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Aw investigation was made into the behavior of flexible cantilever
valls retaining a cohesionless s0il backfill and subjected to

N 3 e

earthguake—type dynamic exc

te
(]

¢

tations using the cesnirifuge moedelling
technigue. The study was motivated by the abundant observations of
earth retaining structure damage and failures documented in earthquake
damage reports.

The "prototype” typical walls were designed using the traditional
Mononobe—Okabe dynamic lateral esrth pressure theory, were properly
scaled for use in the centrifuge at 50 g's, and were subjected to
lateral earthguake—1like motions which were considered to be of realistic
levels. The walls were amply instrumented with pressurs and displace-
ment transducers, acceleromsters, and strain gages. Homent, pressure,
shear, and displacement distributions (static, dynamic, and residunal)
were obtained.

From the test data, some empirical curves for relating the upperxr
bound responses of the retaining walls to the strong motion characteris—

tics of the applied earthguaskes were cobtained.
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CHAPTER T

INTRODUCTION

In this study, an investigation wase made into the behavior of
cantilever reifaining walls, with a cohesionless soil backfill, subjected
to earthguake-type dynamic exzcitations.

Interest in this problem arose fzom the fact that in virtually
every earthguake damage report there is documentation of damage or
failure of bridge abutments, sea walls, guay walls, wanals, dikes,
retaining walls, etc.; in other words, earth retzining structures. This
is further enhanced by the {sct that in most seismically active areas,

there are absolutely no code provisions for some aseismic design of

ervations are taken into
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retaining structures.
account, a design with the €0 year old pseudo-static Mononobe-Ckabe
theory with reduced design accelerations is usually accomplished.

Even though many experimental {model} and analyticzl studies have
been done on the subject in the last 60 wyears, many have been improperly
formulated, oversimplified, or simply inadeguate. To this day there
seems t0 be no gensral agfeement as to what seismic method of design
should be used or even if ome should be used at all.

In recent years, the centrifuge ﬁas become a more accepted and use-
ful tcool in the modelling of soil mechanics problems. It was therefore
decided to use this device in ordexr to try to develop some empirical-

type design guidelines for 2t least one type of retaining structure,

namely cantilever retaimning walls. Im order to do this an



"earthguake gemerating® mechanism, simple and light enough not to take
up a substantial portion of the centrifuge pavlcad, was developed in
order to provide properly scaled carthguske~type exzcitations to the
properly scaled and designed wall-soil zystem.

A series of fourteen tests was pexrformed on two progpexly scaled
retaining walls which were designed according to the traditional seismic
theory. Since these walls are bending beams, bending moments were mea—
sured directly. This appears to bz unprecedented since model studiss
have generally been done only on rigid walls. In addition, earth pres—
sures behind the walls were measured and these results integrated to
deterimine the shear forces. With the aid of accelerometers and dis—
placement transducers, deflection shapes were also deftermined.

Although model tests were performed, they provided the response of
2 real {(not idealized) retaining structure system subjected to a rezl
earthquake excitation. This was afforded by using the artificial

gravity field provided by the centrifuge.

i.1. Mononobe—Okabe Method

During the 1920's, N. Momonobe anmd N. Matsuwo [31], and 5. Okabe
[38], developed an approximate method for determining the dynamic
Jateral earth pressure on a retaining structure. The method was based
on the traditional Coulomb lateral earth pressure theory where inertial
forces of the soil due to the earthguake were treated as additional
static forces, through the use of horizontal and vertical accelerations.

The observed failuvre mechanisms of gravity walls which had displaced
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under lateral acceleration provided & physical basis for this apwnroach.
The method, therefore, does not incorporate a calculation of the pres—
sures which may develop betwesn wall and soil pricr to wall failure.

The Mononobe-Okabe method set a standard with whieh most future
research in the field would be compared., FEnsuing research has been
concerned with refinement of the method or tests of its validity by
model studies. Only a few countries have building codes that specify
ezrthquake provisions for wall structures {17,551, but in gemeral, when
specified, these provisions are based on the Mononobe~Okabe method.

Even in localities where no specific céée requirements exist, it appears
that the Monorobe-Okabe method is used in design when a dynamic analysis
is desired.

