 8rQ E(z) (from Eg. 29)w1 (31)
: 3 . o
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The bridge structural system between expansion joints as shown in Fig. 3
containg two multiplé row pile groups directly under the tower and 3 single
TOW groups. Using Eg. 31, the spring constant k"(z) for one multiple row
group and one single rowAgroup may be obtained. Denoting these functions as
ki(z) and k%(z), respectively, the entire bridge structural system under
conéideration will experilence under longitudinal motion a lateral foundation

1

for the combined single row pile groupings.

modulus of 2k"(z) for the combined multiple row pile groupings and 3kg(z)
Considering that the dynanmic analysis is based on a discrete»parameter
system as shown iﬁ Fig. k4, the comtinuous spring systems just datérﬁined
must be lumped into concentrated springs. Thus, lumping the continuous
“springs over each interval of height 2h, gives the following elastic spring
constants Kﬁe Tor the concentrated spring at level 1 which characterize the

system shown in Fig. L:

E%e = hhki(zi) (Sea)
X, % 6hkg(zl§: 1=1,2,0 . 0l EéEb;
and o Nv h
K = 2k (z) (33a)
K = 3hkgizn5 B (330)

~

The yield values of the’interactibn spring forces ﬁiy and,?fy as
represented by Fiy in Fig. 2 are determined by multiplying the ultimate
lateral bearing pressure dp which the clay medium is capable of exerting

on a plle by their respective total projected pile areas, i.e.,

—s -
Fry - hq, BnQ (3ka)
-:S s

Fiy = hq, BnQ (3kp)

~
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in which Q and 3 represent the total muber of piles represented by Pile
Groups 1 and 2, respectively. Previous investigations6 indicafe the ultimate
1a£eral ﬁearihg pressure'qf is approgimately equal to T.Scs in which Cq is
the soil cohesive strength, or ultimate shear strength as measured by a
standard triaxial test. Since the above inferaction yield force values

are based on ultimate shear strength of the soil,tthe slopes Eip and. E%p of
the force-displacement relations, as represented by Kip in Fig. 2 are con-
sidered to be essentially zero. However, small but finite velues are actu-
ally assigned to these quantities in the numerical analysié for stability
reasons.

(11.) Masses ﬁi and ﬁg - The idealized discrete masses ﬁi and ﬁi’ as

represented by‘Mi in Fig..h, are obtained by summing the total mass of the
piles (or pile groups) being represeﬁted in interval i and adding an effect-
ive mass of the clay medium resulting from the relative motion caused by
interaction. Thus, it may be stated that

e . .
M, amg +M 5 i=1,2,. .., el (35)

where ME represents the combined pile maéses whilé Mi represents contri=
butions from the clay medium.

Since the effecti&e mass Mi is entirely the result of interaction
effects, it is convenient to separate this mo'tionl(Fig° T) into two distinct
types as shown in Figs. 8 and 9, namely, one type,.where fhe pile group is
‘forced to displace with the moving clay medium without interaction and a
second type, where the pile group is forced to interact with an undistufbed
clay medium. '

In Figs. T-10, three reference lines (OAf', OA' and OA) are used to

- - [ 3R]
locate the structural system relative to the foundation medium. ILine OA
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represents polnts along a vertical axis within the ciay medium in its com-
pletely‘undisturbed state and also represents the axls ofvthe pile group
in its initial position. -Line OA' represents the displaced position of
the line OA" due to the dynamic response of the clay medium with no inter-
action being present while line OA is the displaced position of OA" wifh)
interaction present.

It is quite apparent that there exists a set of dynamic loads which?_
if applied to the entire pileupiermbridge strucﬁural system, would produce
motion resulting in ﬁo interaétion.with the clay medium. This typé éf )
motion is represented in Fig. 8 where only the applied loads Pi on the pile
masses are shown. It is easily established that these loads are represented
by the expression
P, = M2 (4 +%F) + <k, > {ur»ijnfur}+-(9' K»—U;;)ka +< T >{ur} (36)

i "1i'7g i i i dn n | dn 16 ij vi T
Since no interaction is present in this case, its contribution to Mi_is ZeTrO0.

To determine the true motion of the real structural system shown in
Fig. T, one must combine the motion of Fig. 8 with that of Fig. 9. This
latter case properly accounts for all interaction effects; thus, making it
possible to deteﬁmine M?. |

The motion of the real system in Fig. 9 must be exactly the same as
the idealized system shown in Fig. 10. To be equivalent it is & necessary
'condition\that the fotal kinetic energy»in any interval i be the same in

each case. This condition results in the equation

R o e ) s T2 o L D g e 122 i i 1 . :
Lof 1) (07 - e ekl (o - wf et [T [ ]
: ' c

(V2 + 92 +47) an (37)



2k

w00 e CO

or &, +h © o
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= [ [ [ 2R D) el ax ay e (38)
Yo , |

in Which v, = wu(x,y,z), v, = Wv(x,y,z), and Ww(x,y,z) represent ﬁhe dis-
placement fields within the clay mediuwn in the x,y, and z directions, res-
pectively, when subjected to the interaction forces of all piles within an

intended pile group but normelized so that the relative displacement (Ui - u?

i
equals unity.
With the effective masses Mi (i = 1,2,--~,n) now known, consider the

equilibrium egquation of motion of mass Mi as shown by the idealized system

in Fig. 10. This equation of motion is

: a.
G R A R RS T (G R Y A
i i i i i i1 id i i dn n n

1 (Urn"uz) a , Ur r
L TREE T L T (39)

Substituting Eq. 3€) into 38, rearranging, and writing for i = 1,2,-=~,n-1

gives the equation

(i Dl Dl b ) -2 )
S NCH T RCTEEN PR AL S

which is identical with the form of Eq. 6.

In the strict sense the displacement field in any layer can not Dbe
expressed as a space‘dependent function multiplied by a time dependent
function. This means that the effective mass as given by Egq. 38  is tine
dependent; however, due to the decay phenomenon as shown in Fig. 5 the

. variation in {time is not large. Another important factor which must be



25

considered is that the computer time which would be required to evaluate
an effective mass at all of the discrete points for each cycle of the
iteration would be prohibitive. Conséquently, it was neceésary to éalculate
each effective mass for a fixed space distribution of the interaction loads.
This procedure yilelds an effective mass which is independent of time; how-
ever, this method is assumed to be adequate for the purposes of this in-
vestigation since the interaction response of the clay-structursl system is
insensitive to variations in the values of thé effective nmasses.

The loading which was used for the evaluation of the effective.mass
ﬁas uniformly distributed alongrthe intended axes of the piles from a disf
tance gibelow the mid-plane 6f layer 1 to a distance ai above the miduplane,
i.e. from the depth (6ib~ ai) to the depth (Ei + Bi). The necessary intensity
of loading to be ap;;iied along each of the intended pile axes which will
produce & unit relative displacement (U? - ug = 1) of the intended pile
group was eglbablished by means of a pfoce&ure éimilar to that used to eval~

uate the spring constants of the pile groups, and is given by

% 8ﬂE(5i) .
in which _ | - é 1
i i l}h(n»i)v}«fii \[ <2+h(n~i)+ﬁi>
| o= Q) (1-5.) lﬂ'[ V- ' ]
Twl,2, mmgml, 2, e T | s
By \l By % °‘i2
+1n[—-»-7~-+“ ~«-—~+l}+1n[——-7~+ e +1}
R 1/2 Rrs R /2 RrS .
rs rs
. . ‘
[ lph(n«—-i).-cxi <hh(n-=i)-o&i>
=1n_ + + 1 }

rs
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L [ hxis h(n-1) [Rrs+2h(nmi) <hh(n~i)+5£> ]

R : 3/2
T8 [RTS +<n(n-1) + Bi>2] 4
lGxiShE(nwi)e <Mh(n-i)+6£> 'Bixis
1/2 1/2
. 2 2
Rrs[RrSKhh(n==:.)+6i> J [Rrs'!*ﬁi }

, 2, \2, 2 2, A2 .2 2
hn(n-1) <Bn(n-i) o> F By <Bh“(n-1i) x> . o x
- 1/2 1/2
[R + dh(n-i) + 5,>ﬂ [R +O?:J
rs: iR rs €1

2 '
. -3 - ] 1) - O
.ibxrs h(n :;.) [Rrs + Eh(n 1) <Lh(n 1‘) i>]

2}3/2

e

[Rrs + <h{n-1) - Q>

hh{n-1) <8h2(n~i)2 + yié> - 0 <8h2(n~i)2 - xfs>
g]l/Q

[Rrs + dihfn-1) - o>

l6x§sh2(n~i)2 din(n-1) - &> bn(n-1) + B

- 211/2'\ ) {ln [ B

RrS[Rrs + din(n-1) - o>

’ P A »
din(n-1) + B> B. B, 2 e, .2
\l 5 = +1]+ln[-}§}~+\x(§l-) +1j}+1n[§3“-+\\-§5?+l]

B

‘ 2 1

(n-i) - o, | <bh(n-1i) - o>

- 1n [ B = 4 l + 1 ]
B
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-+

r--u

8n(n-1) B 4 2h(n-i) <bnh{n-i) + B> B2+2h(n»i) <bh(n-i) - o> J

r B/ 3/2
LBQ + <bh(n-i) + Bi>2]3 [Bg + <bn(n-1) - “i>2]

o, 5 '[hhz(nmi)2<uh(n*i)+ﬁi> - Be<2h(n~i)~af>
2

}1/2 + [Bg 2]1/2:}'33 - ]1/2'

2 Py

4

3Lr
. LBE + 5? + o [132 + <bh(n-i) + B>

-1
(42)

2
hhe(n»i) <in(n-i) - o> - B <2h(n-i) + o>
75 ]
[Bg + <th(n-i) - cxj>2 J
’ valid for i=1,2,---,(n-1)
in which . , .

1= 0,2,we~,n
r=1,2,---,Q
8 = 1,2,mww,q
n = number of intervals, i.e. number of masses

half height of an interval

i

h
Q = number of piles in a group
B

]

radius of a pile

X
yr = coordinate dilstances to the axis of pile r as measured from an

T origin - which is located at the center of gravity of the pile group.
X =X =X

rs r s . . . -
: i.e., the x and y coordinates of axis.r when the origin

Yrs ® ¥r = s | of these coordinates coincides with the s axis.
. 5 ,

‘ 2
= I
rs XI'S yI'S

The expression for the top layer is

' &,
S DI P S Lo

r=l,2-= S=l,2-- ) s
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g —*w—“_M_QT < n [R + (h/2)(nh + B )J
+ 1n ~-—«-i7»+ »~—»—+1 -R-lw[ s rs n
, s

[Rrs + (h+ﬁn)2J3/2

2 h (h + B, ) h (h2/2 + yis) + 6n(h2/2 - xis) anis
* i75 - 73 — 175
Rrs'[RrS+(h+f3n)2] [Rrs +(h + {:’sn}ﬂ - [Rrs +Bﬂ !
. h(hg/u + ygs) xg/hg (n/2) B B 2 !
+ : s - 2 +Q | In| == +\i ) o+
[Rrs + (h/e)eJ / Rrs[Rrs + (h/z)e]l/2 J [ ° s ]
~ | — 2 .2
By h+B 2 5 [ BB +h /2 (h+5n) By
+1n | g \! 5 Y 4 + o s : -
[ : ] : [Bg-k(h»a-ﬁn)gf/? [BQ + Brﬂl/d
@2 () - Fw/2 - p) b2 (1/2)3 ] L
| 173 * {75 -
BQ[BE + (h + an)g] / [BQ + (h/E)QJ / .B?[Bg + (h/e)g]l/2
(43)

vhere P is measured from z = h/2

Over the height of the interval (2h) which is centered at depth c there
is only a sllght variation of the dlsplacements with respect to depth. There-
fore, one can simplify the integration by assuming the displacements remain

constant over the depth of the interval, and thus Eg..38. may be written as

1

e o 2 2] '
M, = N jF .JF .jﬁ [wu + Y+ wWJ p{x,y,2z) dx dy dz = N (2wain) hp,

o w00 GO

c,-h |
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_ji:&/::-{ [wu(x,y,ai>]2 R [Wv(x,y,éi)]g . [Ww(x,y,ai)]g}-dx.dy (1)

Note that the mass density of the clay medium has also been assuned to be

constant within the inter?al. The factor N has been introduced to account

for the number of pile groupings which constitute the idealized pile

groupings of Fig. L,

The displacement influence functions shown in Eqg. 38 are evaluated

as a summation of the Q displacement fields which are induced by the special

normalized uniform loading along the intended a?is of each pile in the group;
‘e.g.

\lfu(x;y':abi> = i u (X:y:g-) (45)

s i
g=1
The expression for the components of displacement on level ci due to a

single line static loading of intensity p applied to the clay medium over

the interval (c:.L - ai) e (ci + Bi) are

-y _3p L1 BCyBy A Py A Y
ux(x,}’;ci) = -*8%5{ ginh 2+ 2""7) 5 + sinh (X“;M)MT- 4+ sinh X2+y2)"i7§

4 ’ o. [2 2. , -
0: - a. 2x"e, [x Hy ey (ZCi + 6i)}
- sinnt 2 - P
2. .2 1/2 o2, 2 3/2
i i
2-2 - - -2 2 -2 2
. x" ey (ECi + Bi) ac, (2@i + 5 ) +84 (2ci - x)

(24 ) [ w54 (25,+5,) ]1/2 ~ [x2+y2 b (25, + gi}2}1/2
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2w 2 2 - -
> : y
5iX aixe 2% ey [x fy oy (Eci‘@i)}

+ I o
i/2 1/2 | 3/2
I: 2 2 “BEJ {X2+y2 *O‘EJ [X 2,2, (Eai”ai)ﬂ

2. (e, - ) 28, (23%45°) - o (252 - ¥°)
i i i ; S i ir77y - }, (16)
1/2 1/2
- o - "
(x24w2) [x2+y2+ (Eci“ai)m] [ngy2+ (ECi - aj)g]

- B, o,
- v 3p xy 3 ) L
VX(X’y’Ci) = BnE (X ) { [ s o 2]1/2 + I}{g o ]1/2

By Y

- o o . -
2,.2,=2 - 2c, {% +y“4c, (2c, + ﬁ.)]
. (x“+y 4hci) (2(::.L + ﬁi) . . i i i .
- 7z ) 372
(x2+y2){:x2+y2+ (20i+6i)2J E?+y2+ (20 + 6 ) J

(b7)

-

- 2 D ., .
2 -2y - 23 -
(% +y2+hcj) (eci”ai) 20i [x +y +ci(_ci ai)
/2}

}(i2+y2):[ ty +(2c -a ) ]l/é " [x2+y2+ (2c; - ai)g]

Ry 43 Xy 4

W (x,y,c ) = gR“ '{ [ 5 5 2}1/2 - [ - z 2]1/5 [x2+y2+(25 - )2]1/2

. 2ci(ci + Bi) ] 1 2c.(c. - ai) (48)
R 3/2 i/2 3/2
[x2+y2+(2ci+ﬁi)2] ’ [x2+y2+(25i"ai>2} [x2+y2*(2c 0L, ) }
In view of the symmetry of the layout of the piles within each group-
ing, and the symmetry of the displacement field, the evaluation of the

effective mass can be simplified by carrying out the integration in only
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one quadrant. Thus, by combining Eq. 44 with Egs. 45-48 yields the final

result
e o pepe
= ] - 3 o s S R ]
Mi N (2 ain) h'Qi (ni) ./;).,/; Q(»’{:Y;Ci) dx dy ; i=1,2, Py e’ ( L9)
in which
- 2 2 2
p,,) = | (0% 4 ()P + ()7 (50)
/ ? ""2"“_" '7
Wﬁ'(x,y, { ln -«=-~~j~7~ \\ e } + ln J/é
' g=2,
o, o — -2 ! Exaé.(R 4+, B)
+ 1 [ 3‘ + 1] - 1n [:._.,:f_\ —‘9% + 1] L [ gL .2
37’2 R, 12" R, vg
2.2 2w m B 2, Pa e 2.2%
» hxsciB . B.%g ) 2¢,B + 2e,y B, X, ) QXSC,i(RS-«:-ciA) ) thciA
3 y
Rsvs tts ) Vs Uz RsUs
2CThi% 23.y2 +oxe oLxt
I kN i 8 + i7s :l } (51)
U S '
s s ,
| v, oc, (R + 432)B 23 (R + 5.B)
V(%752 ) = (m* ) S el ot e B
_ RV, e
sl s
(r +AE?)K 2¢, (R + C,A) :
- S 1 _ L S 1 } (52)
BUs v
s
' 2c,(c,+B8,) 2¢c.(c,-o,)
- 1 1 1 1
‘VW(X,Y)Ci) = ixs g + T + ot 31 L. 31 = } (53)
em s s s s VS Us
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K=2c, -q,
1 kR
B = Qci_+ ﬁl
2, .2
RS = X + ys
r /2 r ~L/2
S = | %+ y2 + or.?] = |R -+ oz?J
S 8 S L L S 1
- /2 r 1/2
2 2 2
TS = _XS - Vg o+ Bi] = L‘Rs + Bi
- e r /2
U = x2+y2+(25.»06.)2 = | R +A2]
] L S S 1 i ] L S
- 1/2 L 1/2
I - 2 _ =2 "
VSN«XS+yS+(2-Ci+Bi)J .,,HRS+B]

Ei = 2h (Il--i) B 3'~-"~‘l;2,-=-*-,(n~l) H C‘rl = h/Z
2 for multiple row grouping
N = 3 for single row grouping }'a mmber of groupings between

expansion joints

Because of the singularities of the displacement functions in the
neighborhood of the point at which the load is applied it will be nec-
essafy to omit evaluation of the above quantities in the area near the
intended axis of a pile, i.e., in the regions for which Ré < 2.

The integration of Eq.( 49’ will be performed by a numerical pro-
cedure,\conséquently it will be necessary to set finite limits Ffor the
domain of integration. The limits of this region will be established by
the defining relatiénship

@ (53,55,8,) = 0.05 2 (3,0,,) o

Thus it is assumed that the contribution to the integral of Eq. 45
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o 0 L |
beyond the Limits Xi and yi, as defined by Eq. ‘54 is small compared with
the contribution within these limits, i.e.

- O 0 ) - - . n
Q (Xi+Ax)yi + Achi> = O (55)

(12) Damping Coefficients Ci - It is suggested that the coefficients
which represent demping effects be evaluated by equating the rate of energy
dissipation resulting from elastic deformations (creep effects excluded) of
the real system in their respective i intervals fo the rate of‘eneygy dissi«
pation in the damping dashpobs at corresponding locetions in the idealized
nodel.

A measure of the energy dissipation per unit volume for the clay“med-
ium cen be determined from free vibration tests performed on clay samples.
By definition the rate of energy dissipation per unit volume of a cyiin—

drical test specimen is S

2 2
Eps = O BF T O THEET (56)

in which A is the cross-sectional area, and L is the height of the test
specimen. The total rate of energy dissipation in the clay"medium within
interval i is found by integrating this expression over the volume of the
interval under consideration. o

The total rate of energy dissipatién in the damping dashpét at level

i in the idealized model can be expressed in terms of the velocity of the

. . 'S
. generalized coordinate Ui as follows:

5 .
d ;8

E_.) = Q. (U)) 57)

( D} total - ; + f .
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For the evaluation of the damping coefficients, the time dependent stress

field is assumed to be of the form

UX(X:YJZ:t)i = Ui(t) Ki(X)Y:Z) ‘ (58)

in which Ki(x,y,z) is a stress influence function, and is the generalized
expression for the stress field which~corresponds to a unit displacement
at the intended location of the pile group Taking the time derivative of
Eq.758 and dividing by the modulus of elasticity for that level, yields
an expression for strain-rate which can be substituted into Eq. iSé}.
Equating the total rates of energy dissipation as given by Egs. ‘56, and
57,. an expression for the creep dashpot coefficient at level i“is‘obw
tained, namely
d c, L 2
C] = == f [K.(x,y,z)J dv ' (59)
A(E )2 L o
Y3
In view of the slight variation of the stresses with respect to depth
over the height of the interval of interest, and also the symmetry of the

stress field, Eq. (55 can be written in the form

= Loy (2 - ain) hc E«E-«-—-)w f f [ K (A,.‘y’,c )}2 dx dy {60?

in which

(61)

c = C,

*¥ *
i- i

el

The stress influence functions are evaluated ffom the total stress
field vhich is induced by the special normalized uniform loading (see

Eqg. hl) along the intended axis of each pile in the group, thus
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Ki(x,y,éi) ai?j [dx(x,y,éi)J (62)

8=l s
" The expression for the stress Gx on level Ei due to a single line

static loading of intensity p applied to the clay medium over the distance

(Ei - ai) +0 (23:,L 4 ei) is

D . - 2
o 68, (5,08, )(28,0p,) 16, (r7)- (3542 e,

ba(x"4y™) [:X2+y2+(gai+gi) ] l:x24-y2+(25i+ﬁi)2]

UX(X;.V)Ei) =

2 (2c; +p,) '
* . ( 33’ -X ) 3 2
(X +y ) [x +y +(2c FB ) ]1/2 { X +y 4(2 +5 ) X2+y2 :}

2 2

Pyx - %y ¥ 1, 2
} 1/2 | 2 2 2" 23 ° 1/2 e, 2 2 2 2
[xefy2+32] Xy PBi X Ay [xgky2+d2J X +y‘4ai X 4y
o a4 -2 20,2 2 -
] 6x ci(ci-ai)(Zci-ai) ) hci(y -x7)+( 3x" 42y )ai 2(20. - ai)
_ 5/2 ¥ . 3/2 1/2
[ngy2+(2ci~&i)2] [x2+y2+(20i41i)2] (4 +y ) [x +y (2c -, ):]
2 -2 2
v+ C y -X ) { 2 2 D } L (63)
x +y +(2c - ) Xy
Combining Eqg. 39 with Eqs. 60-63 yields the result
a * '
¢y ~—§i ey , (64)
in which ,
5 2 feono 2
= e )0 Gy [ [ nGond)) axey (65)
37 Jovo > * o

21,2, mmm,n
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: e . - -, 2 2 2 2
x 6x7¢ (c.+8.)B Lo (yo-xT)-(3x"+2y°)B. =
r(x,7,3. ) :zﬁi s _{ s i 3717, 178 S s 's’"1i, 2B

V3 Bsys
8
2 0/ x2

2,52 (22 .2y ) L, 2. Boxo |1 o,2.| . Ls|i ,=2.

[ys“’i (3y-%) { 2 R H - {T? " RJ 5 [Sz " RJ
s 8 8 s
2
] 6x c.(c 1% VA " he (y nxs) + (3x842y ) ) 5% [yg , 2 (3y2uy2
U5 U3 RSUS s s
s s

1 2
(4 }) w

U s

The evaluation of Eq. 65 will be performed in an identical menner to
the procedure used for the integration of Eq. 49, and the limits of the
region of integration will be defined by the curve f(xg,yz) as established
by the relationship of Eg. 54 . As before, it will be necessary to omit
evaluation of the integrand in the neighborhood of the intended axis of
a pile, i.e., where RS < Be.

An expression for the strain rate at level i is obtained by dividing
Eq. 58 by the modulus of elasticity of the layer, aﬁd then taking the
time derivative. This yields

S5y (x,y,Z)
é (x,y,’c) (t) B | (67)

ZL

In order to determine the average value of the strain rate at level 1
Eq. 67 is integrated over the interval and then divided by the volime of

the domain of influence, thus obtaining

¢ (8), o = US(6) ¢ (68)
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where

-2y palx]) ph(vy) i

Ai = the area of the domain of influence at level Zméi as

defined by the curve f(xg,yg)
The velocity of the free-vibration test specimen can be expressed as

u(t) = é('b)ang | (70)

Consequently, by combining Egs. 68 and 70 an expression is dbtéined

for the velocity of the dashpot in terms of the velocity of the clay specimen
R %é.,’e.l (71)
i .

A particular value of the interaction damping coefficient and the
velocity which is associated with itvare related to the corresponding»
values of the test specimen by Egs. 64 and 7l. The data from these equa~
tions are plotted on a diagram of damping coeffiéient vs. velocity for the
interaction damping dashpot at level i. A straight line is drawn on the
diagram which is the best fit of the data. The intercept and slope of
this line define the damping dashpot coefficients for Eé. 1k, ‘

(13) Creep Coefficients C; ~ The éoéfficients which represent creep
effec%s in the clay medium dﬁe to its dinteraction with a pile group is
'determiﬁed from anvapproximaﬁe strain rate field for each layer i as pro-
duced by the distributed interaction forces within that group over layer i.
Since creep will take place primarily near the piles vhere the stresses
are high, the effects on creep in'layer i due to those interaction forces
in neighboring layers will be neglected. The strain-rate associated with

any given stressvleVel will be determined from triaxial tests,
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For purposes of determining the creep coefficient in layer i, the
elastic stréss field dug to Fi will be assumed. A study of this stress
field along the x~axis shows that the major principle axis is oriented
reasonably close to the x axis;'thus, the stress quéntity‘(ﬁx - dy) may be
campared directly with the triaxial deviator stress to dbtéin an aﬁproximate
measure of the creep rate present at any given point. After observing the
nature of the overall stress field in the vicinity of a pile group, it
appears that the(dx - Uy) stress distribution along a single axis'can"be
used to adequately prediét the creep displacement rate of a pile group due
to & given interaction loading condition. This particular x axis is‘
oriented in the direction of motion in a horizontal plane which is 1oqated
at mid-height of the particular interval i being investigated. The origin
~of this x-y coordinate system is'coincident with the centroidal axis of
the pile group. The resulting (d% - Gy) stress distribution along this x
axis is anti-symmetric with resﬁect to the origin; therefore, one_need
consider only the distribution of stress along the positivé side of this
axis. TFrom triaxial test data a relationship between strain-rate and
deviator stress can be obtained. Having this relationship and the (lef Uy)
stress distribution along the x axis for level 1, a curve showingvs%rainw
rate along this axis can be determined. The area under this curve repre-

sents the velocity of the pile group at 1ével i due to creep effects; thus,

©
C o S ooy o e s S
C; "_Fi / (U] u;) = F; /-/; ¢ (xF)) ax | (72)
The equation for the (GX - Uy) stress distribution along the positive

x axis which results from a uniform loading of intensity p‘j applied along

the intended axis of each pile of the group is given by
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{?X(X’O’Ci"pj) - Gy(x’o’ci"pj)J = 7%% Gﬁ(X,O,Ci) (73)
in which

[ x5y [ 65 (54808 ha.+p -
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s S s
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It is dmportant to note that the terms ai and 5i'in Eq. 74 do not
necessarily have the same values as the ai aﬁd 61 terms in the equations
for effective mass.,

Based upon the triaxial test data a relationship between strain rate

and deviator stress can be extablished for each level of the clay medium,

i.e.
éi = Dyyopy * Dy fopy [ opy DSigDiS (75)
The velocity of the pile group at level i due to creep effects
associafed with loading‘i)j is given by the relaﬁionship
e = [ Gy e (76)

Substituting Egs. 73 and 75 into Eq. 76 yields
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D, .p x% p. 2 2
l. s B e - ] '% o
e = At [ 02, ax e ny (4 >ﬂ°h<x:o:ci>} ax

+ D ( ;ﬁ-)B'/;X* [6%(x,o,ai)]3:dx 17

* -
vhere © (x,o,cj) is given by Eq. Tk, and the upper limit of integration,

*
X , is established by the relationship
o ¥ ‘
e(xvspj) = 0.02¢ (B;pj) o (78)

The creep dashpot coefficient at level i which is associated with
the loading pj is glven by Egq. 72 which can be written in the form
oy +p,) Nop,

¢(p,) =
e Vi(pj)

(79)

Egs. TT and 79 are evaluated for a series of different applied loads
pj, and the resulting values plotted on a diagram of creep coefficient vs.
the velocity for thg interaction creep dashpot at level 1, i.e. Cz vs. Vz .
The values of loading Pj which are to be employed in evaluating the m dats

points of the curve will be taken as the m multiples of the maximum elastic

spring force, thus

. F,
(p); =2 &&&%hNJ»;Jﬂ@nwm<a&m@> (80)
i . - in .