Details of the Mononobe-Okabe method and suggestions regarding its

application to design problems are given by Seed and Whitman [55].

1. The wall is assumed to displace laterally a sufficient amount
to generate minimum active pressure.

2. The soil is assumed to satisfy the Mohr-Coulomb failure
criterion,

3. Failure in the soil is assumed to occur along z plane surface
through the toe of the wall and inclined at some angle to the
horizontal.

4. The wedge of soil between the wall and the failure plane is
assumed to be in eguilibrium st the point of incipient failure,

under gravity, earthquzke, and the boundary forces along the
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wall and failuzre surface. The forces acting on the so0il wedge
of weight W are shown in Figure 1.1 for the case of & cohesion—
iessz soil.

5. Eguivalent static horizontal and vertical forces khw and EVW,

applied to the center of gravity of the wedge., represent the

earthouske effect. The parameters kh and kv are the horizontal

and vertical earthagunake Qoefficients expressed as fractions of
g, the gravitational acceleration.

6. The mecthod gives the magnitude of the total acting force on the
wall, but does not give the point of application or the pres—
sure distribution, The method apparently was developed with
the zssumption that the total force acted 1/3H above the base
of the wall of height . Based on more recent refinements to
the method, as well as model test resultfs, Seed and Whitman
{551 recommended that the dynamic force should be assumed to
act 0.6H above the base. The total active wall force, due to

‘gravity and earthquake, is determined by a force and moment
equilibrium analysis of the soil wedge behind the wall (Figure

1.1},
As in & Coulomb analysis, the angle of the failure plane is varied
to give a maximum value of the wall force per unit width PAF’ and under
the critical condition it c¢an be shown that

_ PO
Pup = M2yB (k)KL (1.1)



in which:

. . csr)"z(c!‘"@"’ﬁ) [1 + ( Si%{ifiéiifn(“f“%:i) }1/2}”2
AR cos © coszﬁ cos(&+8+8) cos(8+pi8)cos(i-f) / {(1.2)
{coefficient of lateral earth pressure)
8 = tan i—ihgm
v

¥ = unit weight of soil

¢ = amgle of intermal frictiom of soil

8 = angle of wall-soil friction

i = angle of backfill slope

B = weangle of wall slope
kh = horizontal earthquake coefficient (fraction of g)
kv = vertical earthgnake cosfficient (fraction of g)

Figure 1.2 illustrates the variation of KAE with k, with changes in

eV

the various scil/wail/iateral acéeiefatieﬁ parameters. he
Mononobe~0Okabe method can be readily extended to encompass cohesive
£0ils by considering the equilibriuvm of cohesive forces acting along the
“wall boundary and the failure surface.

Some limitations on the methoed are given by Wood [67]. A brief

summary follows:

1. For full active pressure (full plastic state) to develop in the
so0il behind the wall, it is necessary for the top of the wall

to deflect laterally sbout 0.5% of the waell height. This
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sondition probably occcurs readily in gravity and centilevesr
walls, but may not always occur in chsnnel sections or aunchored

sheet—pile walls. It was shown by Wood that for a2 rigid wall

3

on a rigid foundation the earthguaske force component computed

&

by elastic theory was likely to be greater than ¢wice the force
computed by the Honomobe—~Ckabe method. This result was based
on & static solution of idemtical horizontal earthguake coeffi-
cients for each case. Thus failure of 2 rigid structure
designeé using the Mononobe—Okabe criterion is a great possi-
bility.

Unlike design procedures which allow yielding of
structural members of building frames during strong
earthguakes, it is generally undesirable to allow excessive
yielding in retaining structures. This is because yielding of
the structure generally tends to occcur in only ome direction
away from the backfill, Unidirectional yielding may lead to
excessive wall displacements with severe cracking to both wall
and backfill. Yt is thus considered desirable to prevent
yielding of the retaining structure during an earthquake.
Although the assumption of 2 plame failure surface appears rea—
souable, its validity has been based on a very limited number
of test and fisld observatious.

The Mononobe—0kabe Method is a pseuvdo—static method. Inertia

forces are included by use of the earthquake coefficients kh

and kv. These are genmerally chosen without any uniform basis
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and sre generally well below the velues for expected peak
accelerations, This is basically due to the assumpiion that
some permanent movement of the wall due ¢ skhaking can be
tolerated.

4. In the Hononobe~(Ukabe method no accouni is taken of resonance
effects or the amplification of earthoguake motions that might
ccocur zs a result of the propagation of the moticn through the
relatively soft soil behind the wall,

5. The Momnonobe-Ukabe method neglects the influence of the dynamic
behavior of the wall structure itself on the earth pressures.
Richards and Elms [43] (see section 1.3) have perforumed a study

taking wall parameters into consideration.

1.2, Experimental Studies

In order to verify the Mononobe~Okabe theory, ezperziments on small-
scale laboratory models subjected to sinuscidal excitation on shaking
tables have been performed by 2 number of researchers: Mononcbe and
Matsuo, 1929 [31]; Jacobsen, 1939 [161; Iskhii, Arsi, arnd Tsuchida, 1960
[18]; Matsuo znd Ohara, 1960, [28]; Murphy, 1960 [33]; Niwa, 1660 [36];
Chara, 1960 [38].

Monouobes and Matsuvo used a 4 £t high, 4 £t wide, and ¢ ft long
sandbox which was subjected toc horizontal excitations with vibration
pericds of 0.42 to 0.48 seconds. The end-walls of the box were hinged
at the base and restrained by pressure measuring devices at the top.

Total end-wall forces were measured and were found te be in reasonable
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agreement to those given by the Mononobe-Okabe method. Although no
details were given, the wall was presumably allowed to displace suffi-
ciently to aliow full active pressure to develop.

Jacobsen performed tests on & sandbox using a shaking table and a
3 £t Bigh layer of sand. . Although no other details as to size of the
box, flezibility of the wall, or type of excitation are given, it was
concluoded that the tests were in reasonable agreement with the
Hononobe-Ckabe method, and that the dynamic component of the force acted
at about two thirds of the height of the sand layer above the base.

Ishii, Arzi and Tsuchida performed tests with which they concluded
that, in general, their resultis were inm agreement with the
Mononobe—Okabe analysis. They conducted tests on a sandbox with fixed
and movable end-~walls., Model gravity walls were also used in the box.
A 2.3 ft depth of sané was used behind the walls. The entire box was
subjected to sinusoidal excitations of approximately 3 Hz and 0.1g to
G.7g amplitude., Observations on wall displacement, sand settlement,
residual earth pressures, and phase relationships between the earth
presscres and base motion were‘made.

Matsuo and Chara performed tests on dry and szturated sands in a
shaking box 3.28 ft x 1.97 £t x 1.31 ft high. Conditions were similar
to the tests of‘Ishii, ét al. The box was subjected to 3 Hz sinusoidal
excitations with an amplitude of 0.1g to 0.4g. Tests were conducted for
both a fixed end-wall (essentially iig{d) snd a movable end—wall that

was permitied to rotate about its base, Shaking was allowed to vary

during the tests. For the rigid case the earth pressures were
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significantly higher than predicted by Mononobe—0Okabe. The earth pres—
sure distributions were also found to deviate considerably from linear,

Based on elasticity theory, Matsuo and OChars also derived analyti—
cal expressicas for pressure distributionms for the fized and rotating
wall. The experimental pressures were significantly less for the rigid
wall than those predicted by their theory. They attribute the
discrepancies to influences of the side walls of the box and to the
elasticity of the pressure cells used.

Murphy conducted tests to determine the mode of fazilure of wall-
s0il systems., A 1/64 scale wall model was placed in a shaking sand box
and subjected to a 5.4 Hz excitation with & maximum acceleraticn of
0.25g, No pressures or displacements were zwecorded. 1t was found that
failure occurred by outward rotation of the wall about the toe with 2
failure surface in the soil imclined at 35% to the horizomtal. The
results were considered consistent with the failure plane in the
Mononobe—0kabe method.