By utilizing a curve fit%ing procedure on the resulting diagram it will

then be possible to determine the creep dashpot coefficients for Eg. 13.

(14) Axial Forces §., S,,.T., %,, - These forces represent those
IS R R |

portions of the total dead weight of the bridge structural system vhich

are carried by their respective members atilevel i. The horizontal



components ti and ti of the axial Torces Ti and Ti

+1 +1

approximgted by the relations

1 .1
4y o= e R A
G = R £
11 7T T, 4]

b1

; respectively, are

(810)

(81p)

Thus, the resulting horizontal component of force at mass m, is the differ-

ence Ami of the preceding components, i.e.

T, T, T T,
T S (R S & A T .
i i-1 L, L, i L,

: i i+l T

- (82)

Written in matrix form for i=l,2,---,n-1l, Eq, 80 may be designated simply

as

(oo - 1] ]

(83)
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DETERMINATION OF SOLI, PROPERTIES

General
For purposes of‘analysis in this investigation it was assumed that
the shear stress-deformation charactgrisﬁicé of the clay‘could be repre-
sented by the model shown in Fig. 1l. Tﬁe elements in this model sre:
(1) a non-linear elastic spring with hysteresis characteristics
fo represent the immediate deformation characteristics of
the goil structure u;der cyclic loading,
(2) a viscous. dashpot in parallel with the spring to repre;
sent internal damping within the soil,
and (3) a viscous: element in series with the_springwdaShpoﬁ comb=
ination to represent the creep behavior of the soil.
It was necessary, therefdre, to develop test procedures to determine
the soil pérameters defining these characbteristics and to establish
the variation in these parsmeters throughout the depth of the inméitu

clay layer.

Boring and Field Testing Program

The characteristics of the clay'were investigated by means of 3
borings designated PS-1, PS~2 and PS;3 made alqng the axis of the pro-
posed. bridge ;oeation as shown in Fig. 12. The logs of these borings
are shown in the soil profile along the bridée site, Fig. 13.

Undisturbed sémples were recovered from the borings‘at the ele-
vations shown in Fig. 14 for use in the laboratory testing program. In
boring PS-1, these were obtained in 18 inch lengths by means of 6 inch

diameter Shelby tubes. In borings PS-2 and PS-3 the undisturbed samples
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wefe taken at more frequent intervals in 30 inch lengths using 2.8 inch
diameter Shelby tubes. ‘

In all cases the tubes were forced into the soil by hand or by hy-
dréulicljackvexcept for the bottom 15 ft. of boring PS-2 where the tubes
were driven by hammer bIOWS. The ends of the tubes were sealed with Wax
as soon as précticable after recovery to prevent moisture loss from the‘
soll prior to testing.

Adjacent to each boring made to obtain undisturbed samples, a sup-
plementary boring was made, within about 5 £t., in which field vane shear
tesﬁs wvere made at 5 ft. intervals. The results of these tests éré pre~

sented in Fig. 1k4.

Soil Conditions

Thé c¢lay underlying the proposed gite for the Elkhorn Slough Bridge
is a soft to firm gray silty clay containing many seams and’thin léyers
of silt and silty sand up to 5 £t. in thickness. The thickness of the clay
deposit varies from about 50 ft. at the bridge abutments to about 120 ft.
in the center portion of the bridge span. .

Atterberg limits of typical samples of the ciay are:

Tiguid limit = 76

Plastic limit = 22
and the water content vafies from an average of about 80% at Elev. -30 to
an average of about 50% at Elev. -75.

Corresponding to the decrease in water content with depth the soil
strength shows a general increase with depth as illustrated by the vane
shear strength data in Fig. 14. A summary of all vane test data obtained
at the bridge site, both in the borings made for the present investigation

and in previous investigations, is presented in Fig. 15. Although there
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is considerable scatter in the strength values at any elevation, the aver-
age shear strength increases from about 0.1 tons per sqg.ft. at Elev. O to

about 0.6 tons per sq.ft. at Elev. -90. The envelope enclosing most of

the strength data is shown in Fig. 15.

Iaboratory Strength Tests

In conjunction with the laboratory test program to determine the soil
deformation characteristics, a number of unconsolidatedwundrained.triaxial
compression bests were cqndﬁcted using a confining pressure of 1.0 kg. per
sg.cm. The bests wefe performed on"1.4 inch diameter speciﬁehs trimed
from the undisturbed samples and the stress ve strain relationships ob-
tained in these tests are shown in Fig. 16.

A number of other specimens used for determining damping and creep
characteristics were deformed only slightly during these tests and were
subsequently subjected to compression tests in the same manner as the
specimens trimmed from undisturbed samples. It was considered that the
gtrengths bf these specimens were only slightly affecfed by the prior
testing procedures and provided a reasonsble indication of the strengths
of the undisturbed samples in the laboratory. Thus the stress vs strain
relationships Tor theée specimens are also showh in Fig; 16.

The shear strengths for all these samples, taken in each case as one
half of\the campression strength, are plotted versus sample depth in Fig.

"17. As in the case of the vane test data, the laboratory strength teéts
show considerable variations in strength for samples at any one elevation
but a general increase in strength with depth.

The envelope for the field vane ghear strength values is also plot-
ted in Fig; 17. |

Baged on the results of the laboratory and field tests it would appear
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that the shear strength vs depth relationship for the clay deposit can
be reasonably represented as a uniform increase from an average value”of
6.08 ton per sq.ft. a’c'Elev° 0 to 0.52 ton per sq.ft. at Elev. ~-90, indi-
cated by the solid line in Fig. 17, together with a poésible variation of
#50% from these values as indicated by the dashed lines. These relafiénu
ships will be used later as a basis for determining the varistion of de-

i

formation parameters throughout the depth of the deposit.

Determination of Shear Properties from Conpression Tests

The analysis of the response of a tlay layer overlying a rigld stratum
or the interaction between the clay layer and piles driven into 1t requires
& knowledge of the shear stress vs strain characteristics of the clay. In
laboratory test programs it is more convenient to determinevthe stress vé
strain relationships for soils in axial conpression. However for saturated
clays subjected to short term stress applications, deformations occur at
constant volume and thus Poisson's ratio will be equal to 0.5. Thus itdis_
possiblerfo deﬁermine'numerical relationships between'principal étresses and

strains in compression and shear with sufficient accuracy by means of the

expressions:
o, - C c ;
T f ~i~§w~§ f 55 (83)
and o :
7e = (1 +v) e : (84)
 where T = principal shear stress
dd = principal compression stress difference, Gl - 63
Gl'# major principal stress in compression test
g3 % minor principal stregs in compression test
y = principal shear strain
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€. = major principal compression strain

1

V= Poisson's rabio
Substituting © = 0.5 iﬁ the above expressions gives
T = 0.50, ' (85)
78 = le5€l (86)

Thus the shear stress vs strain behavior for the clay can readily be de-

termined from the compression test data.

Dynanic Tests

The créep, demping and dynamic elasticity characteristics of soil speci-
mens were determined by’dynamic tests, using the apparatus illustrated‘in
Fig. 18. A specimen of clay, 1.4 inches in dismeter and sbout 3.5 inches
high was fitted with a lucite cap and base and mounted on a'rigid slab.

A rigid mass M was then lowered gently onto the cap of the specimen unﬁil
10 percent of its weight was supported by the specimen and the remaining
90‘percent was supported by the pulley and counterweight shcmn in the‘Fig;
ure. At a given instant the wire attaching the rigid mass to the counfer»
welght was severed, releasing the mass onto the cap of the specimen. The
accelerations of the cap of the sample due to this sudden load applicafion
were recorded‘by‘an accelerometer mounted on the cap and deformation;ﬁbyv
8 linear variable differential transformef attached to the cap. Variation
of acceleration and deformation with time were reéorded by a Honeywell
VVisicorder capable of recording at frequencies up to 1000 cpsl

Typical recérds obtained in this type of test are shown in Fig._l9.
The aécelerationwtime curve has the general form of the damped hérmonic
motion shown in Fig. 20. For this type of motion the ratio of actual

damping to its critical value, ), is determined by the relationsghip
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where»al, 8y a3, ebe. are the amplitudes of successive peaks of the res-

ponge . curve. Thus an average value‘of A could readily be determined from
the acceleration record for each test. Howevgr this procedure is only valid
for reversible elastic systems and values of A\ can only be determined for
samples subJected to low stress levelg where this type of behavior is evi-
denced.

The deformation vs time relationship provides a convenient means for
determining the creep and dynamic elastic characteristics of the sanples.
By extrapolating the displacement curve to zero time an instantanequs‘disf
placement 81, for the specimen may be deteruined and subsequent deformations‘
can be attributed to cresp of the sample {See Fig. 20). Thus the progressive
increase in creep moVemeﬁt over any desired length of time can readily be
determined. The stress causing this creep is equal to the counterweight
divided by the average area of the sample since creap due to the seating
load has already occurred. |

For the present progrem it was found that the rate of creep did not
vary significantly over the first 10 seconds and an average rate Was
reasonably repreéentative of the sample behavior over this period of time.
Thus from any one test, an average rate of creap and the stress inducing
it could\be determined° By repeating the test on similar specimens but
using masses of differentvmagnitudes & relationship between average creep
rate and applied stress can be determined as shown in Fig. 22,

Finally the dynamic stress-strain characteristics of the soil can be
obtained in two ways as follows:

(a) In each test the sverage stress on the specimen and the instan-~

taneous elsstic deformation 51 are determined. By conducting a
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series of tests on 1dea ical specimens buu using rlgld mas

of differenﬁ mﬁgnitudesj & series of corresponding‘pairs of
values of stress and elastic deformation cen be determined and
plotted to estsblish s dyramic elastic stress-strain relation-
ship as shown in Fig. 31,

Due to the fact mass M Is large compared with the mass of the
scil sample, this sysbem will act essentially as grsinglﬁ degree
of freedom system, le€oy 1o eiaqtic waves will prupag% e up and
down the sample during the d namic teste Umder this condition»}
the strains will be nearly uniform throughout the specimen, thus,
giving dms lacements which vary essentially linesrly from zero
st the sample base to a maximum value at the sampie top.  The
geref¢7ﬂze& single degree of freedom system therefore consists

of & mass equ%l to the nglﬂAmaSH plus & combtribution from the

soll sample equal to cnew+ rd the sample mas:° The spring cone-

stant of this generalized system iz, of course, the spring con-

gtant of the soll sample itself. Since the accelerations of the

mnass aﬁ tﬂe top of tae specimen are known, the resultent forces
scting on the spring cen be canputed (as mass bimes aceeleration)
and hence the force developed at the %op of the specimen at any
time can be determined. The corresponding average strains of

the sample ét.the same Simes can be determined from the observed
record of sample displacement. Thus by plobbing stress ve strain
et corresponding timesy dynsmic stress strain curves under these

conditions are outlined as saown in Fig. 3L
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Damping Characteristics

Follbwing the procedure previously'described,»the damping ratio, A,
developed in a number of dynamic tests on samples of different strengths
wvas determined. The magnitude of the rigid mass used‘in these tests was
restricted to a value such that the maximum applied stress Vould not ex-
ceed 15 percent of the sample strength in order that response would be‘
controlled by the.initial portion”of the stress-strain relationship where
reversible elastic behavior,is evidenced. The average values of'k deter-
mined in those tests are plotted agéinsﬁ the soil strength in‘Fig. 21.

Values\of A for the various specimens ranged from 0.08 to 0.12 and '
appeared to be relatiﬁely independent of strength or elevation of sample.
Since the analyses are not sensitive to minor variations in damping_coeff-
icients, the average value of A equal to 0.09% would seem to be approximate

for the enmbire deposit of clay at the Elkhorn Slough Bridge site.

Creep Characteristics

Tests were conducted to determine the relationships between average
rate of creep over a period of 10 seconds following stress application and
' applied stress for 3 series of samples having compressive sﬁrengths of the
order of 4 psi, 10 psi and 15 psi; the results of these tests are presented
in Figs; 22 ; 24, respectively. |

It was found that average creep rate varied'considerably with the
magnitude of the applied stfess and with sample strength. Howéver»for
samples of any giveﬁ strength, ﬁhe relationshiphbet%een avefage creep rate
and applied stress could be represented with reasonable accuracy by a
parabolic relationship.

In representing the effects of creep in the analysis of clay-pile
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interaction} it is convenient,fc utilize creep strain rate a8 the dependent
variable»and applied stress as the independent varisble. Thus a parabola
of the form | |
€ = Cl O'O IGOI ' (88)

which fits the relationships in Figs. 22 - 24 reason&bly well provides oo
a satisfactory mesns of representing the soil behayior, Values of Cl
vhich best represent the test data in Figs. 22 « 24 can :@adily be deter-
mined for samples of different streungths andrplotted‘as shown in Fig,_eso
Actually it dis necessary to know the/variaﬁion in the creep coefficient
Cl with dapth in the soil mass. Since the averagg variation in strength
with depth has alresdy been established (Fig. 17), the relstionship be=
tween the coelfficient Cl and. eleﬁation can readiiy be deduced as shown'in
" Fig. 26. The range of values shown in this figure réfle@ts the range in
strength values of ¥ 50% at any elevation in the soil mass.

In studying the response of the clay layer aléne it is convenient to
include creep effects by comsidering stress as the dependentrvariable”and
creep strain rate as the independent variable. For'ﬁhis purpose the sbove

eguabion might be expressed ag: ‘
' oo 1/2 ‘

o = €] sign & (89)

0 Cl

The evalustion of 9 uging this type of equation on & computer involves
conslderably more time than that required by using an equivalent equation
of the form:

0= C & - D& [ (90)

which can slso be used to represent the test dats with an scceptable degree

of accuracy; Thus in order to simplify the computer operations, the data
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in Figs. 22 = 2& have also been represeunted by equations of the latter form
and appfopriate values of the consﬁanﬁs C and D, for soll samples of dif;
ferent strengths, have been determined. These values are plotted as a
function of soil strength in Figs. 27 and 28. Using the relationships
between strength and elevation shown in Fig. lT; the corresponding varis-
tion of the coefficients C and D with elevation will be aboshown Ia Figs. 29

and 30.

Varigtion in Creep and Damping Characteristics During Cyclic Loading

In order to investigate the possible variation inccreep and damping
gharacteristics of the clay during an earthquake, values of demping ratio
A and creep coefficient C were debermined for specimens which had pre-
viously been subjected to a mumber of stress cycles causing axial strains
as large as 10 percent. It was found that the resulting changes in A and

C were insufficient to warrant the inclusion of this effect in the analysis.

Dynamic Stress-Strain Characteristics

Finally the date from the impact-creep tests were used to detemine
the dynamic stress-strain characteristics of the samples by‘éach of the
methods described on Eg, E8;

Figure 31 shows tﬁé»felaﬁionships between instantaneous elastic de-
formation and average stress for eight samples having compressive strengths
of abauf 10 bsi but teéted using rigid masses of different magnitudes. The
gverage relationship drawn through these points can be considered to chaf»
&cterize the dynamic stress-strsin relationship for samples of this streungth.

Similer data for tests on samples having compressive strengths of L
psi and 15 psi are presemtea in Figs, 32 and 33.

The results of a ccmputation of the variation in dynemic sbress and
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strain during a.single test are shown in Fig. 3k, The stfess;s raln relam

tionships determined in this way are‘slightly.steeper than thoge aetermined
from the 1ns*ﬂntameoas deformetion measured on series of samples and chown

in Figs. 31 - 33. Néver theless they are in reasongbly good agreement.

Also plotbed with the dynamic stress-strain relations hips in Figs 31 -
33 are the stress vs strain relationships for samples of the same strengths
tested under static loading conditions using e rate of stress application
of abouﬁ 0.2 kg/cm Jmin. It mzy be seen that in each case the dynamic
stress-strain relationship is slightly steeper than the correspenulngvsiatic
relationship, reflecting the edd tional strains due to creep which can
occur during the slower rate of laaéing.

In the anawy31s of the response of the soil deposit to eart.qnakeu
induced motions it was found desireble to characterize the streSSwﬂefqrmm
éticn relationship of the soll at low strains. This was done by defining
a secant modulus, Fo, as the ratic of axlal st ress to axial strain at &
strain level of 0.35 percent. Within this range in the dynamic loading
tests the soil exhiblts little or no hysteresis effects and may be con-
sidered to be reversibly elastic. UThe secant modulus determined in this
way frow the resulis of a dynamic lozding test is de51gqauv& E od®

A similar secant. modulus, Eos’ at an axial strain of 0.35 percent’ can
also be determiﬁed from the stress-strain relationship obtained under static
or sliow loading conditions. |

From & comparison of dynamic and static stress vs strain‘relationshigs
such ag those shown in Figs. 31 - 3% it was found that the dynamlﬂ moduLus
Eod was greater than the corraspor daug statlc modulus E by amounts vary-

ing from 2% to Th percent, with an aversge velue of aboub 50 percent. This



53

result was subsequently used to convert static load test data 1o corres

sponding dynamic test values.

Stress-Shbrain Relationships During Cyclic Loading

Examination of the»dynamic elastic streésmstrain relationships for
samples such as that shown in Fig, 3L revealed that iﬁ»would be necessary
to incorporazte a non-linear spring with hysteresis characteristics in‘the_‘
model of soil behavior. To determine quantitative values for the properties
of such a spring required the determination of the inelasﬁie behavior of
the soil during cyclic loading in which the directions of shear stresses
and strains were repeatedly reversede Because of difficﬁlties in making
such determinations undef dynamic loading conditi@ns and in view Qf_the
fact that dynamic and static stress-strain relationships did not appesar to
' Be too different (see Figs. 31 = 34), it wes decided to conduct the cyclic
loading tests undér static loading éom&itions,\which permitted accurate de-
terminstion of applied stresses and corresponding strains, and subsaquently
mnodify these result§ appropristely to determine'probablg dynamic behsvior.

| Accordingly a number of special uneonsolidateduundrained triasxial
compression tests were conducted on specimens, 1.4 inches in diameter and
3.5 inehes high, trimmed from the undisturbed samples. In these tests the
pisﬁon of the triaxial compression cell was attached to,the specimen cap
so thet the axial sﬁress on the specimen could be increased or decreased,
as deéired,-throug@oﬁt th¢ test. The rate of stress applicatién was about
0.2 kg per sq. cm., per minute.

In a typical test, the axisl stress was increased progressively until
the axial strain was about 3 percent at which étage the axial stress was

restored to its initisl value. By pulling on the piston the axial stress



was then gradually &ecreage@ untdl ﬁhe‘axial extension was abcuﬁ 3 percent
and the stress sgain restored to its original hydrost&@ic condition. It
should be noted that becausa:of the initield smbient pressure of 1.0 kg per
sg.cm. acting on the specimen, the axial stress remained compressive through-
wt the entire loading cycle. Usually this procedure was repeated until
sbout 10 éycles of loading had been applied.

A typlesl relationship between the change in axisl stress and the core
responding axlal strains obtéined in such a test is shown in Fig.'35, In
general the stress-strain relationship for the second cYcle of loading
&iffered considerably from that during the initial loading but subsequent
changes in further cycles were relatively small. Furthermore it appeared
that when variations in cyclés were introduced -= such as limiting one or
.more cycles to axial compression only or to reduced asmounts of axisl exten-
sion, the general form of the stress-~strain raiationship was>maintained.

For purposes of analysis it 1s necessary to idealize the relationships
shown in Fig. 35, When strains are small, even during cyclic loading, the
stress-deformation relationships will be controlled by the initial part of
the first loading cycle and can be represented with a satisfactory degree
of accuracy by & straight line. For axial strains up to about 0.6 percent
this relationship can be approximated by the secant modulus determined at
an axial strain of 0.35 percent. This modulus, for tests conducted under
static loadiné condition#é has been designated by Eos° o

When high strains are induced during the stress cycles, the modulus
EOS will apply for only the first part of the first cycle and the behavior
of the soil is better characterized by the average of the reasonably con-

sistent stress=-strain relationships developed during cycles 2 to 10, as
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shown in Fig. 35. This behavior may be idealized as illustrated in Fig. 36_°
In this representation, the first cycle is ignored and the best parallelogram
fitting the stress-strain relationships for subsequent cycles and conforming
to the following mathematicaliy consistent rules is established. Behavior
during initial loading is assumed. to be controlled by the modulus Els’

until a limiting strain éys is reached, at which stage further deformations
are determined by the modulus E2s' When the loadingbis reversed, behav%or
until a strain change equalito 2¢

1s Vs

has occurred at whichstage further deformations are determined by E?S.’ On

1s again debermined by the modulus E

reloading the modulus E o is again operative until a strain change of 2e¢

1

has occurred and the modulus E

ys
s begins to control the behavior. Similar
behavior is developed during subsequent loading cycles.

By this means, the cyclic stress-strain relationships of the clay
under static loading conditions are represented by the moduli Eos’ Els?
E2S and, the yield strain gys' Following theiprocedure described above,
values for these parameters have been deterﬁined for a number of samples,
of different strengths, subjected to cyclic loading tests. Although the
samples used for these tests were not loaded to failure, their probable
strength values could be esﬁimated.with a high degree of accuracy from
the knowledge of thelr stress=-strain behavior during initial loading and
the general form of such relationships obtained in the large number of
strength tests previously conducted.

Thus the values of Ed E

; E, , and €_ _could be plotted as a funct-
5 ys :

1ls’ "2s
ion of the soil strength as shown in Pigs. 37 ~ 40. It will be seen that
the moduli vary considerably with:sample strength but in each case the

data can be represented by a linear relationship, However, the magnitude
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of st is essentislly constant, regardless of the strength of the specimens,
with an average value of 0.6 ﬁercenﬁe

© Using the average felationship between soil strength and elevatipn
established previously (see Fig. lT), the data in Figs. 37 -40 can readily
be converted tb determine the varistion of moduli with elevation in the
clay layer. The results of such a conversion are summarized in Fig° hlf

Finally it is neceséary to determine theiparameters determining the

elastic behavior of the soil under dynamic cyélic loading conditions. A
comparison of ﬁhe dynamic'and static sbress-strain relationships during the
first losding cycle indicates counsidersble similarity in form with the
exception that the dynamic relationship is considerably steeper at low
strains. (It was previcusly shown thatt the dynamic modulus at low strains
is aboub SC percent higher than the sbtatic modulus at the same strain.)
Thus it appears reasonable to spproximate the dynanmic défbfmatiohmbéha§16r of

the soll by psrameters E E and € corresponding to those util~

ca’ Brar Fog v

ized for describing the cyclic loading behavior under static stress con-

B

dlthnSw(bo 12 Epgs and eys)’ with the following relationships:

S)

Eod = 1.5 Eos

E

d

.

24 EES

eyd = eys
Based on these relationships, the variations in psrameters describing the
dyrnamic elastic behavior of the soil at different elevations are presented

in Fig. 42. The probable ranges in these parameters, reflecting the

variations in soll conditions at any elevation, are also indicated.
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Summary of Soil Properties

The clay at the Elkhorn Bridge Slough site is. a soft to fim gray
silty clay containing many seams and thin layers of silt and fine sand.
The thickness of the clay deposit varies from sbout 50 ft. at the bridge
abutments to about 120 ft. along the center portion of the bridge span.
The average shear sfrength increases with depth from about 0.08 tons per
sg.ft. at Elev. O to about 0.52 tons per sq.ft. at Elev. -90. However, at
any one elevation strengths may vary as much as i50 percent from the aver-
age value.

Based on the results obtained in the soil testing program it appears
that the proposed model shown in Fig. 11 can provide a reasonably ade-~
quate representation of the stress-deformation characteristics of the
clay under short term cyclic loading for use in the analyses of soil
or soil:structure response to earthquake-iﬁduced ground motions. At the
Elkhorn Slough site reasonable values for the characteristics of the

elements comprising the model would appear to be as follows:

Non-linear spring.

(a) Recoverable elastic behavior at axial strains less than
0.6 percent characterized by the modulus Eod; values for
E 4 &t various depths are shown in Fig. L2,

(v) Hysteresis behavior during cyclic léading in which axial
strains exceed about 0.6 percent, which may be approxi-
mated by a stress-strain relationship of the form shown
in Fig. 36 and characterized by the moduli Eld a

together with the yield strain eyd' Values for Eld and

and E2
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E,q 8t various depths are shown in Fig. 42. The axial

-strain Eyd may be assumed to be equal to 0.6 percent.

‘N&sacﬂﬁs Damping Element
Damping approximating 9.k percenﬁvof critical damping at all
© depths (see Fig. 21).

Creep Characteristics

For practical purposes the creep rate can'be assumed constant
over the first ten‘seéonds following stress applicatioh and
:'ﬂﬁiil vary with stress according ﬁo either of the relationships:

&=y op fop)

. or

“Values of Cl’ C and D to be used in these relationships will

vary with depth as shown in Figs. 26, 29, and 30, respectively.
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COMMENTS ON PROPOSED METHOD OF ANALYSIS

It is apparent thﬁt it is impossible to obtain & completely rigorous
solution to the general problem under consideration. However,rit is believed
that an approgimate solution sufficiently accuraté for design purposes can
be obtainedlby the methods set forth in the preceding‘section of this report.

To justify the methods of analysis proposed herein several»of the_“
major assumptions which have been;made should be recallied. First,_it»has
been assumed that the elastic stress and displacement fields within the
clay medium cén be adequately defined by a static theory, i.e. the Mindlin
theory. This assumption can be Justified when the characteristic wave
length\in the clay medium, which in this case is the shear wave length (xs),
is long compared with the horizontal distance (Dh) across the zone of
major influence resulting from interaction. This“shear wave length is
calculated using the relation

& , (81}.) -

in which ¢ is the shear modulus of clay medium, p dgnotes the mass density
of clay medium; and f refers to the predominant frequency of the forcing
functiqn. It is believed that this condition is reasonably well satisfied
for the genéral problem being considered and, therefore, the use of a
static theory in defining the stress and displacement fields is considered
satisfaétory. Tt should also be noted that satisfying this condition im-
plies that the inertia'forces of masses Mi and ﬁ; are small compared with'
the interaction spring forces and the elastic shear forces in the piles.

Dynemic response calculations show this latter statement to be true. Thus,
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the.dynamic response calculations are guite insensitive to reasonably large
changes in the values assigned to the effective clay masses ﬁ§ and ﬁ?,

The second major assumption regarding the pilewelay mediun interaction
was the assumptien which uncoupled the interactionisprings as used in the
idealized system (Winkler assumption). It was only after considerable
effort had been sbent on & coupled system that the decision was made to
simplify tﬁe problem by using uncoupled springé, The cQupled system led
to an extremely complicated method of analysis which would require a great
deal more efforﬁ in carrying out the solution aﬁd did not seem to be Jjustified.

Due to the transient nature of earthquake ground motion and due to‘its
relatively short duration, creep effects are small.r Therefore, theﬁproposed
approximéte method of determining creep coefficients is considered satis-
factory.

' The effects which all of the various simplifying assunptions have on
the accuracy of the general solution could be examined at great length.»
However, in Jjustifying the use of these assumptions it must be remembered
that all soil properties of the clay medium havevvery wide variations, i.e.,
of the order of 100% or 200%. Therefore, inaccuracies_introduced in the

analysis by the various assumptions made are considered acceptable.
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BRIDGE STRUCTURAL SYSTEMS INVESTIGATED

" The objective of the generél investigation reported herein has been
to develop methods for predicting seismic effects on bridges vhich are
supported on piles extending through deep sensitive clays and to apply
these methods to the bridge structure presently being designed by the
California State Division of Highways for erection across Elkhorn Slough.
This bridge structure is shown schematically ih Fig. 3 and is also shown
in considerably more detail in Fig. 43. For additional details of this
design the reader is referred to Drwgs. Nos. P. 614P-39 to 48 as prepared
by the California State Division Qf Highways} It should be realized that
the design details‘as presented on these drawings are preliminary and
may not necessarily correspond with the final design.

While the above deécribed structure served as the basic structure
being analyzed in the genefal investigation, a single variation in this
structure was assumed for additional analysis. This variation consisted
of changing the outside diameter of all piles from 54 inches to 36 inches
and the inside diameter from U4k inches to 26 inches. However, the number
- and arrangement of piles and the superstructure design were assumed to
remain unchanged.

Fof‘analysis purposes the mass of the bridge superstructure was
Jumped at the bridge deck level, three intermediate levels on the piers,
and at the pile cap level. This lumping of mass corresponds tom = 4 in
Fig. L. Damping in the superstructure was assumed to be 5 percent of

critical (§ = 0.05) in its fundamental mode for all analyses performed.



The depth of the clay layer varies considerably along the long-
itudinal axié of the proposed bridge site and has a maximum depth of approx-
imately 120 feet. Therefore, it ‘seemed most appropriate for analysis
purposes to assume the clay mediwn as on infinite layer horizontally having
a depth of 120 feet. Two different sets of properties were used for this
redium in enalyzing each of the above bridge structural types. These two
sets of properties, which will be referred to subsequently as Clay System
No. 1 and Clay System No. 2, were estabiished on the basis of tests performed
on Sen Francisco Bay "mud" end Elkhorn Slough clay, respectively.

The number of samples tested in establishing the properties of Clay
System No. 1, i.e., San Francilsco Bay mud, was very small as these tests
were .performed eariy in the program to aid in developing experimental
techniques before Elkhorn Slough samples were availsble. A large pumber of

_samples however were laﬁer tested in establishing the propsrties of Clay
System No. 2, i.e., Elkhorn Slough clay. Since Clay System No. 2 repra-
sents the actual bridge site conditions, the dynamic response‘sﬁudies based
on this clay medium are of principal importance. However, it 1is sonsidered
worthwhile to present the results ﬁased on Clay System No. 1 to illustrate

_some differences in response which can be expected with certain specific

changes in clay medium properties.

The propérties of Clay System No. 2 were presented in consideracie
detail in the preceding section of this report; therefore, no further
discussion of these propertiesﬁis necessary. However, it is necesséry at
this point in our discussion to point out the basic differences betwaen
the properties of Clay Systems 1 and 2. The important differences as L€

affect the dynamic response of the bridge structural systems relate to the
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stress-strain relations. The response studies using Clay System No. 1
were based oh only the two moduli Ey4 and E,3 which varied with depth, z,
as given by the relations

Eld(z) = 1h2 + 8.9z

Ead(z) (85)

60.9 - 0.45z

[H

vhere z is depth in feet and where the moduli are given in pounds per
sqguare inch. Comparing these moduli with those given for Clay System
No. 2 in Fig. L2, relatively smali differences are noted for Eijg, while
significant differences are noted for Eéd' However, the greatest and
most significant difference in the stress-strain properties of.these two
clay systems 1s the difference in yield strain eyd' This normal yield
strain equals 0.003 for Clay System No. 1 and 0.006 for Clay System No. 2
which corresponds to shear strains T&d of 0.0045 and 0.009, respectively.
Since both clay systems have essentially the same moduli Eld with depth,
it is quite apparent that the above yield strains represent a much weaker
material for Clay System No. 1 as compared with Clay System No. 2. Other
properties such as creep and damping are similar.

For analysis‘purposes, the mass of the clay medium was lumped at 18

‘equally spaced levels, i.e. n = 18, as shown in Fig. k.
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DISCUSSION OF RESULTS

Total Acceleration of Clay Medium

The recorded aéceleration of the N-S component of the 1940 El Centro
earthquake was used as the prescribed horizontal acceleration ﬁg(t) at the
base of the clay medium. Approximately 9 seconds of this acceleration-
time function is shown in Fig. 4h and its standard absolute acceleration

response spectrum as defined by the relation

. — , ) R
A(w) = | V1 - 2 wfii (t)e™ Bolt-1) [ (1 ) sin © VI - £2 (t-1)
o & : 1-¢ 2
+ —ngﬂﬁ cos w VL - £2' (1) J dt )
V 1-62 max.

is shown in PFig. U45. The absolute acceleration given by Eq. 86 is simply
the absolute value of the maximum total acceleration which the mass of a
single degrée of freedom system will experience when excited through its
support by the prescribed ground acceleraﬁion.ﬁg(t). The speétral values
obtained in accordance with this definition are plotted in Fig. 45 vs.
the undamped natural frequency w for five different values of the damping
ratio &, i.e. &= 0, 0.02, 0.05, 0.10, and 0.20. ‘Note that the absolute
acceleration response spectral curves approach an asymptotic value,with |
increasing frequency w,which correspoﬁds with the peak acceleration in the
ground motion. In the case of the N-S component of the ElL Centro earth-
quake, this peak acceleration is approximately 0.33g.

Also shown in Fig. 4l are the time histories of total horizontal

acceleration produced at the surface of Clay Systems Nos. 1 and 2 when
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excited at their base by the N-S component of the El Centro earthquake.
Absolute acceleration response spectra for these acceleration functions are
shown in Fig. 45.

The above clay surface acceleration time histories have been cal.
culated considering the response of the clay medium alone, i.e., the
bridge structural system ls assumed not to be present.

Comparing %he three acceleration-time functions and thelr absolute
acceleration response spectra as shown in Figs. 4k, and U5, respectively,
it is quite apparent that the surface acceleration functions contain much.
lower frequency components than are contained in the bas¢ acceleratiﬁn
funetion. This fact shows the effectiveness with which a soft clay mediunm
filters out the higher frequency components. The predominant circular
frequencies contained in the surface motion of both clay systems are,
as shown by their response spectra, in the approximate range of 8-15 radians
per second. Since the stiffnesses of both clay systems are approximately
the same, one could expect this peaking of response spectra in approxi-
mately the same frequency range.

Using the response spectra of Fig. 45 to iﬁdicate magnitude of
seismic forces which would be developed in linear elastic structures if
subjected to base éccelerations corresponding to the three acceleration
functions given in Fig. L4, it is apparent that these forces would be.
comparable for damped structures when considering the effectsAof the EL
Céntro motion vs. the effects of the surface motion of Clay System No. 2.
(Reasonable damping factors for reinforced concrete bridge structures are
in the approximate range of 0.05 - 0.15) However, the response spectra
for Clay Systém No. 1 would indicate considerably lower seismic forces

than those indicated by the response spectra for either Clay System No. 2



or the N-5 component of El Centro. This large reduction for Clay Systom
No. 1 is undoubtedly due to the relatively large amounts of inelastic
action which take place during’ﬁhe response of this weaker system. Very
little inelastic action will take place however during the response of
Clay System No. 2 due to its higher yield strength.

The maximum peak acceleration reached during the period of the
earthquake input is noted to be approximately 0.30g for the surface motion
of Clay System No. 2 and 0.13g for the surface motion of Clay System

No. 1.

Total Longitudinal Acceleration of Bridge Deck

The total horizontal acceleration time history for the bridge deck
is shown in Fig. 46 for the three different clay-pile systems analyzed,
namely (1) Clay System No. 1, 54 inch 0.D. piles, (2) Clay System No. 2,
54 inch 0.D. piles, and (3) Clay System No. 2, 36 inch 0.D. piles.

These acceleration time-histories show maximum peak values of
approximately 0.6g, 1.2g, and 1.2g for systems 1, 2, and 3, respectively.
Again it is quite apparent that the weaker Clay System No. 1 produces
considerably lower seismic forces in the superstructure of the bridge
as compared‘with those produced by the stronger Clay System No. 2. Note
however the similarity of the accelerations produced by Clay-Pile Systcus
Nos. 2 and 3. This similarity shows the relatively small influence which
pile stiffness hés 6n the response of the superstructure. As will be shown
subsequently, relatively small clay-pile interaction displacements result
during the earthquake; therefore, the piles are forced to move generally

with the moving clay medium. In other words the displacements of the
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piles are controlled to a much lérger degree than the clay-pile interaction
forces.

It is somewhat difficult, ﬁy observing the acceleration time histories
of Fig. 46, to isolate the predominant frequencies contained therein; how-
ever, it is estimated that a Fourier analysis of the two similar wave
forms representing Clay System No. 2 would show predominant frequencies in
a rather narrow band near a frequency of 2 cycles per second. This observa-
tion undoubtedly reflects a response of the superstructure primarily in iﬁs
fundamental mode of vibration which has been calculated to be 1.7 cycles
per second on the assumption of completely fixed piers at the location of
the pile caps. Since the piles can not provide full fixity as assumed,
the correct fundamental freguency of the superstructure should be some-
what greater than 1.7. Using a frequency of say 1.8 cycles per second
(w = 11.3 rads/sec) and a damping factor § of 0.05, the absolute accelera-
tion spectral value given in Fig. L5 for Clay System No. 2 is approximately
1.25g. This acceleration level is in very close agreement with the peak
acceleration of 1l.2g observed.for the bridge deck. Realizing that the
above prediction of a peak acceleration of 1.25g using the response spectrum
of Clay System No. 2 neglects the effects of interaction between piles
and clay medium while the observed peak of 1.2g includes these interaction
effects, one again concludes that such interaction effects have a relatively
small effect on the forces developed in the superstructure. Therefore,
if one is interested only in seismic effects on the superstructure, the
surface motion of the clay medium as determined ﬁith no bridge structure

?resentscould be used as a direct input into the base of the bridge piers.
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This analysis would, of course, not provide an indication of the forces
and deformations produced in the piles.

It is of interest to compare the above peak acceleration (1;23) of the
bridge deck when Clay System No. 2 is a part of the overall system with the
peak acceleration which would be produced if the Fl Centro ground motion
was the prescribed motion at the base of the piers. This latter peak
acceleration can be obtained from the acceleration spectrum shown in Fig. 45
Tor the N-S component of EL Centro. Using a damping factor of 0.05 and
the estvimated fundemental circular freguency of 11.3 rads/sec; one obtailns
an acceleration of approximately 0.9g which is considerably lower than the
1.2g acceleration obtained with the presence of Clay System No. 2.
Therefore, 1t 1s a@parent that the presence of a deep layer of clay may in
some cases, 1f it has sufficient strength and elasticity, increase the
seismic forces produced in & structure built on its surface. Such an
increase would, of course, become most noticeable as the fundamental
frequencies of the superstructure and the clay medium come into agreement.
One should be careful however in generalizing the above observation of
increased response in the presence of a clay medium as in other instances
vhere the superstructure frequency and perhaps the clay properties are
different a decrease in response could easily be obtained. ’For example,
the peak acceleration of the bridge deck is considerably lower than the
peak acceleration of the El Centro ground motion when the clay medium is

represented by Clay System No. 1.

Total Longitudinal Acceleration of Pile Caps

The total longitudinal acceleration time histories of the pile caps

fo; the multiple and single row pile groupings are shown in Figs. 47 and
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48, respectively. One will note peak accelerations of the order of 1.2g

in the case of Clay System No. 2 for both the multiple and single row group-
ingé and for both pile sizes. These peak values are éuch higher than the
peak accelerations at the surface of Clay System No. 2, i.e. 0.3g, showing
that these particular accelerations are sensitive to the claywﬁile inter-
action effects. Note the presence of higher frequency components in these

acceleration functions.

Deflected Shapes of Clay and Interaction Systems

The deflected positions of the clay medium as a function of depth
with no bridge structure present and the deflected positions of the piles
as a function of depth with the entire bridge structure present are shown
in Figs. 49-5k at times T = 0, 0.5, 1.0, . . ., 8.0 secs. All curves
representing clay medium displacements are identified by the letter C and
all curves representing pile displacements are identified by the letter
P. The vertical line in each case is the fixed reference line from which
both types of displacements are measured. This reference has been estab-
lished élong the axis of the pile group at time T = O. Therefore, both
curves labeled C and P coincide with this reference line at time T = O.

Only the first 8 seconds of response are reported herein as this
initial time period contains the critical response. No additional informa-
tiop 5f value would be presented if the response at later times were
included:

The displacement ug corresponding with the EL Centro acceleration
function as prescribed in the analysis is shown in each case in Figs. L9-
5%. It should be noted that these displacement values are not too atcurate

due to the well knowmn difficulties of double-integrating, with accuracy,



a highly oscillatory acceleration function. However, the relative dis-
placements of all curves ildentified by C and P with respect to a vertical
reference axis through the moviﬁg base are quite accurate, as the above
mentioned difficulties do not arise in thelr evaluation.

The clay yleld shear strains of 0.0045 and 0.0090 are shown for Clay
Systems Nos, 1 and 2, respectively, on the appropriate figures by a slop-
ing dashed line from the base to the surface of the clay medium at T = 2.0
seconds. By comparing the absolute value'of slopes along all curves labeled
C with corresponding slopes of the dashed lines representing yield strain,
one can easily see the amounts and locations of yielding which takes place
in the clay medium as it responds to the base motion. This comparison
shows that Clay System No. 1 undergoes a considerable amount of yielding
at various depths, thus absorbing considerable amounts of energy. How-
ever, this same comparison for Clay System No. 2 shows rather small
amounts of ylelding. The yielding which does occur in this case is seen
%o take place in more restricted locations and also during much shorter
periods of time than in the case of Clay System No. 1. Thus,vClay Systeﬁ
No. 2 will respond with much more of the character of an elastic system
than does Clay System No. 1. This basic.difference is the reason for the
differences ;n accelerations produced by these ﬁwo media as previogsly
noted.

- Examining now the interaction displacements, i.e. the horizontal
displacements between curves C and P, one generally observes these dis-
placements to be small in comparison with the totel displacements as
measured from a vertical reference through the moving base. However,

these interaction displacements are not insignificant as they have an
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appreciable effect on the curvatures produced in the piles. The pile yield
radivs of curvature is indicated on each of Figs. L49-54., This radius of
curvéture is based onh the classiéal linear flexure theory and has been
calculated on the basis of a meximum flexure strain of 1.00 x lO'3 inches
per inch. This strain corresponds to a concrete modulus of elasticity of
4.5 x 106 psi and a maximum concrete flexure stress of 4.5 x 103 psi. One
will note that in general the response in Pigs. 49-54 indicates meximum
pile curvatures which are of the same order of magnitude as their yield
curvatures. Comparing the actual curvatures produced in the 36™ 0.D.
piles with those produced in the 54" Onb,pilesy one finds that ﬁhey are
considerably larger. However, the ratios of the actual meximum curvatures
for these two sizes are about the same as the ratio of their yield curva-
tures. Therefore, it is difficult to say whether one pile size is more
critical then the other. If one carried this reasoning to smaller and
spaller pile diameters, of course, one would reach a point where the
curvatures in the piles coincide with the curvatures represented by the clay
displacement curves C. In such e limiting case the curvatures would be
controlled entirely by the response of the clay ﬁedium and therefore any
‘further reduction in pile diameter would indeed represent a reduction in
the maximum flexural stress produced. Note that the flexural stresses as
referred to here do not reflect the direct stress as produced by the axial
loads. i

The maximum curvatures shown in Fig. 54 for the single row 36" pile
grouping are beiieved to be somewhat larger than the actual curvatures
- which would be produced in this case. This stotement is based on the

belief that the higher mode oscillation producing these curvatures seems

.
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somewhat unrealistic. This higher node effect did not appear to this
extent in the other cases studied and therefore does not reflect any general
errér. Further studies could, 6f course, clarify this isolated unexplain-
able behavior.

It needs tobe pointed out that the displacements described above
were plotted automatically and that because the computer calculated these
displacements only at the 18 discrete levels, the plotter cannot accurately
show these displacements at levels between these discrete loqations°
Since the plotter operates on a linear variation basis between points,
some of the largest curvatures as shown by the above described plots are too
large. When interpreting these data, one should visualize smooth curves
dravn through the 19 data points {n = 0, 1, 2, . . ., 18) rather than the

straight line segments between points as produced by the plotter.

Total Force Distribution Along Pile Groupings

The total force intensity per unit of vertical dimension for the
entire pile grouping is shown as a function of vertical location in the .
clay medium in Figs. 55-60 for the various systems analyzed. These force
intensity plots need litﬁle explanation as one readily sees that they
vary through the depth of the clay medium as one would expect from an
examination of the corresponding interaction displacements shown in
Figs. Lho-5kh,

Howéver, one véry significant observation should be made in Figs.
55-60. Note that the maximum force intensities in all of these figures
are very much below the so-called "yield intensity" given on each
figure. This yield intensity is that force intensity at which the pile

grouping would start to cut its way through the clay medium. Since thé



force intensities could have reasched their largest maximum values at times

intermediate betwsen those shown in ¥F1g88.55-60, the computer program was

written so that the maximum positive and negative values as salected fronm
those calculated at 0.0025 second intervals could be obtained. These

maximum force intensifties along with the times at which they. occurred

are shown in Fig. 61. Again it is quite apparent that the waximum inter-
action force intensities developed were far below the yield intensities,
One would conclude from the above observation that standsrd size
piles will never cut their way through a deforming ciay medium. Remember
that the above force intensities are sufficient to produce curvatures of

the order of magnitude of the yield curvatures. As far as the suthors

are aware, this conclusion is not in conflict with field observations of

embankment failures where piles have been in place.

Evaluation of Clay Effective Masses Mg

The analytical méthod of evaluating the clay effective masses ME
was presented in considerable detail in a previous section of this report.
Because of the approximate way in which these maéses are evaluatad, it was
‘considered desirable to check the sensitivity of the calculated plle
displacements to possible errors in the evaluation of these effective
messes. To carry out this check, a complete dynamic anaiysis of the
entire bridge structural system using 54% inch ﬁiles and using Clay System
No. 2 was performed. For this particular analysis, however, all clay

effective masses M{ (i = 1, 2, . . ., 18)wvere arbitrarily increased by

25 percent. A comparison of some of the résults obtained from this

solution with corresponding results cbtained from the previous solution not
; having this arbitrary increase can be seen in Figs. 62 and 63. These

figures show lateral disvlacement +ime N atard oa Af e T4t aa o oaes
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pile grouping and lateral displaceuent time histories of the clay wmedium

a

(without interaction) which are identified by the letters P and C,

respectively. Only those di placcmeﬂu tine histories at the clay surface

and at depbhs of 4O and 80 feet are shown.

()

First comparing the displacement functions for the pile grouping

with the displacement functions for the clay med: uﬂ, ong can easily see

4.1 4

how the pile grouping moves essentially with the clay medium in the

.

earlier critical stages. During this period of tiwe the interaction dis-

O

placements, i.e., the differences in ordinates of the above functions,

4

are quite small. During the later stages the interaction displacements

are counsiderably ]amrer. This observavion holds for all cases in

4

Figs. 62 and 63, i.e. for all levels and for both the solubion using

s, —

the regular effective clay masses and the solution using a 25 percent in-

crease in effective masses.

Now comparing the results of the two solutions, one finds the increasc
O s
in effective masses had little effect on the response in the earlier
critvical stages. However significant effects ave noted in the later

he response.

ct

stages vhere higher freguency componente are observed in

These higher frequency components correspond to higher mode effects wnich

are undoubtedly more sensitive to ervors in the effecu1va mass evaluation.
Generally however the results of Figs. 62 and 63 would indicate

hat the method developed herein to evaluate effective masses is satbis-

-

of predicting maximum response.

.

factory from a standpoint

Lower Doundary Condition of Piles

A pinned boundary condition has been assumed for all piles at the
oL

base of the cley medium. This boundary condition ig in reality incorrect



as such piles must be driven sufficiently into the base medium to develop
the necessary point bearing capacityo If the base medium below the clay
layer has much higher stiffness'and,strength chéracteristics than the clay
medium and 1f the piles are driven an appreciable distance into this
medium, a rather bad situation is created at the. interface of these two
media. In other words the large discontinuity in soil shear strains

at this point would likely cause curvatures in the piles which Tar

exceed their yield values; thus, in effect plastic hinges would be
developed in the piles at this location. The designer should recognize
this situation and design the piles in this reglon so that their vertizal
load carrying capaci#ies afe not lost when such yielding occurs.

If the penetfation‘distances of the piles into the base medium are
sufficientlylsmall such pilé failures at this location would not occur
since local soil failures %ould occur instead.

It shbuld be recognized that assuming pinned lower boundary conditions
in the general analysis does nof lead to any general error in response
of the entire system. Such errors involved are only in the immediate

vicinity of the base of the piles.

Stability of Piles

The idealized structural model shown in Fig; L represents the inter-
action effects between piles and clay medium by linkages, each of which
cqnéists°of a damping daéhpot in parallel with a non-linear interaction
spring which in‘turn are placed in seriés with a creep dashpot. All creep
dashypot coefficients calculatédbby the methods previously presented were
sufficiently high for the ciay systems studied so that the creep dis-

placements developed during the short period of the prescribed earthquake
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were small compared with the total interaction displacements U, - u’.

In fact they have been found to be sufficiently small during this short

traﬁsieﬁt period so that they Qﬁuld have been neglected without any

great loss in accuracy of the genefal soluﬁion. |
Under static loads of long duration the above mentioned interaction

linkages would, of course, give no laberal support to the piles because

of the presence of the creep dashpots. Therefore while the idealized

model used is a satisfactory one in calculating the transient response
during an earthquake, it could not be used in the static case.
el

The clay medium does possess a certain permanent elasticilty even though

it may be small. This permanent elasticity could be represented in the model

by an elastic spring placed in parallel with the creep dashpot. This spring
would of course be much léss stiff than the spring placed in parallel with
the damping dashpot. Therefore, in view of the iarge creep dashpot
coefficients this additional spring would t;ansfer very little of the total
interaction load during the transient period of an earthquake but would
transfer all of the interaction load under static conditions.

Considering now the lateral stability of a single pile under static
conditions, one needs to know the elastic spring cbnstant k, i.e., the in-
teraction fétce per unit of length per unit of lateral displacenent, which
the clay medium can proVide permanentiy in giving lateral support to the

pile. MNo attempt has been made to establish this spring constant in the

general investigation reported herein. The experienced soil engineer can
howvever give the designer some basis for establishing this constant.
“Once the above spring constant has been established, the flexural

stiffness EI of the pile can be selected to be of sufficient magnitude that
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the vertical loads can be carried without lateral stability being a problem.
The designer will need to recall in this case the theory of buckling of

a uﬁiform beam on an elastic foﬁndation. If such a beam is of infinite
length, has a flexural stiffness EI, and is supported by a Winkler

type elastic foundation having a uniform spring constant k, it can be shown

that the critical axial load P is given by the expression

- f —
Ikr =27Vk EI (871)

and that the beam buckles as a sine wave having full wave lengths A as

glven by the relation

X = 2n (Ez/k)l/l*‘ - (83)

This theory shows that even a very flexible foundation, relatively
speaking, is very effective in shortening the wave length A and thus

increasing the critical load.
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CONCLUSIONS AND RECOMMENDATIONS

The basic theory presented‘in this report provides a rational approach
for invesﬁigating séismic effects on bridges which are supported on long
piles extending through deep sensitive clays. Solutions based on this theory

cen be obtained by digital computer with sufficient accufacy that the
dynamic behavior of the entire bridge structural system, including the
piles, is adequately defined for design purposes.