Niwa performed tests on a large—scale gravity—type guay wall model.
The wall wes 5.8 £t high and 13.1 £t wide with a 16.4‘fﬁ long sand
backfill. In addition, a 6.6 ft X 6.6 ft X 12.1 ft surcharge of sand
was placed right behind the wall. A large wvibration generator was used.
It was capable of delivering frequencies of 3 Hz to ¢ Hz with a lateral
force of 35 tons ® 6 Hz and & lateral acceleration of 0.3g @ € Hz. The
generator was placed 34.8 f¢ behind the wall. A sizeable number of
transducers were ussd to instrument the wall. These included pressure

cells, as well as displacement, velocity and acceleration transducers.
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Uufortunately, results wers very sketfchy. Prescsures recorded were zero
at the top and increased fairly limeazrly towards the bottom. No
comparison with the Mononobe—-Okabe method was given.

Chara conducted experiments on a 12 in desp, 22 in wide and 39 in
long sandbox which was harmonically forced with accelerations of up to
0.4g. The end wall was given controlled displecements and the results
were found to be consistent with those predicted by the Mononobe—Okabe
method,

From the shaking table experiments it is gemnerally concluded that
the Homomnobe—Ukabe method gives the total resultant force reasomably
well, but pot the pressure distribution, and hence, does not predict the
point of application of the force or the magnitude of the overturaning
moment corrsctliy. Overall, the results of the shsking table experiments
are questionable. The tests were performed under fairly unreal condi-
tions. They generally had externally controlled restricted displace—
ments and rotations of the wall. The tests were performed in the
laboratory at earth gravity, using scaled harmonic forcing, which was
not random as seismic forcing is and may not adsquately represent
transient earthquake stresses. The rationale for these tests is based
on the following argoment (Woodl67]). A similarity condition for an
elastic so0il and a2 rigid wall uvnder the sssumption that btoth the model
and protoiype have the same Poisson’s ratio is given by the dimension—

less eguation for the freguency of a vibrating elastic system:
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fppp EP e fﬁpﬂ jiil
) n (1.3)
where:

fm p = freguency of vibrationm of "'model and prototyps respectively.
mep = so0il mass demnsity
Hm:P = height
G = 1lus
n, P shear modulus

and both model and prototype tests are performed at the same gravita—
tional scceleration.

The equation is usunally employed to determine the fregqusmey at
which the model is to be vibrated to simulate the full-sczle behavior.
If the ratioc of length scale in prototype to model is dencied azs N, the

equation can be rearvanged in terms of frequency to give

£ <H )2 (G v [\ 1H?
_2._:[_.2 _}é)&_}lz
fp Hm Gp» Pul ] (1.4)

However, leﬂﬁ = N, and, since the same so0il is generzlly used in model

and prototype, pD/pm is c¢lose to uvnity so that

£ G, i/2
.~ Me
P P (1.5)

In a clay, 2 laboratory model can be prepared with Gﬂ essentially

any desired value, from a low level, appropriate. in some way to the
model dimension, to & value the same as the prototype. In sands, the

shear modulus G varies with the effective stress, which depends directly



e 14—.

on the gravitational field. As a conseguense Gm in & model sand is
considerably smeller over the wall depth than Gpvin the fuli-scale

domain. The cheice of f therefore, depends on the relationship adopted

between G and the effective stress in the sand. If G is taken to vary

linesarly with effective stress, then fm is approximately equal to
1/2 . cp g s .
N fp, Alternative if G is taken to vary as some powexr of effective

stress, say 1/2 (8ced and Idriss [54]1), fm would be given as ﬁ3/4fp_
Given this uncertainty about the variastion of G with effective
stress, no clear approach is indicated, nor do the experiments clarify
the effect om the dynamic pressure distributions obtained by the use of
different model exciting freguencies., It can be concluded that it is
difficult or impossible to achieve a pressure distribution in 2 (omne g)
model on a shaking table similar to that found in the full-scale field

sitvation. Therefore, true modelling of the prototype socil cannot be

attained in a {(ome g) shaking table experiment.