Before applying the above general theory to a specific structural
system, it 1s necessary that all required clay medium properties be estab-
lished. Based on the results of the soil testing program reported herein, .
it appears that the basic idealized model selected for this material can
provide an adequate representation of its stress-deformation character-
istics during the period of an earthquake. The testing procedures utilized
in the investigation appear to provide an adequate means for determining
these clay medium properties.

The application of the sbove methods in determining the dynamic
response of the proposed Elkhorn Slough bridge structural system has pro-
duced resulis on which the following specific conclusions and recommenda-

'tions are based:
(l) A deep clay layer can be expected to greatly filter the higher
frequency components of a typical earthquaké acceleration input
at its base before such accelerations reach the surface. Hov-
ever, those lower frequency components which are near the
fundamental shear mode frequency of the clay layer are- likely
to be amplified if the clay system has sufficient strength. In

such cases structures built on the surface and having fundamental



(2)

(3)

()
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freguencies which match or nearly match the fundemental frequency
of.the clay layer will experience greater peak response than if
excited directly by the earthquake acceleration. The proposed
Elkhorn Slough bridge shows a somewhat greater peak response

in this respect when the NS component of EL Centro earthquake
acceleration is the prescribed input, i.e., the peak bridge

deck acceleration is approximately'l.Qg when considering the
entire clay-plle-bridge superstructure system and is approximately
0.9 g vhen considering only the bridge superstructure system.

The bridge superstructure, including attachments to piles; should
be designed with full recognition of the importance of providing
ductility s0 that large amounts of energy can be absorbed during
the period of a very strong earthgquake.

The deformatiohsuWhichvcould be expecteéd in the clay medium at the
Elkhorn Slough site, if subjected at its base to an earthquake
similar to that recorded at EL Centro, would produce curvatures
in the piles of the same order of magnitude as their yield curva-
tures. -Such piles should therefofe be'designed so that they can
withstand a considerable amount of inelastic deformation withogt
losing their vertical load carrying capacity.

It is quite apparent that standard size piles will never "cut"

their way through a moving clay medium of the Elkhorn Slough type.

- Rather, such piles will be forced to deform essentially with the

clay medium and will be given only relatively small relief by the
interaction displacements. This type of behaviour means that
considerably more control is placed on pile curvatures than on

Pile moments; therefore, standard or possibly somewhat smaller
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than standard diameter piles would have an advantage over the larger
diameter piles as Tar as flexural stresses are concerned. OFf
course, one must use allarger number of smaller size piles than
larger size piles because of their lower vertical load carrying
capacities.

If the piles are driven to a considerable depth in the highly
compacted sand layer just below the clay medium, very large
curvatures should be expected to develop in the piles at the inter-
face of these two layers during a‘strong earthquake. In such a

case the plles shoﬁld be designed with.the necessary ductility in

this region so that their vertical load carrying capacities are

maintained.

Further investigation is recommended to establish the existing
"permanent elastic"” moduli for the Elkhorn Slough clay medium
which can be used to study the lateral stability of ﬁhe piles
under static conditions. Iateral stability of the piles is, of
course, not a problem during the short period of transient
excitation produced by an earthquake.‘

Since the phase relations of the dynamic response of the bridge
deck will differ from one section to the next, adequate separation
should be provided in the expansion Joints so that one section

of bridge deck will not "pound" against the adjacent sections

during the period of a strong earthquake.

It should be fully recognized that the specific analytical results

obtained

specific

and conclusions drawn therefrom in this study apply only to the

structural systems analyzed when subjected to an excitation

.
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corresponding with the NS component of the 1940 El Centro earthquake.
While these results and conclusions are considered extremely helpful when
deéigning similar structures fér future earthquakes, one must alvays re-
cogni;e the many parameters involved which could differ appreclably, thus

producing significant changes in the dynamic response characteristics of

such systems.



APPENDIX A

"Step by Stev" Matrix Procedures - Dynamic Response of Clay Medium

Basic Eguations
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[A] is a symmetric band matrix.

Summary Equations
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APPENDIX B

\

"Step by Step" Procedures -

Clay Medium-Bridge Structure Interaction

General.

Displacements and velocities expressed in terms of accelerabions
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Sprlng and dashpot forces are estimated by constant acceleratmoﬂ
method, thereby reducing the degrees of freedom to (aﬁ + 2+ 1),
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and ﬁ; of the previous cycle.

Reduced Equatbions
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Bridge Deck

Adding Eq. 3 for i=m for single pile grouping to Eq. 3 for i=m for
multiple pilé'row grouping, will yield the equation of motion for”bridge
deck. Egs. 1, 2, and 3 have constant elements on fﬁeir left hand side.»
Hence, a matrix may be formed, inverted, and multiplied by a force vector

to yield the accelerations given by Eg. 4.

f-{e)




Having found accelerations, velocities and displacements may bebfound by

substituting value of acceleration into "Step by Step" equations for velo-

city and displacement.

T7° anda T° may be found by substitubing U° into the

interaction eqguations.

Interaction Equations

Iet 'é“é"im(ﬁr) + (US)

e e LT Aj',
G3; = (U)) + &% (Ui)o+ (Uf)
E2, = (Ui)o + 8 -~—~ (U )
: C =c ALT i
E3, = (U7) + At (Ui) 5 (Ui)o
=g  =C r
U; + Ul - U? ( i)clay
KT - F, + 800 =T
» i1 i 174 "id
Substituting for.ﬁs in terms of ﬁi gives
Ell T =C v =d =C e
ky [Ui - (ui>clay - Ui] - COF; + Gy [Ur (u )c.'lay i] = C; Uy
=¢ , =dy %Cc | = = = r =d | = o1
(Ci * Cl) Ul * ki Ul = -COF, + kl [ﬁi - (ul clay} * Ci [Ui (ul clay]
2 o
= AtT =c
1776 U + B3 }
e O e | ==
Ui = =3 Ui + EQi
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APPENDIX C

Description and Notation of Interaction Program

Chain Link 1 has the following programs:

INTACL .
PSTFNS
STIFIM
INDCOL".
JNDCO3.
TNDCOL. .
SUBMAT
BIGINV
SIMINV
PRNTIM

e e s @

o

.

O\ O3 O\ o

=

»

Chain ILdnk 2 has the following programs:

1. INTACS
2. STIFCO -
3.  VARCOL
., VARCO2
5. VARCO3
6. VARCOU
T. RESPON
8. WRITAP
9. REDTAP
10. SOLEQU
Chain Link 1

In the first chain link most of the data are read in, stiffnesé
matrices Ea, i?, E%, and. iﬁ are generated, and finally the structural
stiffness matrix AC is generated.

1. INTACL: This is the main program in which data are read in, printed,
values initialized, and matrices are printéd.

2. PSTFNS: This is a program vwhich puts stiffness matrices for plles and
piers calcﬁlated by STIFEM program into their proper locations. Esti-

mation of rows and columns corresponding to reaction or known displace-

ment is done here.



Ca

STIFEM: This is a general program tp develop stiffness matrix for
all trénslational degrees of freedom and rotationzal degrees of free-
dom 8t one or both ends. Aﬂ elastic moment spring of stiffness "gp"
at the bottom end of the member is also incorporated and stiffness
matrix developed accordingly. ‘

INDCOL: . This program develops structural stiffness matrix [AC] for
Method 1. As there are no variable elements to be added later this
matrix is inverﬁed in INTACLj.

INDCO3: This program develops structural stiffness matrix [AC] for
Method 3. This matrix is for points which have masses, i.é. of size

[2 (I - JM) + 2M + :LJ. [AC’J is inverted in JINTACL)

iNDCOM: This program developé structural stiffness matrix [AC] for
Methods 2 and 4. Methods 2 and k& have the same approach except for
the treatment of variable elements due to interaction springs and
dashpots. In Method 2,.interaction force is estimated by eliminating
variable elements. [ACJ is inverted in INTACL. . In Method 4, vari
able elements are calculated in VARCOL of'Chain Link 2, and equations

are solved for each cycle and hence no inversion of matrix {ACJ.

SUBMAT: This program is used only in the case of Method 3. ‘It moedi-
fies [SA] matrix for points with and without nasses as explaihed in
writeup for Method 3.

BIGINV: This is SYMINV with dimension 53 x 53.

SYMINV: This is an inversion routine with dimension 21 x 21
PRINTTM: This is a program to print three dimensional array.

Chain Link 2

In this link integration is carried out, response calculated, clay

-

system response is accepted for input and output tape is generated. Most

of the program is executed every cycle.



INTAC2:: This is the main program in which subroutines are called

and at the end of each cycle it is checked for overflow and SAVE

exits.

REDTAP: This is a program in which clay system response is read from
TAPE 5 at the end of a prescribed number of cycles and values are

assigned to u,, Uy, U, uy, Uy, Uy &b every cyele.  There are two dif-

g

ferent programs.

(a) N = KN, DI' = DI'l: equal number of masses in both the systems
and same time interval.

(b) N = KN, DT < DI1 and DP1/DT = INTEGER: Tape is read in as in
Program & but values for intérmediate cycles are interpolated
and then assigned.

STIFCO: Cc, Cd, k, COF are calculated. Interaction force

[ki Ui - COFi + C? ﬁi} is estimated and used later in the case of

Methods 1, 2 and 3 and ingored in the case of Method 4. Other values
F2, F3, G2, G3, etc. as defined earlier are calculated. There are
two channels. One channel is for Methods 2, 3, and I where F2, F3,
etc. have the same meaning and the other channel is for Method 1
where F2, F3 have different formula.

VARCCL: | This program develops force vector {éL}'for Method 1 and
multiplies [AC}_l by {AL}-to éive displacements which are again
mﬁltiplied by "SCALE”f '

VARCO2: This program develops force vector {AL}—for Method 2 and
multiplies [AC]’I by-{AL}-ﬁo obtain accelerations which are agein

multiplied Dby "SCALE" .
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VARCO3:: This program calculates force vector for every polnt, then
modifies it to get force vector for points with masses as shown in
tﬁe writeup for Method 3. [Aé]ul is multipli;&‘by“{kl}'to get‘accelf
erations of points With masses. Note that at this stage acceleration
of points with zero numbers are not known. o
VARCO% It calculates force vector {AL}-for every point. Variable
elements are generated to which constant elements are added. SOLEQU
is called in the main program to solve the equations.

RESPON: It calculates remaining values, i.e., velocities and accel-
erations in the case of Metﬁod 1 and velocities and displacements in
the case‘of Methods 2, 3, and h.v For Method 3 displacements are
calculated for no mass points from the dispiacement of points with

mass as shown in writeup for Method 3. Having determined U?, ﬁr, u*

for all points, spring values US, ﬁs, U° and creep dashpot values

U%, U°, U° are calculated at the discrete points in the pile.

WRITAP: Puts 2N + 3 (4N + 2M + 1) values for every cycle into a
location called URS which is dimensioned for 40O00. At the énd of
4000/ (2 + 3 (4N + 2M + 1))cycles, Tape 6 is written in binary form.
Response 1s printed according to KL(L) velues, i.e., every-Kl(l)th
cycele is printed up to KL (E)th cycle, then every KL (B)th cyéié is
printed up to KL (M)th cycle; etc. -

SOLEQU: This program solves symmetrical simultaneous linear equations

with dimension statement [53 X 53]. This program is used in the case

of Method 4 only.

Interaction Program

Notations: J

i

1 for multiple row grouping

L

J

-

2 for single row grouping



JOB NO.: Any number less than 5 digits.

METHOD 1 Backward difference procedure

METHOD 2: Step by step procédure with estimation of interaction forces
METHOD 3: Step by step procedure with estimation and modification

for zero mass points

METHOD 4 Step by step procedure without estimation and modification
N = number of masses in pile (including cap)

M = number of masses in pier (including deck) |

xi (1,3,5,7,9,11) every KL (J)th cycle is printed up to K1 (J+l)th

KL (2,1,6,8,10,12) cycle ('J-f 1,3,5,7,9, and 11)

T

i

time interval of integration

TC = duration of earthquake

U2DG = ground acceleration at t=0 in ineh/secg for initialization
SCALE = to scale down the structural stiffness matrix [A] to obtain
accurate inversion.Force matrix is multiplied by the same scale.

Equal to 1 if no scaling is required (SHOULD NOT BE ZERO).

< .

usM (J,1) = (Uﬁ)i .
e

UcM (J,I) = (Um)iu

v (J,I) = (Ud)

A /i
USF {J,I) = Maximum spring force -
UCF (J,I) = Maximum creep dashpot force

UDF (J,I) = Maximum damping dashpot force
EIS = E times moment of inertia of piers
E (I) = height of mass i in pier above pile cap

ws (J,I) = ﬁ? = pier mass i



CB (J,I) = E? = damping in pier

S(J,1) = axisl force in the segment between i and i-1 divided by the

length of the segment between i and i-1.

i

RM (J)

o

SKO = k9==rotational spring constant of the pile cap.

CBO (J) = Cg = damping coefficient of pile cap (rotational)

In = rotational moment of ‘inertid of’ the pile cap.

3

EI (J) = E times the moment of inertia of piles (for whole group and not

" for one pile)

ST = stiffness of moment spring at bobttom of pile which equals zero if

hinged.

]

D (J,i)

length of segment between i and i-1)

i

W (J,1) M? = pile mass i
WE (J,I) = Mi = clay mass i

70 (J,1) =K, = Tirst slope of bilinear interaction spring

71 (J,1) ==K£é=:second slope of bilinear interaction spring

: \ : , RT1
RIL(5D) | 2oy h(F) = B2 + (1 - RI2) (1 - )
RT2 (J,I) o ' o '
co (3,1) = c© .
L
for :
€L (3,0 = 67 | e Lo h o pie) 02 (6992] £ (e/m)
- B R T T R R e i
c2 (3,1) = ¢ (
‘ where
RC1 (J,I) = RC1 £, (£/T) = RC2 + (1 - RC2) (1 - t/m) R

RC2 (J,I) = RC2

height of ith mass in pile from the bottom (later changed to



DO (J,I) = cic for
a do 1. hos )
D (3,1) = T P ¢ = [Ci * *JUiIJ g (t/)
RD1 (J,I) = RDL where
RD1
RD2 (J,I) = RD2 | ; (8/7) = RD2 + (1 - RDR) (L - &/7)

Ly (J,I) = axial force between segments i and i-l divided by the length

of the segment between i and i-1

!

U (J,I) k‘Ui , i.e., ﬁi and ﬁ§
up (J,1) =

U2D (J,I) = UI

UR (I) ( 1)clay
UDR (1) = (uF i)clay
UZDR (I) = (ﬁz)clay "

H]

US (J;I) Uf
uDs (J,I) = Ui

vens (J,1) = ﬁi

UDB (J,I) = ﬁ?

U2DB (J I)

e

cr



c8

0(J) =08
oD (J) = 6
02D (J) =
OML (T) = 0y oy W
M2 (J) = O 3
wL (5,1) = (Uy_ppy)s | |
- USED IN BACKWARD DIFFERENCE METHOD
w2 (3,1) = (Ur sae)s
vR (J, I) ( : ont )y
UR2 (J L) = (UJC 3&}:L |

VT = 2N + 2M + 1

AC (I,J) = structural stiffness matrix

it

SA (J,I,K) = Pile stiffness matrix k?d
SB (J,I,K) = Pier stiffness matrix k?j

NOMASS (K)

= number of points in the pile which has zero mass, i.e.
NQMASS (X) = 6 implies 6 point has zero mass.
JM = Total number of.pdints with no mass
NN =2 (N - JM) + oM + 1 ' ,
. N oar ‘
F2 (J,I) = (GF )t o (At/E) U ),G g 7T (Step by Step)
r ;
= u 0 (U ) e (U.i) bopp " (Backward Difference)
F3 (3,1) = (U1), _u + &6 (07) A’“ (I F— (Step by Step)
A 1t-40 t Am teOt )
. - )
= 5.0 (Ui)t—ém b.0 (Ul )t oA + (U )t g T (Backward

Difference



0

; . VAT R
02 (J) = Oront T 5 Oppg om0 (Step by Step) - .
= h.0 et;AE’" Qﬁnéﬁw;va~é%:(Backward Difference)
° A'tg TS
03 (J) = Oport * Ag Ot * 5 Oy pp T (Step by Step)
= 5, S T o N D V- B . i
5000, ap = W00, opp + Gt"3ﬁm (Backward Difference)

COF (J,I) = COF,

§ s
USPU (J,I) = Ubu

Ty . - S
USPB (J,T) = Ubb

. oS
USPC (J,1) = ch

TL

i

time value in seconds for curfent cycle of integration
Ml % number of the current cycle

M2 % mumber of cycles before which tape was last read

M3 % number cof cycles before which tape was last written

K6 = mumber of cycles before which response was printed

U2DG = ﬁg = ground acceleration at time TI

UDG = ﬁg = ground velocity at time TI
UG = ug = ground displacement at time TI

N+ 1

=
=
il

2N + 3 (4 + 2 + 2) = Total number of values to be put on the tape

=
=~
4

URS (L) = location at which values are stored before the tape is written

UCHKS = last value on tape read so far (Tape 5)

i

I

UCHKS = lagt value on tape written so far (Tape 6)
" BM (J,I) = Total interaction force 7
TSTOP = time in seconds after which it is desired to stop execution

& o e Ty



CL0

ISTOP = TSTOR/DT

FORCE .(J,I) = first used to calculate estimated force (Ki Ui - COF, + ¢4 %)
: ks kS

in Methods 1,2 and 3. Laker thisvnotation designates the spring

s
i

X (J,I) = used as temporary location in VARCO3 and RESPON for Method 3 and

force, i.e. (K& Ul - COFi)ﬁ for the print out.
used as temporary location in VARCOLY for Method L.
KN = number of masses in clay system
MM (K) = mmber of masses common to clay and interaction systemsv
DI = time interval used in clay system DT and (DT1/DT); must be an integer
12 m‘lOOOO/S(N+l} = mumber of cycles stored in location URR({10000) REDTAP

= 4000/3(I+1) = mmber of cycles stored in URS (LOOO) WRITAP
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DYNAMIC RESPONSE OF CLAY MEDIUM "

B L L Lt e T T

4+ ER2E)
+ DYNAMIC RESPONSE OF CLAY MEDIUM .
-+ +
. LABEL
# _ FORTRAN -
CCLYSYS
< DYNAMIC RESPONSE OF CLAY MEDIUM
DIMENSIONW(221950¢22)9510221»52822)4RS1{221,RS2(2214€C0122)1CC1(22
113RC1122)9RT2(22)5C00E22) »CD1E22)1RDL11221,RD2(22),USI221,U0S(22) U
22050221 yUR(22) 4UDR(22) +UZDRI22) »CCI22)5CDI22)15(2214U20RT(2214ALL2
L32)9A022222) 400221 9E122) yPL22)9K122),U11000014B122},CC2(22)
DIMENSION USZ{22)sUDCI221,UCCI22}1 3UCF(22),UDF(221,USF122)
DIMENSION COF(22}sUSPUIR2)sUSPBI22) sFORCE(22)1FUI6400)
DIMENSTON UDGC(22)sU20C(22)
OIMENSION FMAXL22)
COMMON JO3NO»NsDT 3T 5K sNLsN2 o183 125132%,501514523R511RS2,CCOCCL
1€C2RC1HRC25CD01COLSRDL sRD21USC1UDCHUCC 1UCF sUDF sUSF yUSPUSUSPBUS,
2005 ,U2D5 1 COF +UR yUDR +U2DR sU20RT sUG»UDGT sU2DGH T1aM1 M2 3M3 N3 N4 CCh
3C0+5,TOT »39UsFORCESFUS T4
1 FORMAT(15913sF7a4,F7,2,1015)
2 FORMAT(E74333F13.33F7449F7,2)
3 FORMAT{5F13.3)
7 FORMAT(2BHINCORRECT DIAGONAL ELEMENT)
REWIND 5
REWIND 6
c READ DATA
11 READL,JOBNOWN,DT»TsiK(J19J=21510)
Nisn 1
N2=N 2
KKC=(T+,000001) /DT
< CALCULATE NUMBER OF CYCLES THAT CAN BE STORED IN LOCATION UL ¥
[ THERE ARE 3*(N+1) OUTPUT VALUES FOR EACH CYCLE
. AN=NZ+2#N+1
Na=AN -
12=1 «O/AN
IF(KKC=T2) 300,300+301
300 12sKKC
301 PRINTYSJOBNOWNIOT T (K{J}»J=1512)
13512#N8
T4=2w12%N

an

a

READ 250, (FMAX(I1sl=14N1)
25Q FORMAT(9F842)
PRINT 265 LFMAX(1),
265 FORMAT{9F12.4)
12 DOl&T=2,N1
READ2sWII)»SOT11#S1IT)sS2ITIHRE1ITIWRS2MTY
13 READ 3,CCO(I)»CCL(1)CC2UITIRCLITISRCRLTD
READ 3+CDOL{)sCOL(1),RDLII)IRO2(T)
READ CRITICAL VALUES OF VELDCITY ANU uiSPLaueMeNT peYunu
WHICH COMSTANT VALUE OF RESPECTIVE FORCE WILL BE USED
READ 3,USCII1,00CHL)
USPULT=UsSCtIy
USPB(TI=~USCiTY

=1sN1}

2411 sRS111)4RS2UTY
11sRCLCI)HRC210T)
11eRO201Y

PRINT3,CCO(EI,CCLITI,CC2
PRINT3,CDCI11+COLLT),ROL
14 PRINT 3,USCUI)sUDCHTY
DO 3 1=2sN1
UDF{11=UDCIT)*(CDOLI)+COILI*UDCLIN}

PRINT2,WIlI1s50(1)sS1LI)S,
¢
t

30 USFU1)=USCEII#(S0(T1+S10TI*USCHTI+S2(T)%USCII)#USCIT))
INITIALISE
0015
us(l
COF(11=040
UDS(1120.0
U205¢112040
UOR(1120,0

0.0

15 U20R(1)=0.0
T170.0
M1=0
M2x0 R
H320
N3<l
Na=1

[T 15 CONVINIENT TO WORK WITH INDEX 2 TO N1 INSTEAD OF 1 TO N

CDI1)=0.0

USPUIL) =040

USPU{N2)=040 :
USPBI11=040

USPBIN2)
CDINZ2)=0.0
CALCULATION OF CONSTANTS THROUGH TIME INT. OT
TQT=T1/7
CALL CONCOE
Ti=TLi+0T
M1=M1+]
M23M2+]
MIxMI+]
CALL GRNDAC
FORMATION OF MATRICES
00 173 [=2,N1
171 DEI1=2a/7{CCOI+COUTI+S(1I%DT/3,4)
PI3=.5%0T*(COLI+S(1I1#0T/30%00 1)
173 E(1)=UDR(L}+a5*DT*U0RILE
174 00 177 [=2sN1
175 AL{I1=-WIL13#U2DG-CCEII*DEII#(BLI)=COF (1)) +CCHL+LI™D(I+1 ¥ B l1+1}=C
10F(T 11)
2424 /DTHICCUIIPIII* (R EI+Et =1 )=l ivl ¥ (~ctisyre{l) PP {Ls1D)
176 Atl,1-1)=-CCUII*PIT)
AlL2741)3=CCUI+TI*P(T+1}
177 ALLo11=WlD)=AlT,I-11=AFL. 141
TRANSFER 2 TO Nl EQUATIONS TO 1 TO N a$ RcGUiRcu oY SOL:QU RUUTINE
178 DO1791=1sN
ALCII=ALUT+1)

$0

I~
®

179
212
180

182

149

201
91

DOL79J21,N
ArTedizA(T+1aJ4+])
IF DIVIDE CHECK 1804180
CALL SOLSYS(AsN,ALY
TFLACL91)1182+14C,182
PRINTT
CALL EXIT
REISPONSE OF THE SYSTEM AT T1
DOL61A=2sN1
UIORTHII=ALLI=1)
DOLLAT=24N1
UDST=DU11*(CCUTI#(0,5%0T#{U2DRT(1)=U20RTLE-1))+ECTI=EL1=111
3(114COF(1T)
ST=2., 0% (UDST-UDSITI=0.5*%0T Y2050 11 /0T
UORT=E([1+045%DT+U20RT (1)
URT=URIT1+0T*( UDR(TI+DT¥(UZOR{ I I +ULORTII N/ £e01/340)
UST=USIT)SDT#( UDSUI)+DT#{U2DS(1)+U205T/2401/340
U205(11=U20ST
UnSELy=URST
Ustl)=UsT
UDRT)=UORT
URCT) =URT - .
CALL WRITAP(XKC)
IF(M2-KKC) 181911091
cALL EXIT

BLANK R AR L LR R R RS R L e iy

+

SUBROUTINS CONCOZ +

TIPS RIS R S

BLANK *

A e

1
2

3

21

2z

214
202
303
215

23
304

307
208

305

401

309

403

306
402

LIsST
LABEL
FORTRAN

SUBROUTINE £ONCOE

SUBROUT INE COEFFICIENTS THROUGR TIME INTERVAL DT
OIMENSTONWI22)Y950122)251122)952022,¢R51(2215RS2122)+CC0OL22)4CC1022

L1 sREII22)RE2122)5C00022)9C01E2215RT112219RD212219USL2211U0S(221 0y

22050223 +URI22) sUDR{22)5CCI22)1 001221 95(2215U2DKT (22

3XL22),Ut100201,8122),CC20221,U20R122)

DIMENSION COF(221»USPUL221+USP3122)3FURCETZ2)1FULB400},51R122)
DIMENSTON USCL2219UNCI22) sUCCH22)UCF(22)5UDF (2211 USF(22),USRCI22)
COMMON JDBNDsNUT» TaK oMLt sNo1T12#T39wWe504519529RS1 k529 CCOCCTLy

L1CC2sRCLIRC25CDO1CDT4RDLYRO25USCHUDLSULC s ULE sUUF »USH yUSPU1USPBUS

2UDSHU2DSHCOF sURIUDR 1UZDR»UZDAT yUGIUDGT sU20Gr T1eM1ai2 238NI+ M6 CCy

3C045,TOTH8,U,FORCEFUL L4

FORMATI6F1244)

IFIM21242+3

READ 15(SIPLI),1=2,N1)

PRINTLV(S5IP{I) s 122N11

00 14 I=1.N2 °

USPCi(1=20.0

0O 4 2 [=2,N1

EF=RC2(I)+(140~RC2(111*1140-TOT) *#*RCI(1)
G=RD2CII+11,0=RO2LI1I¥(1,0-TOT) *#RDLL 1)
EH=RS2(1)+{1a0-RS2011)*({1.C-TOTI **R51 ([}

F1=ARSF(UDR{I1=UDR(1-13=-UDStI))

G1sABSFIUDS(I))

CCLLP=EF*ICCOITI+CCIITI*F 1)

(61~
(1) =EGRUDF(T)
10 302
CD{1)2EGHICDA(1)+COLITI*GL)

1F(S111)1303,3065303

H1=ABSFIUSII)

COFL1120.0

TF(HL-USCLI1123,23,215

501 1=EneUSFLT) /HL

GOTO 308

SET)=EH*(SOLTI+S1{ 1) #HI+SZITI#H1¢H1)

G0TO 306

(FUSTI1-USPULT)1307,305,305

TFIUST1)=USP3 (1113093094308

SUI)=SC{1)1*FH

COFL1}5S(1IMUSPCIT)

G070 306

USPU(TY=USLTY

USPB1)=US(11-20%USCLIY
USPCITI=USPUITI-(USF (1) +{USPULEI-USCII1I*S1PTT1}/S0C1)
TF{UDS(111308+308,401

5(1)=51P(1)*EH

COF(11=$(11%USCET1~USF {11 %EH

4070 396

USPB{IY=USITY

USPUL T =USIT)+240%USCL T}
USPCIT)=USPULTI=(USF (1) +{USPULLI=USCIT1I*SIPLI1I/S0LT)
TF(UDS(111403,308,308

S11=81P (1) *EH

COF(T1s=SUI1#USCIII+USF(T1#EH
BU1)=(USTTI+2.#DTUDS(11/3o+DT*DT*U2DS (11 /64}1#501)
CONTINUE

RETURN

ZND

UDCI131)21492145213
/51

’
5

T R L A LS e D PR

* SUBROUTINE GRNDAC »
O e L LA R e
* LisT
E LABEL
® FORTRAN

- CGRNDAC

s
150
151

SUBROUTINE GRNDAC

DIMENSIONWI22) #5002213551122)552122)+RS1(22)9RS2(22),CLO12210C1 022
11 4RCL122)9RC2022)»CDOL221+CDIL22)H>ROIL22) 4RD2I2211USI22)5U0SL22),U
2205(221+URI22)»UDRE2214U2DR1221»CCL227+CD(22) 151221 ,U20KT122)4AL12
32)0A122,2205D02210E02211P1223 911221 2U11000018(2279CC2122)
DIMINSION UDOCE223,020C122)

DIMENSION USCI22)yUDCI22)UCCI22) UCF{22)UDFIL22),USF122)
DIMENSION COF(22)sUSPUL24)USPBI22)FURCE(22)yFULe400}

DIMENSION TM(8031,UMIB00)

COMMON JOBNO S NDT»ToKsNLsN2Z N8 121135We509519529RSLIR522CCONCCL
1CC24RC1IRC24CD0ICO T yRD19RD2+USCUDCHUCC o UCF yUOF »USF yUSPUHUSPSUS,
2UDS sU205 yCOF sURIUDRVU2ORUZDRT UG UDGT »U20G s T1 M1 M2 yM3 4N 3 1 He 4 CCh
3OS+ TOT+3 s UIFORCEWFUS 14

FORMATII334(FB.6sF9.611

[FIM2-11151 91514158

uBGO=040

D1

wn



Us0= .0 T4=28M3N

152 0D90155J=14200 WRITE YAPE 5,(U(J)sJrxls13}

153 READS IMy THIG#I=3] ,UMI4%J=3) s THI4RJ-2) sUHT6%J~2) s TML4%J=1) sUM 4% )~ PRINT 130+434124134NsM2
L1 TMIG* I} UM 4% 130 FORMAT(5110)

154 I[FLTMUA®JI=T)155+1564156 PRINT 1405 1U{J)3J=1,100}

155 CONTINUE 140 FORMATISBELQ.3}

156 11=1 B WRITE TAPE 6+(FULJ) =10 14)
TF(M2-111625162+157 CALL EQF(5)

162 U20G=386.0%UM(1) CALL REWUNLIS}
Y205 =U206 v CALL EQFL&)

- U2DS L2y =~CCI2)HMI206/1CCI2I+CDI2)) CALL UNL (&)

DG 163 I=2,N1 - 18 RETURN
163 UZDR(T)=-U20G
157 UiDG2=38644%UM(IL)
T22TMLIY)
; 158 0T2=T2-T1
1F10T21159+160+160
159 [1=11+1
T3=T2
U20G1=u2062
v 1F(11-80011574157,152
160 U2DGaY20G2={U2DGZ~U20GL}1¥DT2/(T2-T3}
UDGT=U0GO+«5#DT* (U2DGO+U2DG)
UG=UGO+DT*{UDGO+DT#U2DGO/340+DT*U20G/ 6,00
UGO=UG "
161 U2DG =U20G
uDGO=UdGT
RETURN 5
END

@

)

¢o¢*++;+~¢¢¢4++»+»»‘¢¢.’¢+»¢+o+¢++¢¢+

SUBROUTINE SOLSYB(AN»AL) +
S
* FORTRAN
* LABEL
< SOLUTION OF SYMMETRICAL LINEAR BAND (THREE ELEMENTS) EQUATIONS

SUBROUTINE SOLSYBLANJALY
DIMENSION A{22,22),ALL22}

1 FORMAT{41M1 BAD INVERSE ZERO ON DIAGONAL ROW = 13}
M=0
< REDUCTION OF M TH EQUATION
50 MsM+1
MM=M

ALIM) =ALIM)JA(My M)
IFIM N170+130,7C
70 ALMIMMIZATMOMM] ZA (MM
IF DIVIDE CHECK 200471
< SUBSTITUTION INTO REMAINING EQUATIONS
TL A MM MM) A LM MM) A MM M) RA MMM )
AL(MMV—AL(W)—MMM’M)'AL(M)
GQT0 50
< BACK SUBSTITUTION
130 M=M-1
MMEM
ALIMY AL (M) —A (MMM} AL IMM)
IF(M 1113041504130
150 A=0,
GOTO 131
200 PRINT 1M

Az2a
131 RETURN
END

+++;+++¢7~e441+e+++»**¢‘++¢+~+¢++*

SUBROUTINE WRITAPIKKC) +
e
* LABEL
» FORTRAN
4
SUBROQUTINE WRITAP(KKC)
DIMENSTONW(22) 4501221 951122)»52122) sRS1122)+RS2(22),CC0O(22)+CCII22
11sRC1{2214RC2{22)9CDOL22)+CO1(221>RDLI221,RD2(22),U5122)»UDS122) U
22051221 ,UR{221 4UDRE22),CCI22),CD(22) 450221 4U20RTL22) s
» 3K(22)5U119000)581221+CC2(22)sU20R{22)
OIMENSION USCI22)sUDCI22) sUCLI22) 9 UCF{22))UDFI22)sUSFL 22}
OIMENSION COF{221,USPU(Z22) 4USPB{22)srURCEZZ2) 11 UL0400) *
COMMON JOBNO +N»DT»TaK N1/ NZaNB 41251 31Wa505 51152 4KSLaK529(L0sCCLy
1€C25RCT4RE25C0CICOLIROL1RDZ1USCHUDCHUCCsUCF yUDF s USF 5USPUSUSPB,US,
2UD31U2DS»COF sUR sUDR»U2DR Y U2DRT sUGUDGT »U2DG s T1sM1aM29M3 N3 )NG4 CCH
3CD152T0T 3B 4UsFORCESFUs 4
4 FORMAT(1HD10Xs6H MASS +F20.8,2F19,8,F11.3)
5 FORMAT(LHO 10X »6HSPRING1F2048,2F19.85F1143)
6 FORMAT(1SHITIME INTERVAL=,FBs3,3F15.81}
9 FORMAT(THOCOEFFT,1443F20.8)
< PUT CALCULATED VALUES INTO UC ) LOCATION, PRINT ETC,
JA(MI~1) NS +1
urJysue .

U{J+113UDGT
UtJ+2130206

81 D0B37=2s

82 U2DR{1}¥=U2DRT(I)
JR(M3~1)*N8+3*]1-2
FORCE{I)a5{1*US(1)=COF LI
LJ=2#(M3-11#N+2R]=3
FULLJYsFORCELT)
FUtLJ+1)sUS0 1)
Utdy=urel)
YtJ+1)=UDRIT)

83 U(J+2)sUZ0R( 1}

84 IF(M3-12186+85,85

T

85 WRIT APE 54 {UtlJ)sJd=1,13)
WRITE TAPE B+{FULJ)sJ=1y18)
M3=0

86 TFIMI-K{N6))904+87487
BT PRINTE,T1rUGUDGTUDG

PRINT,IMLaSUI)5CC(11,4CDIT)
PRUNT 5,US{1).UDSI1),U205(11,FORCELT)
92 PRINT4URLI}ISUDR(T)UZORLT)
M1=0
88 [F{M2-K{N6+11)90487+89
89 N3I=N3+1
No=2»N3-1
9G CONT{NUE
IF{M2-XKC) 18,9191
91 I23=M3*NB




J e T T e L L L b

* INTERACTION COEFFICIENTS MAIN PROGRAM *
AR RERRAAAR RN AN EARRACE NG RRARARIRC BRI R E

B S oS aas Lan L e s naaaRhadd
+

INTERACTION COEFFICIENTS MAlN PROGRAM +
SR EE +
CRCCMCD
[4 INTERACTION COEFFICIENTS MAIN PROGRAM

DIMENSTON X{16)sY¢161sNS{16] ¢XN{16),KCCCOMI3420)
COMMON X373 XNyNSsKCCCOMSNT yNsDNIRAD s ANK 1RaRAD2yNZ1Q1AN, AL 1C1C0 4 TOC
COMMON J1sALFA»3ETA AKSCCLCC21C11C129C25C229ALFAZBETAZ)CO214C022y
1-Cﬂhl»CQ‘)Z-(Q‘HSCZ&»CCN)-Ch»CBI-CAI:C&B-C“A;CUZ;UMAX
1 FORMAT(21433F1243)
101 FORMAT(26N1 INTERACTION COEFFICIENTS)
102 FORMAT(18HO PILE LAYOUT DATA}
2 FORMAT(1432F1243)
104 FORMAT(21HO SINGLE ROW GROUPING)
105 FORMAT(23HO MULTIPLE ROW GROUPING)
103 FORMATILOHO PILE NO.9+12X1HX312X1HY}
107 FORMATIITIF20.44F1344)
108 FORMAT(Z5HO MEIGHT OF CLAY MEOIUM 2,F20e4)
109 FORMAT{23HO NUMSER OF POINTS £4F L0}
110 FORMAT(25HO RADIUS OF PiLeS =irz0e4)
& FORMATI72I1)
READ 1sN1sNsDNiRADSANK
SRINT 13N1sNsDNaRADHANK
ANEN
PRINT 101
PRINT 102
READZy (NS(IDaX(I1}yYll)siadsNi)
PRINT 29 {NS{IIsX(I1sY{T)aI=10N1)
N2=N1
J1%040
DO 11 J=1,N1
TFINSTJI=1) 13,13,12
12 H2=NZ+1

13 IFEYIJI) 1le14,10
16 [F{X{J}} 11511415
18 XN(J11=X{J)~RAD
Ji=y 1
11 CORTINUE
TF{ANK-241) 16516017
16 PRINT 105
50 TO 18
17 PRINT 104
18 PRINT 103
00 19 I=214N2
19 PRINT 107+1sXtI1eY(D)
PRINT 108+0N
PRINT 1090AN
PRINT 110sRAD
RAD2=RAD*RAD
Q=N2
H=DN/AN%S5
READ &3 [{KCCCOMIJaE)pd=la3 eIl N}
PRINT 4, {{KCCCOMIJoltad=1a31sl=1sn)

0o 2
Al=1
Ca2 mH*{AN-ALY
TOC=240%C
CQaCeC
DO 21 J=1s3
IF(KCCCOMIJe T} 21521422
22 GO TO (235264251 d
23 CALL KINTACLD)
G0 10 21
24 CALL CCINTALD)
GO0 TO 21
25 CALL CDINTALI)
T21 CONTINUE
20 CONTINUE
CALL EXIT

I=1sN

rritat

+ SUBROUTINE CCINTA(I) +
Sabbbat T

LIsT

LABEL

FORTRAN

LEEE]

SUBROUTINE CCINTALIDY
CALCULATION OF CC VALUES
DIMENSION X{161+Y(161sNS(16) 9 XN116) yKCCCOME3520)
DIMENSION CCU100 sVB(10155LE10Y DX (1072 DELLLIOY
COMMON X 1Y s XNoNS sKCCCOMINL o N1ONSRAU S ANK 4r1sRADZ 1N2 Qs ANPAL1C»C0 L TOC
COMMON J1rALFASBETASAKCLLICLLILLICLErCEICLEIALFALIBETALILGLLCO22s
1.CQA1.cmz»couﬂ.ub,gué-u‘,uul-wuwu.«,hmw(.Unnx
FORMAT (1455F1345)
101 FORMAT(19HO DATA FOR CC VALUE)
102 FORMAT(8HO OUTPUT}
34 FORMATI3E16.7)
103 FORMAT{3H S=4E154744X9HS SOUARE=1E18.T+4XTHS CUBE21E15e7)
104 FORMATU11MO CC AND VB)
PRINT 101
106 FORMAT(4H DX=3F12.3,8H UPTO X
READ 2sN31ALFA,BETA,D14D2,03
PRINT 991N3,ALFAIBETAD1,D2403
FORMAT I [445E15.4)
READ 3sNETH{DELLJIsJ=]1,NETY
BRINTS,NET 4 (DEL{J) ¢ J=1,NETY
READ 23,(0X{J)s WNET)
PRINT23,{0X1J1» MET)
IF(KCCCOMI1 11350550451
50 PRINT 52
52 FORMAT (49HOX NOT CALCULATED FOR THIS LEVEL $0 CC 1S SKIPPED)

n

~

F12.3?

9

o

51 €0222,0%CQ

CuB=u,O*C+BETA
CA[sC~ALFA
CBI=C+BITA
ClaTOC-ALFA
C22TOC+BETA
C12=C1el
£22=C2#C2

CClxCHcl
€C2sCnC2
ALFA2=ALFARALFA
BETA2=BETASBETA
€Q21x2,0%00%C1
€Q2222,0%00%C2
€Q6174,0%C0*CL
CO4226.,0%:Q8C2
CQ4=4.0%C2
CC2616,0%CC2
CClEv6.0%CCL
Chms, 0¥
FORMAT{14111F643}
FORMAT(6F12.3)
572040

5722740

=

T3u +0
X]*RAD+04001
Miml
KlLel
DX1=DX(1)
CALL SSTAR{DXLsMLiXT»ST2S8T2)5T73,51
PRINT 105+X145
105 FORMAT(17H VALUE OF S{AT X=1F843+2H)13EL1547}
D0 17 J=lyNET
17 SLUJ)I=ABSFIS*DELIIIY
16 DX1aDX (KL}

X=X T+DX1
CALL SSTAR(DX1sM1eXI3ST3ST225T345)
$=ABSF {3}
TF{S SLIXL))18518416
18 KL=KL+1

PRINT 1064+DX1»XI
IF{KL-NET)16516,30
H2Q224,0#%H*0
HO=D1#ST/12.56637
SK1SAK*1415%UMAX/ (H2Q¥54}
#H1Q=02%5T2/157.%91365
H30:=D3%ST3/15984.6014
DO 22 J=1s5
AJ=J N
PJ=SKI*AJ
VBILJ)={HQ+H1Q*PJ+HIO#PJRP I} *P S
22 CCUJ)=LALFA + BETAY®ANK¥Q#PJ/VEI(J)
PRINT 102
PRINT 10395T15T24573
PRINT 104
PRINT 35,(CCIJYVBIJ)sd=2s5])
35 FORMAT(2E16.7)
54 RETURN
END

w
=3

O SR R i S P S

+ SUBROUT [NE AXC +
S L LR S TR
» LASEL

» FORTRAN

SUBROUTINE AKC

DIMENSTION XU161sY (163 sNST163+XNI16)4KCCCOMIB,20)

COMMON XY »XNoNS»sKCCCDMy N1 s N1DN sRAD s ANK tHIRADZ 9N2 021 ANS AT 5 2C04 TOC
COMMON J1»ALFA+3STASAK,CCLCC2 VC1sC120C25C229ALFARBETA2,C0219C022
140341 5C0424CA6,CC264CC169CH1CBTPCATICHBCHAICT2 sUMAX

*C~ALFA

ALFA2=ALFA¥ALFA
BETA2=BETA*SETA
ccl=gncl
CC2=C¥C2
CQ21=2,07CO*C1L
€Q22=2.0%CA*C2
CO41=24,0#CO¥C1
CO4226,04C0%C2
SUM= o
00 11 l=1sN2
DO 11 J=1sN2
IFLT J) 10511410
XRS=X{1)=X{J)
YRS=Y{1I=Y(J}
XRS2=XRS*XRS
YRS2=YRS#YRS
R=XRS2+YRS2
RQzR**,5
AT(R ALFAZ]*%.5
8=(R BETA21%¥.5
Ala(R+CL21#%,5
Bla(ReC22) 84,5
AL={C2+31) % (BETA4B) ¥ [ALFA+AI/{ (CL+ALI*R)
D 1=LOGF (AL )
D2=XRS51/R* {TOCH (R+CC21/ (B1#¥3)»C062/ (RAB1)+BETA/B+ALFA/A~TOCHIRICC
111/(AL$%3) ~CO41/(R¥AL) 1 ~{CO22+YRS2*TOC-BETA*XRSZ) /(BL#R) +{CA2I+ YRS
228 TOC+ALFA*XRS2)/ LAL*R)
SUM=SUMED1+D2
11 CONTINUE
D1=(RAD2+CL21¥#.5
D2=(RAD2+C22) *#45
D3s (RADZ+ALFAZ) %%.5
04atRAD2Z4BETAZ) ##.5
D53(C2+021 % (BETA+DA) #{ALFA+D3} /1 (C1+D 11 #RADZ)
05:=LOGF(D5)
D5205+143333%C8 ( (RAD2+CC2I/{D2*%#3) ~{RADZ+CCL)/ (D1¥#31 12066668
LR3ETA/DAYALFA/D3+ 1 (CQ®C2-RADZH{C=BETA))/DZ=(COPCLI-RADZ*ICHALFA)}/D
211 /RAD2Y
D5=D5%0
SUMs SUM+DS
AK=Q/SUM
PRINT 15,AX
15 FORMAT(GHOFTA =1F20,8)

-
S

RETURN
END
T——— [

+ SUBROUTINE KINTACLI} .
D B e TR e
» List
. LASEL
* FORTRAN
<

D3



SUBROUTINE KINTACK(I)

DIMENSION X{16)0Y{16)sNSI16)1XN{16)4KCCCOMI3,20)

COMMON X3 s XN pNS s KCCCOMsNT 3 Mo DM RAD y ANK yHyRAD29N21Q 1 AN AT 2C»CQ, TOC
COMMON J1rALFASBETALAK»CCLaCC2oCh9C123C2+C224ALFA21BETAZ,CQ214CQ22y

152061+CQ62,C06CC26:CCLE1CH1CBI+CATICHBICAHALCO2 I UMAK

2
5

FORMAT(4F15.5)
FORMAT (1HQ 39X s 2HEZF 154 5/9X 2 3HC5=F 1545/ 9XBHNCZFL1545/1H0»9X 120K =

1F154571H026X55HUMAX=»F 1545)

~o

W

FORMAT (26HOINTERACTION SPRING VALUES!
FORMAT[1H1s8HLEVEL NO# 15}

®AL

R‘AD ZvE-CS-AN
QU=H#ANK#Q*ER1647551608 -
QP =4, *RADEH*Q

CALL AXC

AK=zAR*QU

IFLE NY 34446

AK=AK/24

UMAX = ANCH#CS*QP*ANK/AK
PRINT T4l

PRINT 6

PRINT 5»E+C5sANCs AR UMAX
RETURN

END

B L eSS R S TR RN

SUBRQUTINE COINTALIY +
B T e s e e
' FQRTRAN

LABEL
CCDINTA

SUBROUTINE CDINTA(I)

DIMENSION X(16),Y(16)sNS{16)aXN(16) 4KCCCDMI3520)

DIMENSION DEL(101+DK{1N}yDYL1I0),SQLILO}

COMMON X3 ¥ a XN NS 1KCCCOMyNLyNIDNsRADIANK s HIRAD23 N2 +Q s ANSAL+1C4CQ,TOC
COMMON J1sALEAYBETA,AKCCL4CC29C1»C124C25C22,ALFAZ,BETAZ,CQ21,CQ22,

14CA819C062,CQ4,CC264CCL61CHCBTsCALCHBICAHAICAZIUMAX

4
5

7

3

12
13
1s
23
106
107
108
109
110
200

-

o
oo

FORMAT(1H1sBHLEVEL NO»I5)

FORMAT{3F1045)

FORMAT IBHORHO=F 12445 3X5HALEAZF 12,44, 3X5HBETA=F1244)
FORMAT [ HOMASS=F1545)

FORMATIF15.8)

FORMAT{1HO» 13X 4 2HC¥*y 12X, 2HCD}

FORMAT(4X,2F15.8

FORMAT(6F12.3)

FORMAT(2F15+522F1648)

FORMAT(J4s11F6.3)

FORMAT LIHOTX1HX s LGX1HY ¢ 13XZHS50 5 14X4HGAMA)
FORMAT{18HOINTERACTION FIELD)
FORMAT(4HOSO=F1545,36HAT EDGE OF CENTRAL PILE ALONG X AXIS)
FORMAT {10HOCDSTAR = 2F10,3/23HODAMPING COEFFICIENT = 2F10.4}
IFIKCCCOMI1s1) 110102

IF(KCCCOMI2+T11343,2

PRINT 41

READ 5sRHOIALFA,BETA

PRINT 54RHO»ALFA,BETA

IFUL N)20s21a21

C=H/240

PRINT 6
FORMAT {19HOMASS AND CD VALUES}
AM2

CQ4=440¥CQ

CC2626.0%CC2

€C18636.,0%CC1

C4=4,0%C

READ. 107sNETy (DEL{J) yJ=1yNET)
PRINT 107sNETW(DELIJ)sJ214NET)
READ 239(DX{J)oDY 1) o J=1aNET)
PRINT23,(DX{J)sDY {1+ I=1aNFTY
BD2RAD+0.01

CALL SYXYZ(8D10.0sGAMISYXsSYY»SYZ)
5Q=SYX*SYX+SYY#SYY+SY2ZRSYZ
PRINT 110,50

DO 15 J=1.NET
SOL(J)=DELIJI#ST
DYL1=DY(1)/2.0

PRINT 109

PRINT 108

w
&

59
60

DX1=DX(NDEXI /2.0
OXY=4,0%0X1#0Y1

X{=X1+0X1

CALL SYXYZUXT4YI3sGAMsSYX4SYYsSYZ)
ARZA=AREA+DXY
GAMA=GAMA+GAMYDXY
GAM2=2GAMZ +GAMAGAM®DXY
SQISYXESYX+SYYHSYY+SYZRSYZ
CALL FIMOPT(741050)
AMZ=AMZ+SQ*DXY

Xi=x1+0x1

D0 56 MMT=1,NET
IF{S0~5QLIMMT 1156456957
CONTINUE

MMTENET+L
[F{NDEX-MMT1118,117,118
NDEX=MMT
TF{NDEX=NET)119+11%+120
DX1=OX(NDEX)/2.0Q
DXY=4.04DX120DY1

GOTO 117

PRINT 1063X15Y1s5Q:GAM
Y1sY[+2,0%DY1

CALL SYXYZUBD Y1 1GAMISYXaSYYrSYZ)
S5QxSYX#SYX+SYYRSYY #SYZRSYZ
DO 58 MMT=a1,NET
TF{SQ~SOL (MMT 158458459
CONTINUE

MMT=NET+L
IFINDEY-MMT)60y116,60
NDEYaMMT

IFINDEY-NET) 112,112,113
YisY(-DY1
DY1=DYINDEY}/2,0

B SN B s ad

OXYz4 ,08DX1#DY]

YU=Y1+DY1

GOTO 116

AME=8 0 ANKXH¥AKRAK#RHO*AMZ

GAM. AM2*B O¥HRANK¥ {24 0%AK/ 3,01 #%2.0
GAMA=2,0*AK*GAMA/ (3. 0%AREA}

IFE1 N) 70+22922

AME=AME/2.0
GAM2=GAM2/2.0
PRINTBYAME .

HREAD 12» CSTLA

LD = CSTLARGAMZ
PRINT 200+ CSTLA, CD
RETURN

END

SUBROUTINE SSTAR{DX13M1sX1,ST45T245T345} +

-

19
41
28
27

29

PRt
LABEL
FORTRAN

SUBROUTINE SSTARIDXL#MI+XT48T»ST2+57348)
DIMINSION X(16)2Y{16)sNSIL16) 9XNI161KCCCOMI3,20)
COMMON X3Y s XNsNS5 KCCCDOMoNL 3N sDN»RADSANK +HyRADZINZ1Qy ANS AT CHCQ4TOC
COMMON JIsALFASBETA$AK CC19CC2,C10C121C21C229ALFA2BETAZ,CA214CQ22y
1,0041,C0425C085CC269CC16+CsCBIaCAL1CHECUAICAZIUMAX
$=0
00 19 K=1,N2
X5=X[~X(K)
¥3=Y(x)
X522X5%X5
Y32=Y5%YS
R=X52+Y52
Ax(R ALFA2)%%0.5
Ba(R BETA2)8%0,5
Al={R+C12)#%045
={R+C22)#%0.5
V51=21.0/81
US1al.D/A1
VE3syglexs
[IEERIVESLLE]
T512149/B
551=1.,0/A
R1=1,0/R
R122240%R1
V512aV51#Vsl
Us12=Us1*Usl
D1a{CC26*CBI*VS3RVS12~CCLE*CAT#USI#US12-CaBVSI+CaANUSI-R12#(2#VS]
1#(1s CQ2¥(VS12+R12}1+R12¥CL*USI*(140+CQZ* (US124R12)I~BETARTSI#ITS
21%TS1+R12)=ALFA*SSI#(SS1*#S5]1+R12))1#({X52-YS2}
D2=YS52%8,00#C*IVS3-US3+CC2#VSI*RI*IVSI2+R12}-CCLI¥USI*RI#LUS12+R12})

1

STS+XS*¥R1I¥{D1+D2)
CONTINUE
1F(M1-J1)28+28»29

TF (XT4DX1=XNIML) 129027927
OX1=XNIM1)=X]
XI=XN{MLI=DX142.0%8

Mi=M1+]

S$T=ST+5¥DX1
ST2=5T2+5%ABSF {51 #DX1
ST3=5T3+5*¥#3#DX1

RE TURN

END

SUBROUTINE SYXYZ{XIsYI3GAMsSYXaSYY»SYZ) +

LELEY

10

Lisy
LABEL
FORTRAN

SUBROUTINE SYXYZ(XTsY]3sGAMS5YXs5YY»5Y2]

DIMENSION X116)»Y(16)sNS{16) +XNI161sKCCCDML3420)

OMMON X3 Y s XN NS sKCCCOMsNL 3N aDNyRAD s ANK yHpRAD2yN2,Q 5 AN+ AT C»CQ4TOC
COMMON J19ALFASBETAJAKSCCLCC2,CLsC125C21C225ALFAZ,BETAZC021,CQ22y
1v(‘Q‘d-COLAZvCQh:CCZé-CCléICk:CBIyCAI;CbBoCbAyCGZ-UMAX

GA

SYX 3
SYYs .0
StZa W90

DO 1 I=1lsN2
X3=X{~X(1)
¥YSaYI-Y{1)

RE=R*H0,5

Az(R ALFAZ)%#0.5

Be(R BETA2I%%0.5

Al3(R+C12)#2045

81=13+C22)4%045

Vs1s1.0/81

Ys121,9/41

VE3=y5ieel

USISs1ee3

T5121.0/8

551214074

R1=1,0/R

R12=2,9%R1

VS12=VS1#VSL

uS12=Us1rus]

DI%(a3e3111BETASB*(ALFATA)/( (CL+ALI 9R)

D1=LOGF (D1}

D2eR{*IX524(TOCH (R4CC2) #YSI+CQAZ#VST#RI+BETAR TSI ~TOCR (R+CC1) #US3-C
104125 L#RLSALFARSS1I-VS1*(CQ22+TOCHYS2~BETARXS2} +US1%(CQ21+TOCHYS2
24ALFA%X52))

SYX25Yx+D1+02

SYY=SVYHXSPYSERIM(BETASTSI+ALFARSS1+R 1% (R+CQL] #{VS1¥C2-USLaCLY
$4TOCH (VSIR(RECCZ)-USI*{RCCIIY)

SYZ=5Y2eXSH(TSI-5514VS1~UST+TOCH [VS3H{CHBETA) -USI#{C=ALFA)))

GAMaGAMEXSTRIN (X527 (CI26% {C+BETAI#VS3RVS12-CC16% (C=ALFA) #US3IAUST2
1-BETA#TS1#{TS1#TS1+R12)~ALFA¥{SS135514R121#551)
24C4#(YS2~X52) #(V33-US3)=(3,0%XS2+2.0%YS2) #{BETASVSI-ALFARUS3)
34R125 (1¥S2%(C2VSI-CLOUSL) ) 4CQ*I3,0%YS2-XS2} #(C2HVSIH(VSI2+R12)=
4C1eUSI*(USIZHRI2IIN)

CONTTNUE

RETURN

END

D



B T e T ]

* CHAIN (1,Af) *
HAABBARRARABIAERGERBRR AR

+ CHAIN LINK 1 OF INTERACTION PROGRAM +

E CHAIN (1sA4}

. LABEL

* FORYRAN

CINTACY .
< CHAIN LINK 1 OF INTERACTION PROGRAM

DIMENSION Wi2p20) sWEL2020) sWS(20512SA(2021921) 9581258281 1RMI2),
1CB(2)6) 3CBO(2)2T(2420)55(206)5ACI53,53)
DIMENSION CO(295201+C112020) sRCLI2520)1RC2(2920)50012220)9D1(2520%0
10010220} 9RD2(2,20)5T002420)»T1E2,2019RT112,201sRT2(2+2035CC12+20)
250Dt 22201 95K12920)0 E(2015C212,2013K1120),0(21,00023»02D12)
AUT2520)+UDI2520)2U20125201+US1292019U05(2,203:U205(2+2011UBI256)s
AUDBL 2,67 U2D0(2461 sUSMIZ»200UCM {22207 »UDMI2520)13USF(2420) s
SUCF12920) sUDFLZ920)s AL(5339D82+2015E112)5UCI29203»UDCI2+20)
6U20C{2+20) s NOMASS (20}
DIMENSION OML(2)}9OM2{2)sUMEI25201»UM212420)UBM1(2+6)sUBM212:6)
COMMON WoWE s WS sRM3CB 9 CBOsNMaDTaNT4EI 1D 1SA»SBsT1S5,SK0DT24DT3,0T6
COMMON NOMASS 4NN JM
LCORMON €O»C1sRCLIRC2500901HRD1IRD29TOITIIRT1HRT24CCHCDSK1C2,5K1y
10,00402D3U,UD,U2D3US+UDS sU205,UB 4LUDBUZDB 5 TCsUSMUCH s UDM 1 USF S UCF
2UDF ACHAL » SCALE s METHOD »UC 2 UDC sU2DC 1 OM1,OM2 sUM1»UM2»UBMLsUBM2

1 FORMAT(EHEL245)

2 FORMATI1415)

3 FORMAT(IN 2E114445E12.5)

4 FORMAT{1H1s4HDATA)

8 FORMAT{43HOABOVE MATRICES ARE PILE STIFFNESS MATRICES)

9 FORMAT{43HOABOVE MATRICES ARE PIER STIFFNESS MATRICES)

10. FORMAT{44HOABOVE MATRIX 1S STRUCTURAL STIFFNESS MATRIX)

11 FORMATIB5HOABOVE MATRIX IS INVERSE OF STRUCTURAL STIFFNESS MATRIX)

32 FORMATI31HOTIME AY COMPLETION OF CHAIN 1=3F1545)

57 FORMAT(11HOPILE GROUPsI6)

53 FORMAT{1OHOPILE MASS+I7)

59 FORMAT{IIMOPIER GROUP»I6)

50 FORMAT{10HOPIER MASS,17)

53 FORMAT(27H1BACKWARD DIFFERENCE METHOD)

B4 FORMAT(S54HYSTEP BY STEP INTEGRATION WITH ESTIMATED SPRING FORCES)

61 FORMAT({SBHIMODIFIED STEP BY STEP METHOD WITH ESTIMATED SPRING FORC

1ES)
55 FORMAT{25H1STEP BY STEP INTEGRATION}

<
< READ DATA
4
PRINT 4
READ 29 JOBNOyMETHODsNoMy (K1(T}41=1510)
PRINT 24+JOBNOyMETHOD sRsM» (K1{1191=1:10)
READ 1»DT»TCoU20G+SCALE
PRINT 34DT»TCsU2DGSCALE
14
[4 PILE ARD SUPERSTRUCTURE COEFFICIENTS
4
READ 14CROSAD
PRINT 1,CROSAD
DO 14 J=1s2
PRINT 579J
READ 19EI(J19STH(DtIrINsla2sN)
PRINT 3sE11J)>5Ta(0(JaI) 121N}
p1IsWECSa132TOI»1)»TL{Ss119RTLIaT),RT2¢Is 1)
READ 1CO0J0119C20Js110C21J011sRCLIJS11RC20I T
READ 1sDO(Jy1)+D11JeoI11sR01II91]1sRD2{Js1I»TIIST)
READ 15USMEJYT)sUCMI s 1) 2UDMIIT)
USFLJeT}=TOJs 1) #USMILYT)Y
UCFIJyI1=(CO(Ss £14CLtIp 1 IRUCMIIs 11 +C21I5 [IRUCKI I ##2) *UCN TS 1)
UDF{Js11={DOLIs1)4D1 (s [} *¥UOMIJHTI 1 RUOMILTY
PRINT 5841
PRINTZW (S 1) WELSs 1 1oTOMS 11 TS T RTLOST1,RT2UI0 1)
PRINT35CO1J s 11C (a1 5C20Js 1) 4RCLIJy 1} 9RCREI2TY
PRINT3sD0(Js 114D (s 11sRDLISIIIIRDZII 11T LT
PRINT3HUSM(Ja[1sUCMIL 1) 5UDMIL 1)
PRINT 35USF (Js1)5UCF (Js 1) sUDFLJs1)
12 CONTINVE
PRINT 59+J
READ 1»EISSLE(T12I=1sM)
PRINT 3+EISs(ECT}a1=1sM)
DO 13 T=1sM
PRINT 6041
READ 19WS(Jy119CBISaT)sStUsID
13 PRINTIsWS(Ja1)sCBEIT)950Is1Y
CALL PSTFNSLJIELS»ST4E+CROSAD)
14 CONTINUE
READ 1,RM{L}sRM(2)15K04CBOC114EBAC2)
PRINTISRM{L)+RM(2)sSKO+CBOL1)3CBO2)
[4
< INITIALISE
c.
DT2%D1/240 -
DT3=0T2D7/3.0
DT6sDT#DT/6.0
NPlaN+]
MP2aM+2
NT22#H+20Me]
NN=NT

WS{1oMI2WS(19M1/240

WSL2 M) aWS 1M} '

CHILsM) = CBI1yM) + CB{Z2.M)}

CBI2sM) = 0,0

0O 23 I=le2 .
GML(T1n0.0

OM2(13%040

O(1}%0.0

001112040

UMLtI,Jd)=0e0
UM2{14012040
Ullst120:0
UD(1+J)=0,0
U20{12J1=-020G
UCiTyJ}age0
ucCt1,Jrag.0
U20C (19 J1 =040

US{194120,0
UDS( 1432040
U205 (154120.0
DO 23 JalaM
UBM1(14J1=040
UBM2(1+J1=040
08(1,J120:0
UDB{1+J120,0
23 U20811,J1=2-U206
D0 15 I=1sNT
00 18 J=1sNT
15 ACU1,4)30,0
CALY PANTTM(SAs2sNP1oNPL»2+21)

2

~

PRINT 8

CALL PRNTTM(SBs2sMP2,MP2+2+8)
PRINT 9

NINVaNT

GOTO 1505519625521 sMETHOD
PRINT 53

CALL INDCO1(AC)

G070 56

PRINT 54

CALL INDCO4{ACY

5070 56

PRINT 61

CALL INDCO3{AC)

NINV=NN

GOTO 56

PRINT 55

CALL INDCO&UACH

CALL PRNTTM{AC,1sNToNT+1,53)

w
o

o
-

o
N

5

N

PRINT 10
G0TO 17

56 CALL PRNTTM{ACI1sNT4NT51:53)
PRINT 10 N

DO 16 1=1sNT
00 16 J=1NT
16 ACUT» 1=ACIT»J}*SCALE
CALL BIGINV(ACSNINV)
CALL PRNTTMIAC,1aNTsNT»1453)
PRINT 11
17 CALL TIME(CLOCK)
PRINT 32,CLOCK
CALL CHAINIZ2#A4)
END

SUBROUTINE PSTFNSIK1sE{S+5TsE+CROSAD) +

LR

LABEL

FORTRAN

SUBROUTINE PSTFNStK1»EIS»ST4E,CROSAD}

DIMENSION W{2,20)sWEL2s203sWS12:6)195A12921921),458(2,8+81sRMI2),
1CBI2s6)2CBO2Y )

DIMENSION $1112252215D¢2520)19E420)+E11215T(24201+5(2+6)9F120)
COMMON WaWEsWSsRM» CBoCBOsNsM3DTINT+ET15DsSA+sSB»T+S525K0s0T2+DT340T6
NC=N+2

00 3 {=2,N

J=NC-T
DUK1yJ1=DIK1sS1~D(K1sJ=1)
FJI=DIK1aJ)
Fil}=D(K1s1}

€1P=ET (K1Y

CALL STIFFMIN,EIPsFeSTaS11sNC,CROSADIKL)
00 2 I%2,NC

11=1-1

DO 2 J=2»NC

Jl=d-1
SAIKLT15d11=810¢T0 03
NC2M+3

NC1=NC-1

IF (M=1)10+10+11

11 00 5 =2+

JaNC1-1
£0J)2ELIImELI-1)

10 CONTINUE

CALL STIFFM{MsEISsE»0¢0sS124NC)
$BUK1s19132S1101n 1)
$8(K1y1,21=51101sNC1)
58(K1+2,1)=511(NCL,1}
SB(KLe2,2)511INCLINCLY
00 & J=3NCL

Jixd-l .
$8{K1,14J1=311(15J1)
$B(K1sJs1)=$11(1,01)
5B{K1s2sJ12511{NC1sJLT
$B{K1yJr2) =511 {NCI I}
DO & Ia3,NC1

Ttel-1
SBIK1sJe112S110SLs11)
CONTINUE "
RETURN

END

w

~

-

o

SUBROUTINE STIFFM(N>EI»AL#ST>S11,NCHCROSAD.KIL +

»

LABEL
FORTRAN

SUBRQUTINE STIFFMIN,EIsALsST+511sNCHCROSADIKLY

DIMENSION $11(2222219512(2012011521120420) 15221213211 +sAL{201sAL42:
162)1T(2242215THI22022)

El=2,0%E1

NL=H+1
N1Z=2%N1
INITIALISE

0O 2 1=1,42
00 2 J=ly42
AtL1J)1=040

DO S0 I81e22
DO 50 J=1,22
T{lsJ1%0.0

50 THI1sJ}%0.0

~

D5



< Lelel}
< FORM STIFFNESS MATRIX ACEToT)2RMIJLI*2,0/(DTRDT}4+1454CBOIJ1}/DT4SKO+SAIILsN+1sN+ 114581142,
< 1:252)
D0 3 I=14N DO 49 JrlaM
J=1 Li=leL1ed
ALI=1e0/ALELS) 49 AC(1,L3)=581J1,2,J42)
201 AL6%6.0%ALI#¥3 00 50 JxlsM
A(Ts13=ALT)TI+ALE TaL24L1* [N+ 14D
AlTeI+l)2~ALY ACTLsTI=AC{Ie T} +WS {10} #2,0/(DTHDOTI=S{J12JI+SBLIL2J+20 042}
AT+, 1+1)=ALS . IF{J-M} 52,50,50
- NII=N1+] 52 JPLxM=J
AL323,0BALIRALT ° DO 34 KxlsJP)
AUTINITI=ALTSNITI+ALD . LI=1+L1%K
ALTaN1T+112AL3 JR2=g4K+2
Af1+1,R1I+1yx=AL3 54 ACET4L31=581J1sJ42,0K2)
AtI+1sNLI)2-AL3 L3=1+L1
ALZ=2,0%ALT ACLE,L31=ACHTHL3)+5(J1aJ41)
AUNLITSNLTI=AINLI)NIT)+AL2 ACUI»T1=ACETs1)1~5(d10J+1}
ACRIToNTI+133ALT 80 CONTINUE
AINLI+1yH11¢1)=AL2 60 CONTINUE

3 CONTINUE NT1x(NT=1)/2
NMP=N12-1 NT2={NT+11/2
DO 5 I21sNMP DO 61 [=1yNTL . -
1Plel+l 1P1=14+1 N
00 5 J=IP1,N12 1K=NT2-141

5 AlJsT1=Al14d) 00 &1 JxIPL4NT2
ALNE2,R42) 2AIN+2,N+2)+ST/ET JRANT 2140

< ACLIKpJK)SACIIKIK)

< CHANGE KNOWNS AND UNKHNOWNS 61 ACUJa11=ACHTsJ)

3 IeLZaL1%tN+1)
DO 6 1=14N12 ACUL,1)=ACITs1}=5K0
AK=AINCs 1) RETURN
AUNCoF}=AINI24 1) END

& AINIZ,1)18AK
00 7 I=x1yN12
AK=ALLsNC) -

ALToNCI=ALTN12) + SUBROUTINE INDCO3{AC) +
7 ALIINIZ)=AR Feaees At
N2=NC . LABEL
< . . FORTRAN
DO §1=1,NT <
DO 8 J=1sN2 SUBROUTINE INDCO3(AC)

8 S11(1.=AI Y COMMON Wi HE s WS »yRM1CB »CBOs N MsDT oNTHET 50254158+ Ts525K0UTZ10T3,0TE
N3=MR+L COMMON NOMASS yNN » JM L
TFIN3-N12161561,60 CIMENSION W(2320)sWEL2120)+W5{2+6195A12,215211+5B121858)4RMI2)0

60 DO 62 falsN2 1CB1246)9CB082)9T{2120115¢206)9ACI5345313NUMASS(20019E1(2)+D(2420)
00 62 JalsN2 M=l B
62 S11{1+J)=S1101sJ)*EI 0026 J=1iN
6o To 23 TFEWI1J) 125425920
161 DO 9 1=N3aN12 25 NOMASSIJMI=)
11=1-N2 JH=IM+L
DO 9 J=1sN2 24 CONTINUE
52111, 00=A (1) JH= M1

9 8512(J,13)3521(11ed) LUMPM=N=JH
00 10 I=83,N12 NN= 2 #LUMPM+2 %M+ 1
112102 LUMP L=LUMPM+1
DO 10 JeN3sN12 . CALL SUBMAT{SAsN,JM,NOMASSY

) J1eJ=N2 DO 60 J1=142
10°522(11sJ11=A1143) NM=1
IF(KI=1] 40402540 TF{J1=1063,43,42
42 IF(N=58) 605408340 43 Li=1
44 522(1911=522(1s11+CROSAD (220
40 KxN12-N2 GOTO 4n
< . 42 L1==1
4 INVERSE L2eNN+Y
< 46 00 51 J=lN
21 CALL SYMINVISZ2,K) IF ¢ J-NOMASSINM) 130531530
4 MULTIPLY 512 S22 31 NMaNMel
DO 11 I=1sN2 G0To 51
B0 11 J=1sK 30 JR=Jrl-NM
00 11 L=1sK TalZsb1%JR
11 TCIpd2=T s #5120 1, L) #522¢Ls ) ACT. T3 EJ1sJI+WE (J1 o S1+DTE#SALIL, R JRY
c FINAL MATRIX L3=L2+L1%LUMPL
00 13 [=14N2 ACITHL31=DT6¥SA ST JRILUNPLY
DO 13 J=1)N2 P IF{ JR-LUMPM)I 45456046
ol 00 12 LalsX
12 TMOToJhaTME1s)4TITHLI*S21ULeJ)
13 5111, ) =S13(1ed)~THLT oD I#E] List2+Ling
23 RETURN 47 AC(I4L3)=DT64SA(JI1sJRIKY
END 46 CONTIRUE
51 CONTINUE
AC({1211=AC{T+5}+DT6%SB(IEe1s1)
-+ L3=let}
* SUBROUTINE [NDCOL(ACH + ACUTHL312ACIT4L3I+DTE#SBIILr242)
DO 48 JrloM
SUBROUTINE INDCOL{AC)H Li=Tal1ntdelt
DIMENSION W(2,20) sWE(2520) sWS(216) sRMI2)2CBI296)3CBOI2) #ACI53+53) 48 AC(T4LII =DT6RSBIILsLsd42]
OIMENSION SAL2+21+21)45B(2,858)sT(2:201+5(2+615E11215D12+20) Telel )
COMMON WAWE W53 RM»CB1CBOINSMaDT sNT 1E190+5A15H» T»S5»5KO»DT24DT3,0T6 ACUTp[15RMIJL) +DT2#CBO{J1)+DTHHSKO+DTE# {SALILILUMPLILUMPL) +
DO 60 J1=1s2 15BtJ1s2,20)
IF{J1=~1) 43543442 DO 49 JalsM
43 Ll=1 - L3=i+Lloy
L2=0 . 49 AC([eL3)=DT695811s2,042)
GOTO 44 DD 50 J=lsM
42 ti=-1 TaL24L 1% (LUMP L)
L2aNTHL AC(IaEI=ACET o 11+WS(JLrJ) +OTERSBIULyU+25J42)
44 DO 51 JSLsN IF(J=M152550550
reL2+L1%J 52 JPLaM=d
ACCTe 1= (WIJLs Y +NELJ12d} 1 #2407/ LOTHOTI4SA{ILJ»d)~T (S0 ) DO 54 Ka1sJP1
L3aL2sl 1% (N+]) [EIYEIE LI
ACHIsL31=SALJL,JaN41) JK2eJeKe2
. IFUJ-N145,46446 . : 54 AC(I LII=DTE*(SBLJLsI+2+0K2))
8 ACIIsT)=ACILel)=FUJLsJ+1} 50 CONTINUE
1Pixgel 60 CONTINUE
DO 47 K=IP1WN NT1=(NH=1)/2
L3aL2+L1%K NT2={NN+11/2
47 ACHI,L3)aSAIILedsK) DO 61 I=1NTL
LInlaLl 1PLat+l .
RCLI,L3)=ACITsLII+T L1 eI+ 1) IK=NT2-1+1
46 CONTINUE DO 61 J2JPLleNT2
. 51 CONTINUE JKENT2-14J
AC{191)2ACI T T}1=STJLs11+SBIJ1s101) ACL IRy JRIZACLIK 1KY
L3141 61 ACUJy113ACHT4d)
ACHIHL31=ACIT 4131458114120 TaL2+L1%LUMPY
DO 48 JalsM ACTL,11=AC(T+1}=DTE#SKO
L3=l+tiatysl) RETURN
48 AC(I,L313SB{JlaleJ+2} ENO
L3ngse2eLl
ACEIL3I=ACHTIHL3145(J10 1)
]




SUBROUTINE IHDCO41AC) hd

LEX]

w2

4

=

IS

3

46
51

4

@

s

-

50
60

6

LABEL
FORTRAN

SUBROUTINE INDCO4CAC)

DIMENSTON W(2,20)sWEL 21200 9WS1206195A(2,23921045B12+8+81RM(2)0
1C812+61>CB0LL2Y1T12420)950246)+ACI53053)0E112)90122201 .
COMMON WoHE s NS sRMaCBCBOsNsMIDToNToETID¢SAISB 2T +545K04DT290T3+DTE

DO 60 J1a1s2
IFLJI~2) 43283442
Lls}

Limd

GOTO 44
Lise=1
L2=NT+1

D3 51 JnlWN
IsL240 1%

ACHT 1Ml J1s JISHELILeIN+DTER {SALIL sy 1T EJ1ad})

L3sLZ+LI%IN])

AC(IHL3b= DTE*SALIIsJoN+])
1IF{S=N148r660646
ACTIa1)=ACI1s1}-DTERTIILSI+1)
IP1eJel

DO 47 K=IPl4N

L3=L2+L1%X

ACUIsL3)= OTENSALILsd0K)
L3=1+L1
ACIToL3)=ACIISL3I+DTOET (U1 41}
CORTINVE

CONTENUVE
ACLIa112ACt o 1)~DTE¥{S{ILs11=SulJarinid?
La=fsL1
ACCI,L3)=ACH T L2 )+0TORSB(JLe e}
00 48 J=leM

L3=1+L1%0J+1)

ACUIsL3t= DT6#SBIJls1eJd+2}
L3sl+24L1
ACULaL3)=ACL T L3)I4DTE#51 141D
I=1+L1

AC{T 511 =RM{JLI+DT2¥CBOLJLI+0T6RSKO+DTEH*LSAILLIN+1sN+1)+5B1J102,20)

DQ 49 J=lsM

L3=f+L 12

ACUT,L3) = DTE*SBIJLscsd4e)
DO 50 JsisM B
1aL2+L1%(N+14J}

ACITsE)=ACHT 1 14WSIILaI}-DT6R (S I19J)-SBIJ1rI+20J+2})

TFLJ=M) 52450450

JP1=M=-J

DO 54 K=1yJPL

L3=T+4L1eK

JK22J¥K+2

ACHI,L3)= DTE+ISBIJLpJ+2,JK2)
L3=t+t]
AC(1,L31=ACHT,L3)+DTE*S(IL,J+10
ACETa1I=ACIT91)=DTERSTILrJ+1)
CONTIRVE

CONTINUE

NTiI={NT=1}/2

NT2x(NT+1}/2

DO 61 1=14NT1
1Pl=1+1

IKaNT2-1+1

DO 61 J=1P1yNT2
JEENT 2144

ACUTRp JK}=ACEIK TK)
ACtJs11=ACITsd)
1=L2+L1%(N+1)
AC{I»1)=ACHIs1}=DT6¥SKO
RETURN

END

+
SUBRQUTINE SUBMAT(SA¥NsJMsNOMASS) +

-

ne

100 FORMAT{1HO»49HABOVE TWO MATRICES aRe MODIFIED MATRICES IN WHICH/T9
1H ROWS AND COLUMNS OF POINTS WITH NO MASS ARE STURED IN THE LOWER

s o~

ew W

©

1

3

@

12

-

11

LABEL
FORTRAN

SUBROUTINE SUBMAT(SAsNsJMINOMASSY
DIMENSION SA12+21521)9NOMASSI20}eSTEMPI23421 )

2PART OF MATRIX)
R1xzN+1
LUMPHM=N+1-JM
00 11 [=1s2
NM=1

DO & J3leNl
IFLJ=~NOMASSINM) 134243
LTaLUMPM+NM

DO & K=1,N1

STEMP (LT K )2S5ACT4JsK}
NM=AM+L

GOT0 &

LS7Je1=NM

DO 5 K=1,N1
STEMP(LSsX}=SA(14JsK)
CONTINUE

NM=1

DO 7 J=1.Nt
IF{J-NOMASSINM)1849,8
LT=LUMPM+NH

DO 10 X=1sN1
SALIsKsLT)sSTEMPIK, )
NMuNM+1

GQTO 7

LS=Jel=NM

DQ 12 K=1sN1
SAL1sKsLSISSTEMP KM )
CONTIAUE

CORTINUE :

CALL PRNTTM{SA22sN1sN1s2521)
PRINT 100

DO 22 1=1s2

DO 13 JxlsJH
HRLUNPM+J

DO 13 KelsdM

&

>

1

-
-

19

21
22

NCaLUMPMsK
STEMP{JsK)#SALTsNRINC)
CONTINUE

CALL SYMINVISTEMP M)
DO 14 JelyJM
NRELUMPM+J

00 14 KxlydM
NCxLUMPMaX
SAT{sNRWNC) 2 STEMP {4>K)
CONTINUE

00 13 JelsNl

DO 15 KeleN1
STEMP{JK}=040

00 16 JrlyJM
NRaLUMPM+J

DO 16 Kel LUMPK

DO 16 LalsuM
NCLUMPMeL

STEMP (JoK1=STEMPLJ2K)+SATTNRINCIHSATTSNCIK)
CONT INUE

D0 17 J=leuM
NR=LUMPM+JS

DO 17 KxlyLUMPM
SA{IaNRyK) *STEMP (J4K)
STEMP (J2K12040
CONTINUE

DO 19 JxlsLUMPH

DO 19 Kxl1sLUMPH
PS20,0

DO 20 LalsJM
NC=LUMPM4L ,
PSsPS4+SALT ¢ JsNC) #SALTINCHK)
SAL15JsK)=SAITsJsX)=PS
CONT[NUE

DO 21 J=1sLUMPM

D0 21 K=lsuM
NC2LUMPMK
SA{15JyNCI=SALLINCsI)
CONTINUE

RETURN

END

+

A an Az

w

30

280

Prbbras

SUBROUTINE BIGINV(ASNMAX) +
+ e

LABEL

FORTRAN

SUBROUTINE BIGIRV{AWNMAXY

DIMENSION At53453)

DO 5 N=1lsNMAX
AfNy1)zAL14N)
IF DIVIDE CHECK 20,20

DO 160 N=14NMAX
PIVOT=A(NINY

AtNyN)a-1.0
DO 60 J=1sNMAX
AtNyJY=AIN, J}/PIVOT

IF DIVIDE CHECK 260480

DO 145 I=1,NMAX

IF {N-T) 95,145,595

IF (ALIsN)] 100,145,100

00 140 J=INMAX

IF (N=J} 12091404120
AlLsJ1=ALTsd)1~ALTsNIRAINSJ}
Atde112ALL )

CONTINUE

CORTINVE

DO 160 I=1aNMAX
ALEsNISAIN,T)

DO 165 I=1,NMAX

00 165 J=1sNMAX

Allvd)a=Atlsd)

RETURN

PRINT 280 »N

CALL EXIT

FORMAT (25MOZERC DIAGONAL ELEMENT N=1{3)

END

+

SUBROUTINE SYMINV(AsSKMAX) +

AN nes

n

w

LABEL
FORTRAN

SUBROUT {NE SYMINVUAJNMAX)

DIMENSION Af21s211

DO 5 N=1,NMAX
A(Ns112A01sN)
If DIVIDE CHECK 20420

DO 160 N=1»NMAX
PIVOT=A(NIN)
A(NaN)==100

DO 60 J=liNMAX
ANy JIwAINYJ) /PIVOT

IF DIVIDE CHECK 260480

DO 145 T=lsNMAX

IF (N~} 95,145,95

IF {A{1s+N)) 100s165:100

00 140 JalsNMAX

IF (N=J) 12041404120
AtleJ)=ALT,J)=ATLINIRAINY I}

Dy



130 AtJsld=A(l))
140 CONTINUE
145 CONTINUE

150 DQ 160 Ix1sHMAX
160 AtIeNI=AINsT)

163 00 165 Ix1sNMAX
164 DO 165 Jx1+NMAX
165 AllsJ)x=AllsJ)

<
250 RETURN
4
260 PRINT 280 WN

270 CALL EXIT
280 FORMAY (25HOZERO DTAGONAL ELEMENT N=113}

3 <
END
+ SUBRQUTINE PRNTTMIANI»NRINCIMAXTWMAXR)
# LABEL
- FORTRAN
4
i SUBROUTINE PRNTTMIASNTINReNCIHAXTIMAXR)
< SUBRSUTINE TO PRINT THREE DIMENSIONAL MATRIX

DIMENSION AL1)sNHEDLS)
FORMAT{1R1,6RMATRIXs 14}
FORMAT{1HO 1 7X»185 71141
FORMAT (1410Xy8E14,7)
MXR=MAXREMAX]
DO 60 1=1,N]
PRINT 241
DO 50 J=1sNC»8
Tt=NC-J+1
IF{11-8120420410
10 11=8
20 DO 30 K=1,11
30 NHED(K)sJ4R-1
PRINT 3y [NHED{K}sX=1,11)
DO 50 K=14RR .
KL= L+ {K~11#MAXI+{ J=1 ) #HXR
KHRKL+(11=1) £MXR
50 PRINT 45(Ks(A(L) sLaKLsKHsMXRY}
60 CONTINUE
RETURN
END

run




RAPERAIADLRRA AR BRI AN

* CHAIN (2sA4} *
BREELERINARAHSLBALIER RS

« INTERACTION PROGRAM s
e

* CHAIN {2,A8)

* LABEL,

14 FQRTRAN"

CINTACZ B

< INTERACTION PROGRAM

DIMENSTION W(2:20)¢WE{2920)2%S12:6)95A02221321)958(2+898)sRMI2),
1CBE258)vCBO(2)9T12:20005(2+46),AC153453)

OIMENSION CO1252034C112+20)+RCIL292019RC2(212034D012920)9D1{2520)
1RO1{2+201»RD212+420)»TO(2420)5T142,22)»RT112520)4RT212+2019CCI24201}
22CD02,20195R{2+20) 90208124200 C20252019K1020}1+012)400(2)5020(2)
3ULZ420)9UDI2520)5U2002+20)9US(25201UDS(24201+U205(2+201+UBI256)
AUDB12:6)0U2DB{2+6) sUSMI242012UCKI 24201 JUDMI242011USFL2420) s
SUCF 12520} +UDF (29200 AL(531,002420)53112)»UCI2+20)»UDCI2420)

DIMENSION F2(2920)3F3(2520)+02(02+201+03(2+201>E2¢(25201453(2+20)
IH202961pH312,6)+02(21 903121 9USPUL2201,USPBIZ220)5USPCI2420) s
ZNOMASS (20} sURS{IAD00) »FORCEI2+20) vBMMAX(2)4BMI2220)sX12020) s
BURL201»UDR{201»U2DRI20)9COF{2420) 4P 153}

DIMENSTON OMI(2)40M2(215UMI(Z,20)sUM2125201,UBMLI2+6),UBK2{2:+6)

COMMON W WS aRMsCBr CBOINsMIDTINT»ELsDrSA¥SBT+59SKONDT24DT3,DT

COMMON NOMASS NNy JM

COMMOR CO#C1oRCLIRCZeDO+DL4RD1IRDZ2TG+TIHRTLSRTZH,CCHCDySKIC24K1 s
10400402050 UD,U202US,UDS U205, UB»UDB U208, TCsUSMIUCHMIUDM s USF s UCF s

- 2UDF 9 ACIAL » SCALEZMETHOD UL/ UDC,U2DC s 0M L sOM2 »UML s UM21 UBM 1 yUBM2

COMMON FZ5732G2+G39E24E35H2sH3025032COF»USPUIUSPBIUSPCaTT M1 M2y

1M3,U20GsUDGsUG»URPUZDRAUDR s X 3K & s N1 oNKURS s FORCE sUCHKS » BMMAX » ISTOP »

8 FORMAT(37H EXECUTION TERMIMATED DUE TO OVERFLOW)

30 FORMATI24HOEXECUTION TERMINATED T=sF8,4/22HOLAST VALUE ON TAPE S,
1F1548/22HOLAST RECORD ON TAPE 6,F15.8)

31 FORMAT{(6F1243}"

32 FORMAT{2IHOTIME AT COMPLETION OF CHAIN 224F15.3)

REWIND 6

N1=N+1

T120.,0

H1=0

H2xg

H3x0

K6=0

READ 31,7ST0P

1STOP=TSTOP/DT

DO 1 f=31s2

DO 1 JelsN

USPCIIs 17040

USPU(T» JV=USH{T s d)

USPBI1s)z=USHIT 13}

CONTINUE

NKa3%(NTH1424N) 429N

M1»M141

M2uMze)

M3=M3+1

K6aKe+1

-

TI=T1+DT

CALL REDTAP({M1sM2sNsTC DT »UGIUDGUZDG»URIUDRIU2ORIWUCHKS Y
CALL STIFCO

GOTQ (1015102,1035104) yMETHOD

CALL VARCOL(P)

so0T10
CALL
GOTO
CALL
.GOTO
CALL
CALL

101
25
VARCO2(P)
2%
VARCO3{P}
25

YARCQ4 (P}
SOLEQU{ACINT AL}
CALL RESPON

CALL WRITAP

IF ACCUMULATOR OVERFLOW 15,16
IF(M1-15T0P 110521521
PRINT 30,T14UCHK5,UCHKS
CALL TIMEtCLOCK)

PRINT 32,CLOCK

CALL SAVEXT

READ 31,75T0P
1STOP=TSTOP/OT

GOTO 10

PRINT 5

CALL EXIT

END

+

SUBROUTINE STIFCO +
+

LABEL
FORTRAN

SUBROUTINE STIFCO

STIFFNESS COEFFICIENTS CCaCOsK

DIMENSION W{2420)sWE(2020)sWS{2+8)95A12421921195812+828)1:RM{2),
1CB12461,CBOI2)»TI2+20)55(256)2AC153453)

DIMENSION CO124+2015CL1252019RC11242032RC2(2:2011D0(2+20)902(2420)
IRD112+20)sRD2(2+2039TO(2+2019T1(2420)»RTIIZ2+20)15RT2(2+20)+CC12520)
2,CD12+20)95K124201,U20C12520)s C202+2019K10201»0(21500(2)+020D(2)
FU2520)5UD12+2014U2D12520) sUSI25203sUDS2520)2U205(222015UB1248)
4UDBI246),U20B1296) 1USM{2+20)2UCHI2420) sUDM{2520) 2USF(2,200 s
SUCF125201sUDF{2+200s AL(53)+0(2+42019E112),UCI2+20):UDCI22201)
DIMENSION F2029201sF3(2520106212+201+G312420)+E202120)11E34(2,20}»
TH202+6) yH312961502(2)503021,USPUI2+20) 4USPB(2+201USPCI25201))
2NOMASS{20) +URS(4000) »FORCE(22201 3sBMMAXI2)+BM{232019X(24201}s
3UR(20)»UDRIZ0}U2DRI20)+COF12,520)

DIMINSION OMI(2)+OM2(21»UMLI2,52012UM202,203UBML1246)2UBM2(246)
COMMON WoWEsWSIRMICBCBOSNIMIDT sNTHET 30954258+ T15+45K0,07250T3,076
COMMON NOMASS NNy UM

COMMON COsCLyRC1IRC2ZHD0+D1IRDLWRD29TOSTIoRT1IRT241CCHCDsSK9C25K 1y
1040D,020,UsUD»U2D USYUDS1U2D5,UBUDB U208+ TCHUSMUCHIUDM s USF sUCF
2UDF ¢ AC»AL » SCALE s METHOD sUCUDC 1 U2DC o OML 5 OM2 4 UMI sUM2,UBM 1 »UBM2
COMMON F2eF3362+G3+E2+E31H2+H34020034COFUSPUSIUSPBIUSPCHTI oML aM2,
1M3,U20G » DG sUGIURTUZDRSUDR s XpK6 s N1 oNK 9 URS » FORCE s UCHKS » BMMAX » 15TOP s
28M

n nss

TQT=TI/TC
22 00 40 J=142
00 19 lalsN

FxRC2UJWTI+(140~RC21J91))®{140-TOT)I #2RC1{ IS4}
GeRD2(Js1141120~RDO2{J» 1118 (1+0-TOTI®*¥ROL(J, ]}
HoRTZ(Js1141120-RY2(Js111#{140~TOTIR#RTI(Js 1]
F1=ADSFIUDCL{JT Y

GL®ASSF(UDS(Je1) )

HL=ASSFIUSIIaT )

IF{FI-UCMId 11124243

CCUIyIIuFRUCF (S 1) /FL

GOTO &
CCHIATIaFR(COLI21I+CItSWIIBFL+C2{T41)#F1RF ]}
{F(G1-UOMIJs 11154548

CO{Js1)1=GR{DOIJSy [)+D1LJ» 1) %G1 )

G010 7

CO(J[)=G*UDF(Ja 1) /G
TF{US{IH1I=USPULIT1) 84999
IFLUSIJPI1-USPBIU»T) 11121410
SKAJs112TO(dy DI 8K

COF(JoT1ESKIJ5 1) RUSPCIUW T}

4G0TO 15

USPU{JeI12USLJs 1)y
USPBIJr113USIJs13-2,0%USMIJe 1)

USPCIJ a1 12USPULY 1)~ {USFLJs 11+ (USPUL Y 1 1=USMIJa T I*T1L00 101/ T01J, T

17
18

Smue wenm W

<

1)
(FIUDS{J+11110510512
12 SREJe13=TUtSs 110K
COF (U1 128K ISy 1) RUSMLS» 1)=USFIJsl)%H
G010 15
11 USPB{Js1)=USTSs 1)
USPULJs T =UiS(Js1)+2,0%USM(Is L)
USPCtds 1) =USPUCI 11 ={USFIJs I3+ TUSPULJ T }=USM{Ja 11 I%TIC 1)1/ TO( 1

n
TF{UDSiJsT1113,10+10

13 HJsT)e#H
COFASo ) 5~SK IS T RUSMIJ IFUSF LI #H
15 E2{Js1 DCEJs 1}1+0T27U2DCIJ0 1)

E3(Js [1=UCII» 1)+DTHUDCI Iy 1N+0T3#U20CIJs T}
G24Js §)=UDS{I11+DT20020S (U8
G3(Jy11=3USII s 1I+DTRUDS (I 1 1+0T2#U2DSIJ4 1)
FORCE(J9I)=~COF(Js 1) +CD(Jr 11 MIG2{ S5 114DT2%UZDS(Js1}}
1+5KLJ,1I*IG31J 13 +0TE*U20SIJs1) )
GOTOI101+1025102¢102} sMETHOD

101 CONTINUE
F2UIp D) s {4, 0%UTJo [1~UMLIJN 1))
F3{Ja1)={5.0%U0J)1)-4s0%UM1{Js])
UMZ L [1=UML(Je 1)
UMLGJeI32U(Us 1)
GOTO 1%

102 CONTINUE
F2{Js1)3UDLJ» 1I+DT2%U20( 1)
F3LSy 112Ul 11+DTHUDI IS 11 +DT 3402015 B}

19 CONTINUE
GOTO (104010542054105) »METHOD

104 DO 120 I=14M
H2(JaT1=06,0%UB(Js1)~UBMIIJWI))
H3{Js112(5,0%UBIJs 1) —4,0BUBML(Ja [)4UBMZ(S5 1Y)
UBM2(Js 1)3UBMLIJ 1)

120 UBML{Js1)=UB(I,1)
0214} 2(4.0%0()~0M1(J))
031J1={5.0%0(J)~640¥OM1 I} +OM2EJ))

+UM2(Js 1)

CM2(J1=0M1t )
QML) =0tJdy

. GATO 40

103 0O 20 I=1sM

- H2{Js 1)=UDB (>} +DT2%U2DB e 1)

20 M31J,11=UB1J311+DT*UDB(JS 1)1 +0T32U20B¢Ja 1)
OIS =00 I+DTHOD (S 1+DT %0200 Ny
02{J1=0D{J)+DT2*#0C20())

40 CONTINUE

103 RETURN
END

+ SUBROUTINE VARCOLIP) +
+

* LABEL

» FORTRAN :

<

SUBROUTINE VARCOL1(P)

DIMENSION W(2,20)+WE{2+20) »W512+6)55A(024214211+5B12184814RMI2),
1CB12,61+CBO(2),T(2520)+50258)4AC153,52)

DIMENSION CO(25201+CL12+20)9RCLI2+20)9RC2{2520)s00(2+2039D1{2+20)s
1RD1{2420)sRD2{2+201»TO{2+201+T142,20)5RT1{2520)sRT212520)1»CC12520)
29CDE2520) 95K 12,201,U20C1 21200 C2(2220)+K102012002),0D(239020(2)
3UL2,20)2UDI2+20)+U2D(2420)5USE2520),UDS(22+20)9U205(252015UBI2561)
4UDB{246) 2081216} »USMIZ920) »UCHI2920) sUDM (22200 3USF12,200
SUCF{245201sUDF(2520)s ALI53)9D1252315E112),UCI2+200,UDC(2,201
DIMENSION F20252030F302+202)14G212+20)3G3(2+2019E202520135312¢20)
1H2E256)sH31236190212)903(235USPUI2+20)sUSPBI2+20}»USPCI21201)
2ZNOMA3S120) sURSE4000) »FORCEI2,20) +BMMAX 2] +BMI2+20)4X324200
BURI20)»UDRI20) +U2DRI201+COF12520)1P(53)

OIMENSION OM1{21,0M2{2},UML(2020)UM2(2:201 UBMLI2+61 /UBM212461}
COMMON WsWE sWSsRMaCB1CBOINIMIDTINTIEL1DsSAISB»THSySK04DT250T340DTS
COMMON NOMASS NN s UM

COMMON CO»C14RCLSRC24D0sDLIRDLIRDZyTO»T1sRTIIRT21CCHI095K1C2 4K 1y
104100+02D5U»UDH»UZDIUSHUDS+UZDSsUBIUDBIUZDB TCHUSMIUCH UDHUSF 2 UCF
2UDFIACHAL » SCALE yMETHOD »UC»UDC s U2DC s OM1 ,OMZ sUM1 4UMZ s UBM1 ,UBM2
COMMON F24F3,G2,G3,E29E3sH2+H3402+03,COF sUSPUSUSPBUSPCHTI M1 M2,
1M32U20G1UDGsUG s URyU2DRsUDR » X1 K& 1 N1 s HK s URS s FORCE » UCHK G s BHMAX s 1STOP Y
2BM

DG 20 [=1sNT
AL(1)=0,0
Ll=1
L2=0
DO 14 J=142
IF{J=211+s242
Lle-
L2=NT+}
M53L2+4L1RNL
DO T X=1»N
1aL24L1%K
ALTTYa~W(JyK)PU2DG+WE T J»K I FU2DRIK) ~FORCE (5K )+
LEWISIKI+WE(JyK ) #F3(J5K) 7{DTROT Y
T CONTINUE
ALIMS SRMIJ)I#O3(S) /IDTRDT)+CBOII)#Q2(J)/(2.0%DT)
DO 12 Kxl,M
I=L2+L2® (NJ+K)
AL{DI2ALCE ) ~WS{JaK I RU20G-CBIU»KIRIUDB (UK =UDTJsN) )+
1HS I KI#HI(JHR )/ IDTHOT)

20

-~



12
1s

CONTINUE

CONT [NUE

D0 15 I=1sNT

Pi11x0.0

DO 15 J=1sNT
PULI=PLII+AC(Ty 1 RAL ()
0O 16 I*1sNT
AL{T) =P (1) #SCALE
RETURN

END

SUBROUTINE VARCO2 (P) +

nes

LABEL
FORTRAN

SUSROUTINE VARCO2 (P}
DIMENSION W{Z2220)sWE (295201 sWS{2+6) 9SAL2021521)55BI2+Bs8) sRMI2)

1CB(246),CBO(2)»TI2220)55024611AC(53453)

DIMENSION CD(2,201.C11242019sRC112920)5RC2(2+20)+D0(2+20390182,200+

IRDICZ92039RD2125201TO025201sT112+20)+RT1I2+20}9RT2(2+2039CC124201
24CDE2420)195R(2.201.U20C 12,200 C20292014K1(20150021,00(2)+02D02)
3UL2,20)5U002,20)+U20(2+20)sUS(242035UDSI2,2014U2050292015UB1256) s
AUDBL2+6)5U208{246) sUSMIZ920)»UCKI2120) »UDM(242011USF {21201
BUCF 124200 0UDF (252000 ALLS53190(2420)+E1(214UCI2520)9UDCI2420}

DIMINSION F2U2,201,F2312920)902(2520)0G3(220)0E212520)+E3024+20)
TH2U246)aH3(2+5) 20212140321 2USPU(242015USPBI2+20)sUSPCL2920)
2ZNOMASSI20)»URS (4305 ) +FORCE(2520) +BMMAX12),68M{2920)+X(2420) s

3UR(20)9UDRI20)5U20R120)9COF(2+20)9P153)

DIMENSION OM1{23,0M2(2)2UM112520)UM212,20),UBM1{2:6)1UBM2(2+6)
COMMON WaWE s W3 1RM+CBsCBOINIMIDTaNT sEL1D15A+SBT2535K0»DT24DT3,07T8
COMMON NOMASS (NRy M

COMMON CO3CLIRCLIRC2+9004014RO14RD2»TOrTLsRTLIRT24CCHCDHSKC20K1 s
10,0D,0205U,UDs20:1USsUDS1UZ0S+UBUDB U208 s TCHUSMaUCMUDMsUSF 1 UCF

2UDF s ACHAL + SCALE s METHOD UC»UOC,U2DC s OM1 sOM2 s UML s UM2 5 UBM 1 2UBM2

-

32
LY
35

38

-

100
101

°

11

10
50
13

12
1s

o

COMMON FReF30G2003+E21E35H2yH35,025031COF sUSPUSUSPBIUSPCy TI oML M2y
1M3,U20G,UDG UG sURSUZORIUDR, XsK& N1 sNK sURS s FORCE sUCHK 6y BMMAX s [STOP 5
28M

DO 20 I=14NT
ALL1170,0
CONTINUE
L1sl

L2=0

DO 14 J=1,.2
IFtJ=213,2,2

M5=L24L1#N]

DG 7 K=l.N

ALIMS 1 =ALIMEI=SALIINT»K)*F31J4K)
PTe~FORCELJsKI~W(J 4K} *UDGHWE{JHK) #U20RIKY
T4+T LK} 2F3(JsK) ~SATI,KaINL) #030)
IF(K~1)32,32,33 ‘
PT=PT~T1JsK)¥F3(JsK~1)

TFIK=R)343535,35
PT=PT+T{IIK+LIRIFI{IoKI=FI(LSHK+1))

DO 38 [=1sN

PT=PT-SA{JyKs11#F3{Js 1)

Tel2eL1#K

AL(1y=PT

CONTINUE
ALLT)=ALETI=S3UJs1, 1 )%F3(IuNI=5B(091+21%03 0
1450 1I%IF3LIHNI=H3LIs1])

ALIMS ) =ALIM5)=SALJsNLHN1) #031J)-CBOLI) #02(J)
1=5B{J,201)F3( NI =581J22,21%031J)
1F1J=11100+1004101

AL(M5)=ALING ) ~SKO*O03 ()

CONT [NUE

Mas]

00 12 K=1M

AL[HS)2ALIMS ) =581+ 25K +2) K3 (4K

AULMA )AL EMEI-SB (S5 1oK+2) #H3LSHK)
TaL1®INT+K)+L2

PT = ~U20GHWS(J3K)=CBIJ2 K} #IUDBLIIR)=UDIJINT)
1 - SBLJIK+2011#F3(J NI =SBIIsK+3 421 %0311 #S(J 4K} #HI1D9K)
00 9 L=1,M

PT=PT-SB(JsK+2sl42)#H3 (st}

IFIX=1}10510,511

PTAPT=5{JsK)#H3(JsK=1)

GOTO 50

PTPT=S{JIK)*FI(JoN)

IFiR=M113412,12

PTaRT=S{JoK+1)¥H3(JiK+1)
15009K+11% H31JHXY

ALLTY2ALLI)+PT

CONTENUE

DO 15 J=1s8N
PUIY=PL{II+ACI I )AL )
0C 15 I=1sNN
AL{II=P{{1#5CALE
RETURN

£80

SUBROUTINE YARCO3 (P} +

.

LABEL
FORTRAN

SUBROUTINE VARCO3(P)

DIMENSION W{2+20)sWET25203 sWSI2161»5A{2+21921)»58(22828)19RMI2)
1C812+6)3CBOE210T(24201550206)5ACI53453}

OIMENSTON €O(2,201,C112+20)9RC1I2+20)1RC212520)140002+20)10182+201»
1RDL{2+2012RD20252015T0125201+T11252015RT112+2014+RT2{222019CC12520)
2+CD12520) 15K (2+20),U20C12420)y C202120)+K1{20150(21,00(2)502012)
IU{2420)1,UD12420),U2012920)sUS12+20),UDS(2,20)4U20502+20)12UB{2+6) s
4UDBI(2,6)2U2DRIZy6)yUSMI2220)sUCHI2»20) 21UDMI2320)1USFI20201
SUCF{2+20)sUDF(22201y ALI53)50{2,201»E11214UC125201,UDCI2»201
DIMENSION F2(2520)+F312+20)5G212+20)5G3(2+201+E202020145312+200
1H20 2983 9HI12563¢02{2) 503021 vUSPUI2+207,USPBI2520)sUSPCI24201
2ROMASS{20)5URSLAG00) +FORCEI2120) »BMMAXL2)4BMI12920)4X12420) s
3URE20)>UDRE20)sU20R 1201 +COFE2,20)+P153)

DIMENSION OM1{2),0M202) yUNL112+201 9 UH212120)sUBMI(2161,UBM21246)
COMMOR W+ WEsWS»RM1CE,CBOINIMIDTINTEI+D1SA»SBTH55SK0DT210T34DTS

3
3
3
3
3

3

3

4
3
3

4

&

4

&

1
1
5
1

1
1

1
1

- b1o

COMMON NOMASS AN, UM

COMMON COsC1sRCIsRCZ4D0sD1:RDLsRDZ+TOsTIsRTIIRT2+CCCDsSKsC20K1 s
10500)0205,U>U05U20+US5UDS»U2055UBIUDBIU20B s TCHUSMIUCMIUDM s USE yUCF s
2UDF s ACH AL » SCALE W METHOD yUC»UDC s U2ZDCyOM1 sOM2 yUML s UM2 + UBM1 s UBM2
COMMON F2,F34624G33E2:E34H20H34020035COF sUSPUSUSPBIUSPCaTI M1 182y
1M35U2DGsUDGHUGIURSUZDRIUDR#X1KEs N1 aNK 4 URS 1 FORCE s UCHK 64 BMMAX s [ STOP
234

LUMPM=N-JM
LUMP T =L UMPHM4 1
00 20 I=1sAN
0 AL{1) 20,0
Li=}
L2=0
DG 1s Jxls2
MMl
IF1J=2119242
Lla-]
LZxNN+L
1 DO 31 K=1.N
PTa=FORCELJsK)=W{JsKI#UZDG+WE L JaK) #U2DRIK)
14T K I LF3 LI K +DTE2URD(J1K ) )
IF{K=1132432,33
3 PT=PT-T{JIK)¥(FI(J1K-11+DTEX20(JrE-1))
2 1F{K~N)341935,33%
4 PTsPT+TIJIK+1IEIF3LIoKY+DTERUDEIKI=F31J9K21)~DTERUD(JeK41})
5 [F(K-NOMASSINMII36137+36
T INZLUMPMINM
X{deINp=PT
NMaNM+1
5070 31
6 INzK+1=NM
X{Js TN =PT=SA(Js INSLUMP1) #03 1 J)
KMal
D0 38 1=1sN
15 (1~NOMASS (KM))39,4039
9 ID=I+1-KM
RSy INY=XUS 5 IND=SALS 2 INS IDI#FI L1}
GOTO 28
0 XM=KM+1
8 CONTINUE
1 CONTINVE
M52l 24l 1¥LUMPL
AMzy

~

DO 7 K=1+N
IF{K-NOMASS(NM) ) 41442441

2 1D=LUMPM+NM
ALIMS ) =ALIME 1=SALJHLUMPL 1D+1)%X{Js10)
NMNM+1
GoTe 7

1 10=2K+1~NM
I=L2+L1%10
ALLTISXUI»ID)
KM=1
00 43 L=l,N
IF (L~NOMASS (KM} 143,545,643

5 IN=LUMPL+XM
ALTTY=ALCTI-SAIJeID, IR *X1 Sy IN~1)
KMzKM+1

3 CONTINUE

T CONTINUE

ALCTI=ALE) =S8 (Jp 1011 #F3{JsN}=~S8{dr1221%03())

14S0dp IR (FI (AN +DTE¥U2D IS WNI ~HI (I 11 -DTEXU2DB(Js1 )

AL (M5 )zAL{M5)~SA{JLUMPLsLUMP1}#03 (J}~CBO(H) #02L J}~SKORO3{J}
1-5810424119F30JsN)=581J92.21 %03 ()

Mozt

DO 12 K=1sM

AL{ME }2ALIM5)=58(Js2)Ke2)#H3{J,K}

ALIMG ) =ALIME =S8 (Ja 1) K420 %H3 (UK}

T=LA® (LUMPI+K)+L2

Pla “U20GR*WS UK ) =CBIJaIRIB(UDBLIsKI~UDIJINI I =SBIJsK+241)%
1 FIEIWNI-SBILK»2, 21203 ()45 (I WKI¥IHI(JsRI+0OTERU2DB(UsK )}

DC 9 L=leM

9 PT2PT~SB{JsK+Z,L+2)¥H3LIsL)
IF{K-1110+10,11

1 PY=PT =SIJIKI®(HI{S4K=1)+DTERUZDB(JsK=11}
G070 50

0 PTaPT =S(JsKIH(FILIHN)I+OTERU20LIWND)

0 [FIK-M)13512412

3 PT=PT =STIJIR+1IHIHI(S WK1 ) +OTERU2DB(JaK+1))

1+SEJPK+1I#(HI(JHKI+DTE#U20BI UK} )
2 ALTIY=AL T} +PT
& CONTIN
FalZsl 1 +LUMPY
ALTII=AL{T}+SKO#*03 ()Y
00 15 I=1,NN
PLI1=0.0
DO 15 JaleNN
5 P =P(1I+ACIIvJ)#ALLY)
DO 16 t=isNN
AL{T)1=P (1) #SCALE
RETURN
END

o

+

hhr
SUBROUTINE VARCO4(P} +

n Nnose

LABEL
FORTRAN

SUBRQUTINE VARCO4IP)

COMPLETE STIFFNESS MATRIX A AND DISPLACEMENT VECTOR AL

DIMENSION W{2420) sWE(2+2014WS1244)9SA12021921)95B1(248,81RM{2),
1CBL246)21CBOI21eT(2+201951226)+AC1533953)

DIMENSTION CO12+20)9C112520)4RC1E212019RC21222014D012+2012D112420)0
IRD14Zy20)sRD21212045TO(2+20)4T1¢242019RTLILZ42014RTZ1222012CCH12420
2+CDE2520045K1242015U20C12+200y C20202019K112004002)90002)+020(21
AUI25,203900(2520)9U20(292015US(2520)>U05(2523)»U205(2+2015UB(2+60 s
4UDB(256)9sU208(216)1 sUSMI2»201:UCH (25201 sUDMI20201sUSFI2,200
SUCFL2520)12UDF 129200 AL{53)9D(2,20)1+8112),UC12520)190DC12+20)
DIMENSION F212520)9F3(2»20)+G2(2+2019G312+20)9E21242015E3124+201y
1R2{26) sH31255)20202)+03(2)5USPUI2420)1USPBI252015USPC(2+201)
2NOMASS(20) +URSL4000) »FORCE (25203 +3MMAX(2),BM(262015X(2520)
JUR{201+UDRL20) +U20RI201sCOFI25201+P153),A(53+53}

DIMENSION OML1121+0M2{2)yUMIIZ420)9UM212520)UBMLI246)+UBM21246)
COMMON WsWE WS oRMyCBaCBOINIMIDT oNTsEL+D»SA»SB1T»555K010T24DT3,0TS
COMMON NOMASS o NNy UM ‘

COMMON CO2C1aRCINRC29005D14RO14RD21TOTLIRT1IRT2:CCCD15K1C2 K1
104005020543 UDSUZDsUS 1 UDS »UZDSsUBsUDB U208 TCoUSMUCH s UDM s USF 4 UCF



2UDF » AC+AL » SCALE »METHOD »UCSUDC yU2DC 1 OMY 2OMZ 3UML sUMZ s UBML ,UBM2
COMMON F2+F3362+G3+E24E37H24H3,02,03»COF HSPUIUSPBIUSPCs TEIML M2,

lMGtUZDG-UDG-UG-UR1U20R-U0R.X'K67N1|NK;URS.FORCE-UCHKﬁ.BHMAX-ISTOP:

28M
TFIMI~1165+65+66
65 00 20 1=1WNT
00 20 J=14NT
20 AL, J)=ACHI Y .
&6 DO 67 1=1sNT
ALi1}=040

- DO 67 J=1sNT

ACLL3J1=040 -

Llel -

L2=0

DO 14 J=1s2

1F(4-211122

Lix-1

L2aNT+1

M53L2+L1#N1

DC 7 K=l.N

1xL24L 14K .

ALIH5 1=ALIM5)=5A(JsN1 SKIEF3LJK)

REJsK 1= (Dl JaKI+DTHSKAIIK]) 73401/ {CTLIsKIHCDIJ2KI+DTHSKLI9KI/340)
ACUI,13=CC{SHKIRDT22X1I,K)

PTeUZDRIK)IAWE (JsK 1 -U2DGHR{JaK)+TIJHKIHFILSHK)=SAIJ K NLI#O3 ()
14CCIIKIH{COR [ JpK)#SK{I IR ¥ (URIK}=F3(JoKI+EI LS4 KI~E2(J4K}*#DT /3401
24C0(JoKIHLUDRIK) ~F 281K 1)/ (DTHSKIS K 1/3004CCIIIKI+CDIJ1KD)
00 3 Lx=lsR

PT=PT=SALJsKALIRF3LIsL)

1F(K=11414e5

PT=PT-T(JrK}#F3LJsK=1}

IF(K=N1657s7

PTxPT=T(JoK+11# IF3LUsK+1I-F31JsKI)

6

3

-~

Y. VY

Li1y=PT
ALLT 1=ALLT 1=SB(Jrlsd)#F3{JsNI=5B(Js152) %03 N1+S (s 1I¥IF3LIINI=
1H31Js10)
ALIMS )} =AL IM5I~SA{JINL N1 O3 ()
R ~CBOJ)#02(J)~SKO*03 {1 ~SBLI»2s 1) FF3(JIR)=5B(J22,2)203¢ )y
M&=1
DO 12 K=1M
ALTMS ) =AL (M5} ~SB(S22sKe2) RHILI,K)
2L MA ) =AL (MG ) =SBEI s 1 oK+ 2} ¥HI LS 1K)
ToL2+L1# INL4K)
Pr= ~UZDGEWS L IpKI=CB{ S KIFLUDBIJ,RI-UDEJINI 1=5B1J9K+2421%
13N ~5B1JsK+2,21%03 1IN 45 (0K #H3(J9K)
PO 9 LzlsM
PT=PT—SB(JsK+2:sL421#H3 (Il }
1F(K~1)10510411
11 PTsPT=S(JsKI#HI LS oK~1}
GOTO_ 50
10 PT=PT=S(JHKI$FI(JN)
80 IF(K=M)13s12+12
13 PT=PT “S(IAKHLIHHE (KA LIHS LI oK+ LI RHI UK
12 ALtE)=ALLIY+PT
14 CONTINUE
TaL2+L 1N
AL(11=ALTT)+5K0%031J)
DO 15 I=1sNT
00 15 J=1NT

'

15 AC(I,J)2ACIIs ) +ALT 4]
RETURN

END
EoLs + -+
+ SUBROUTINE TO READ INPUT DATA FROM TAPE 5 s
pr * 4
* L1st
. LABEL
» FORTRAN
<
< SUBROUTINE TO READ INPUT DATA FROM TAPE 5
[ FOR THE CASE IN WHICH DT = DT1
<
SUBRQUT INE REDTAP (M1 425Ny TCoDT UG»UDG sU20GURHUDR sUZDR S UCHKS Y
DIMENSION URR(10000),URL20),UDRIZ0),U20R120)
IF(ML~111s1,2
1 AN=3% (N+1)
© CALL REWIND (35)
Né=AN
13aTC/0T
12%1000040/AN
IF(13-12) 100,100,101
100 {2=13
101 14=12%N6
6070 &
2 1F(M2-1215+546
& CONTINUE
7 lasl2@*Né
8 13=13-12
READ TAPE 3, {URR(LT)»LT2Y 914}
UCHK5=URR{ 14}
MZ=1

1F(121353,5
CALL REWUNL (5)
Kz{M2=-1)#Nb6+1
UGEURRIK])
UDG=URR(K+11
K=xK+2
U2062URRIK)

00 § [=1, N
KRaK+([-1) 0341
UR? I} 2URRIKRY
UOR{T)=URR(XR+1}
U20R1 1} =URRIKR42)
RETURN

END

o

»

44

SUBROUTINE TO READ INPUT DATA FROM TAPE S +
+

+
FEAPEEEPEEREEL -

nnanses

LABEL
FORTRAN

SUBROUTINE TO READ INPUT DATA FROMW TAPE 5
. FOR THE CASE IN WHICH DT = DTL1/N s WHERE N IS AN INTEGER

SUBROUTINE REDTAP{M14M2,HsTC4DT 2UG»UDG U206 sUR 4 UDR s U2DR +UCHKS)

-
- o

~

@uo

N

13

D1l

DIMENSION URR{100001,UR{20}1,UDR(201,U20R120}

FORMAT(2F12441}

1FIM1-111+142

AN=3% (N+1}

N6 =AN

Ax=1.0

READ 10,071

AT=DT1/07
13=TC/0T1

J12=10000.0/7AN

Al2=12

T4212%N6

AMX=AMZ/AT

1F(AMX=AT2}545+6

TF{13-12179748

ThnT3%NS

13=13~12

READ TAPE 53 {URRILT)sLT=1,14)

UCHKS3URR{14)

M2x1 .
g3 :
1F{13)3+355

CALL REWUNL{5}

1FEAX=AT+0200001112,11411
A20G=U20G+{URR[K)~U2DG) / (AT-AX+140)

ADGRUDGHOT/2.0%1 A2DG+U20G)

AG=UGHDT*UDGHOTADT/3,0% (U20G+A20G/240)

1206=A206

UDG=A06

UG=AG

00 14 [=1sN

XRaK+({I-11%3+1

A2DG=U20RET)+{URR{KR+2)=U20R(1) 1/ (AT=AX+140)
ADGRUDR{11+DT/2.0%(A2DG+U2DRII1}

AGTUR(T14DT#UDR (114DT*0T/3,0% LUZORIT1+A20G/240}
U2DR(113A20G

UOR(11=ADG

URLTI=AG

CONTINUE

AX=AX+1.40

GOT0 13

AXz1,0

U2DG=URR(K)

UDG=URR (K=11

UG=URR(K=2)

00 15 I=1.N
KR=K4(1~13%3+1
UR{1}3URRLKR)
UDR(T1=URRKR+1}
U2DR( 1) =URR(KR+2}
CONTINUE
K=K+N&
RETURN

END

+

SUBROUTINE SOLEQUIA,N»X) *

Nnewsx

~
=

75
85

125

130
200

%

R +4
LIsT

LABEL

FORTRAN

SUBROUT INE SOLEQU(AsNsX}
DIMENSION A153,531,X(52)

NM=N-1

DO 85 I=1sNM

1P+l

DO 25 J=1P,N

A1, )=A(T /AL DY

IF OIVIOE CHECK 200,25

CONTINUE

DQ 50 J=IPHN

DO 45 K=JsN .
TFLA(T2J)) 35450,35

ALKy JI=ATK s JI-ALK TI*ALT 02}
ALJIHKI=AIK,J)

CONTINUE

CONTINUE -

X{TI=X{1I/ATTSTY

DO 75 K=IPyR

X(K) =X {X}~ALK 112X (1)

CONT INUE

CONTINUE

XEN 2X(N)ZALNSN)

IF OIVIDE CHECK 200,100

00 125 [1=1,NM

1aN-T1+1

D0 125 K=1sN
X{I=1)aXt1=11=AU1=1,KI*X(K)
CONTITNUE

Aze0Q

RETURN

PRINT 1,1 .
A22.0
60 Y0 130
FORMATE41H1 - BAD INVERSE
END

ZEROC ON DIAGONAL ROW#13)

P e e e

.

SUBROUTINE RESPON +*

»
»

LABEL -

FORTRAN

SUBROUT INE RESPON

DIMENSION ‘J(ZnZO)-HE(Z-ZO)vVS(Z-G)'SA(Z-Zl'ZUnSB(Z-E.E)vRM(Z)v
1CBE2+611CBOI21sT(2120115(2061,ACH53433)

DIMENSION CO(Z‘ZOY-Cl(Z»ZO):RCHZJOMRCZ(Z»ZO)vDO(ZsZG!le'(ZvZO)-
)RDX(Z-ZO)nﬂDZ(Z,ZOItTO(l)éO)le((alO)vKTl(é;(D)'KTz(ztér))nCCIZrZQ)
25CDL2520055%02520)»U20C825201) C212+20)9R1120),0(21,00(2)5020(20
3UIZ'ZO)vUD(2yZO)»UZU((;(O:vUS(¢-<0h-UuS(dttO)-UtuS(lv(O)cUl’(l»bl;
kUDe(2a6HUZDBKZ'b)~USH(4.<O)-ULM(‘»‘O)-UUH((»‘O)oUSr(‘.AOIt

SUCF {24201 9ULF 1292000 ALiD3)sul2se0iacitalsUetera0)rsVuniercd
DIMENSION FZ(Z;ZO)-F'S(HydOldaZ(l»(O)-uJ(l-lO).c((ZvIOIv:A(Z-ZOM



LTH2{255)9H3{2561902121103(2) sUSPUI2,20)sUSPBI2520),USPCI29200y
2NOMASS5(20) sURS{4000)»FORCEL2+20) »BMMAX(2)sBM12220)3X12+203

BURL 251 5UDRE20) sU2DRI20)5COF(2,20)

DIMENSION OM1(2)»0M202) sUMIL29201sUMZ(2920)UBMLE226) UBM21246)
COMMON WaHE sWS RMyCOaLB0 N MIDTINT 22110 SR80 TS SKOILTLIVTS:0TE
COMMON NOMASS 4Ny JM

COMMON CO9CLrRCIIRCZIVOILIIRUIIRDEITOITLIsRT{9RTLsCL3LLISKICLIKLS
10:00+02D0,UsUDU20+USsUDS+U2D5,UB»UDB U208 » TCsUSMUCM yUDM USF sUCFy
2UDF I ACHAL»SCALE s METHOD »UCUDC»U20C s OM L s OMZy UML sUM2 s UBML cUBMZ
COMMON F23F3+625G39E29E3,H21M3,02503,COFsUSPUUSPBUSPCITT M1 IM2y
1M3 3U20G 1UDG sUG s UR S UZDRyUDR» X 1K 63 R1 sNK »URS » FORLE »UCHK 61 BMMAX 1STOP

28M
LUMPM=N=JM
L3=(M3-1)#NK
Lisl
1220
00 & Jale2
NMal
1F{J=1)29243
3 Ll=-i
L2=Nn+]
2 GOTO (101+1025302¢1022 yMETHOL
102 DO 4 1=1sN
1F (1~NOMASS{NM) 110,11410
11 NM=NM+1
G010 &
0 10=1+1~NR
M5aL24L1%1D
ULJs1)=F3Cda 1) +DTo* ALtMY)
UDIJs[)=F20Js [1+DT2RALIMS}
U20(J,11=ALIMS)
4 CONTINUE
M52M54L1
G(J)=031J)+DTE6*AL IMS)
OD{J1=02(J)+DT2*AL (M5}
020(J3=ALIMS)

v

DO 5 I=leM

M5=M5+L1

UB{Jy 11aH3{J) [ 1HOTE*ALIMS)

UDB(J»1)=H2{Js I} +DT2Z#AL(M5) -

U20BLJy1)=ALIMS)
5 CONTINUE
NM=1
DO 20 I=1sN
IF({I-NOMASSINM) 12022520
22 10=LUMPM+NM
K=NOMASS {NM)
PT20.0
KM=1
00 23 L=1y
TF (L= NOMAS%(KM))Z‘MZb»Zk
IN=KM+LUMPH
PT=PT+SA{Js [U+Ls INT4I#XUJ5IN)
KMaKM+1
GOTO 23
4 IN=L+1-KM
PT=PYT~S5ALJs TD+1s INYHFULIL)
23 CONTINUE
TF{}1+2136137+38

~
w

~

36 UM2LJsI1=U(ds1)
UML(J5L3=PT

GOTO 39
37 UDLJel12(3.0%PT-4,0RUMLE S II4UMZ (I 1))/ 1240%0T)
U2DEJ, 1= (UDIJ L [ =F2Ldy [))/0T2
GUTO &0
38 UZ0(Js1)=02.0%PT=5,0%U{Js1)1+ua0%UML{Js 1I-UM2(J5 )}/ (DT*DT)

Yptdsel AORPT=4, 0*U(Js L3rUMLIIn i) )/ (ceOT )
UMZ2 Uy 11=UML sl

UMt 1I=Uds 1y

GOTQ 40

39 U2D(J+1)={PT=-F3{Js1))/DT6
UDLJS» 11 =2F20Js 114DT2#U2D I 1Y
40 UGJsly=pPT
NM=NM+1
20 CONTLINUE
GOTO 6
101 00 1164 I=1sN
M5aL2+L1*]
UtJda11=ALIMS)
UD(Ja13={3,0%U(Js1}=F2(J>1)1/12.0%DT)
U209 11=212,0%U(» [1=F3(J5 1))/ (DT*DT)
114 CONTIRUE
M5FM5HLL
QtIr=ALIMS)
QDIJ)=(3.0%0(J1~021J11/12,0%0DT)
220(0)= [2.0’0(JY—03(JH/(DT‘DT)
00 15 I=14M
M5aM5+L1
UB(Js [1=ALIMSY
UDB(I»11=13.0%UB(Je [} ~H2(Js111712.,0%0T)
FU2DBLJr 1) =2, 0%UB(I1I~H3{ Iy 1) 1/(0OTH#DT) -
CONTINVE
& CONTINUE
DO 70 J=1s2
NMLaN=1 - N
L1=1
1F1J=1132+32533
33 Li==1
L33L3+NK+L
32 DO 34 I=21.N
21 U20CEJr11={CO(JaT)#UDIJ+TI-UDREIIIHSK IS EF¥ UL [I-URITI=E3LS0IY)
1-COF (I 13=E21 49 L1 (CCII» 134C00U» 1))/
211CCLI»1I+CDLIs 1)1 #DT2+DTERSKIT A1)
UDCLJ»1I=E2(J, 11+DT2%U20CHJs 110
UCHJs1I=E3 1 1) +DTERU2DCHIS 1)
USHds 11aU s T3 =URITI=UC(Is])
UDStJs 1) =UD(Jy I 1~UDRIT)=UDCHIH1) |
020STJs 115020 (Js 11-U20R([1=U20C(Js 11
FORCE{Jp112SK(J, 11RUSTIS 1) ~COF(Js1)
BMIJ, 13=FORCE( {1+COLIN112U0S(Is 1)
La=L3+Lle6r([-1+L1
UR$(L5)=US(J:I)

I
ey

Las=tl
usstLu) uner.l)
La=tosatl
URS(LA)=UZDS(J|II
Lasla+t

URS(L6)=U(J111
La=ta+l]

URS(LM!UR(!)
Laal o]l
URS(LM * U20LJs 1) + Usbu
CONT [NUT
LhrlerL]
URSIL4Y = UZORIN) + U200
Laslael]
URS(L4)200(J)
Lasiarly
URS LG} #0201 41
DO 35 I=1>M
Lésiarll
URS{LGY =UBIJsT)
LasLa+ll
URS{LL=UDB (I I
Lanlostl
URS{LA) <U20BJ T} + U20G
CONTINY
oo 31 l'l»N
e om Lo+ L1
31 URSIL&I=BM(JyT)
70 CONTINUE
RETURN
END

w
E

w
w

+

SUBROUTINE WRITAP +

Ases

LIST
FORTRAN
LABEL

SUBROUTINE WRITAP

DIMENSTON W{Zs2C)>WEIZ220) 9 W5(296) 154129210213 s5B124828)sRMIZ),
1CE1246) 5CBO1215T125200:5(2,614A0t53453) X
DIMENSION CO 23 h\.\CZ,ZnyR:'u-.OhRCZ(Z»ZO)-Dj(Z;ZOHDHZoZDl:
IRDL(2+20)sRDZI29200 47002220, 9T162220)9RTLI2,20)RT2(2520,4CCi2+20)
29C0{2,205250(2y2052U20C02520)s CZ1252009K10201 424031200 (2)2020(21
3U(252015U002220) 5020125205 1V5(2,291,UDSI2420) 5020512420 +UBIZs61s
BUDE(2+61sU20m (201 »USMIZ 201 sUCMI2v20) sULMIZe20,5U5F (2,200
SUCFI2220)+U0r (2220 al 15303012, 20)0E1(2)sUCH2.20),UDCHR»20)
DIMENSION F2029201F312,201+G212,2000G31292059E2(2,20)583124205 4
1IH2206) aM3 LY Q2121 a03(2)sUSHUL2920) sUSPBIZ 70} sUSFLI2,2000
ZNOMASSI20 1 ,UR5 14000 »FORCE(Z207 +BMMAX(Z2) 1BMIZ 42015 X1 25200
BURL20) »LURE2G) »U2DRIZO 11 COFEEL20)

DIMEMSION SM112)s0M2U2)sUM112+20) +UMZ12220) sUBMLIZ26)sUBM21246)
COMMON WaWE s WS 3RMCBCET N MOT +NTHEL»DrSASBTs5+SK0sDT2DT340T6
COMMON NOMASS yNois I

COMMON CO»C1sRCIPRC29001019RDLIIRD2»TUS TLIRT1HIRT23CCC015K1C20K1
10500502050 2JLsU205USsUDSsU2DSsUB UDBYUZDB, TCHUSMUCMIUDMUSFUCF s
2UDF s ACHAL» SCALE S METHGL ) UCsUDC s U2DC 1OM1 sOM2 s UML » UHZ 5 UBM1 1UBM2
COMMON F21F3562:53:22-E30H25H3502503 5 COFsUSPUIUSPBIUSFCaTI M1 M2,
1M33U2DGyUDG UG URUZDRSUDR X2k EsNL yNK yURS s FORCE s UCHKE s BMMAX » TSTOR s
28M

20 FORMAT{1H1,F9.4,3F15.8)

22 FORMAT(18HO PILE SYSTEMs14)
24 FORMAT(14,3£20.8)

25 FORMATI4Xs4F2048)

26 FORMAT{14MHO CAP ROTATION»13,3F20.81

27 FORMAT(13HO PIER SYSTEMsI4)

32 FORMAT(31HOTIMe AT COMPLETION OF CHATN 2=yF15.5)
IF (M3=111s152

1$C={TC+0,0000001}/0T
2 IF(M3-12)34404
& WRITE TAPE 6+ (URS(JIsJ=Lrlw)
M3=0
CHK6=URS([4)
3 N3=N3
K&=KE
Nazila
TFIKE=K1IN3) 184747
7 Ke=0

PRINT 204T1,UG,UDGIU2DG
00 21 J=1,2
PRINT 2244
00 23 121N
PRINT 265155K(J51190CtIsTIsCOCS0TY
PRINT 253UR(1)sUDREINIU2OR(T)
PRINT 293US{Ja119USIJs1),U2051051),FORCE(IST)
PRINT 255U(Jp1)9UD(JsT1HU2DLST)+BMIILTY
23 CONTINUE
PRINT 263J20(J1,00J)202000)
PRINT 275J
00 28 =l
PRINT 264 [2UB{JT14UDBLIsT}sU20B(Is 1)
28 CONTINUE
21 CONTINUE
8 IF(MI-KIING}IL104949
9 N3I=N3I+2
RasNa+2
10 IF(M1-15C)5:656
6 l16=M3#NK
WRITE TAPE 61 (URS(J)rJ=1s14)
CALL TIME(CLOCK)
PRINT 324CLOCK
CALL EQF(6)
CALL REWUNL{6)
CALL EXIT
5 RETURN
END

D12
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Fig.62- LATERAL DEFLECTION OF CLAY MEDIUM AND MULTIPLE ROW
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