1.3. Analvtical Studies

In addition to the experimental research, anslytical models have
been proposed to describe the dynamic earth pressures azcting om walls:
Tajimi, 1969-73 [59-611; Prakash and Basavanna, 1969 [421; Scott, 1973
[50]; Wood, 1973 [671; Richards and Elms, 1977 [42]; Chang and Chen,

1981 [6,71.
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Tajimi cobtained the solution for earthquake-induced soil pressures
on a cylindrical structéye embedded in an elastic soil. KEe also
obtzined the solution for a harmonically forced rigid wall of finite
height at the corner of a guarter—infimite elastic medium (Figure 1.3).
The analysis was based om elastic wave propagation theory. Although the
boundary conditions are not very realistic, the solution can be used as
an approximation for some dynamic problems.

Prakash and Basavauna computed an approximate wall pressure
distribution on a wall uader similar assumptions to those of the
Hononobe—~Ckabe method, { was determined that the pressure distribution
was essentially parabolic although the resultant was virtusally of the
same magnitude as give by Momomobe—Okabe. The resultant, however, acts

at a height above the base H_ given by:

Ha = Cy E/S (1.6)

wheze Ca is a very complicated expression dependent on all the

Mononobe-Ckabe wall—soil parameters. K is the height of the wall. Ca

is greater than one. For kh = 0.3, Ha is approximately midheight and

continues to rise with higher lateral acceleration.

Scott performed an amalysis on a simple yet useful model
(Figure 1.4). It basically consists of & rigid wall with the soil
modelled as & simple shear beam on o Winkler foundation. He zlso
performed an analysis where a wall flexibility was included. Closed
form solutions were obtained for various cases that include variations

of the elastic constants with depth and certain types of wall
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deformations. DBecause of simplicity the solutioms are guite useful in
preliminary design applications. Scott comnclunded that what happens in
gn earthquake to a wall designed by the Momonobe—Okabe method is that
"elastic",‘traasiené forces much higher than those predicted by
MHononobe—Ckabe act on the wall, causing it to displace and rotate. Vhen
the wall reaches a displacement of 1/2% or so of the height, the soil
reaches failure. The wall continues to displace and rotate due to
inertia and when it stops what is observed iz the failure
(Hononobe—0Okabe) mechanism — not the stresses that caused failure. This
is why all the experiments involving failure end up by concluding that
Hononobe—0kabe is the right analysis. If the earthquake force only
zeached Mononobe~(0kabe levels of stress, then the wall designed to M0
should not fail,

VWood, using elastic and elastic wave propagation theories developed
solutions for an elastic soil stratuom of finite or infinite length and
finite depth on a rigid base with a rigid wall under variocus and foreing
conditions. For = pezfgctly rigid wall (Figure 1.5), supporting a
relatively long layer of soil, he determined that the‘eaxthquake force
component computed was likely to be greater than twice that estimated by
the Mononobe—Okabe method {(Figure 1.6). Identical horizomtal ezrthgquake
coefficients kn were used in the comparison, It was thus recommended
that for a vigid wall embedded in rock or very firm s0il, restrained by
piles or deeply buried, an elastic analysis should be used in lieu of

the Hononobe—0Okabe method.
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Richards ané Elms extended the Mononobe~Okabe method to imclude the
influence of the dynamic behavior of the wall structure itself
(Figure 1.7). It was concluded that for gravity retaiming walls the
Mononobe~Okabe analysis is satisfactory provided that the inertia of the
wall is taken into consideratioan. In addition, Richards and Elms give a
description of the significance of each of the Mononobe—Okabe parameters
which is useful in a further understanding of the method.

Chang and Chen developed an uppér bound technique of limit analysis
and then applied it the earthquake problem. It is basically an approach
similar to Mononobe-Ckabe with the main difference being that more
refined failure surfaces (Figure 1.8) are used. The seismic coefficient

of active earth pressure K.,g was found to be practically the same as

that obtaimed by a Mononobe—Okabe aznalysis.

1.4. Earthguake Damage to Retaining Structures

Failures in retaining structures due to earthquakes occur very
frequently. These are documented in virtuwally every earthguake-damage
report. It should be noted that in most reports, unless failures are
dramatic, retaining-structure damage is given secondary importance.
This is generally due to the fact that failure of these structures does
not entail severe loss of life and limb., The damage done by the
earthguake can, however, be very costly in terms of repair and replace—
ment as well as economic setbacks to a community. A few examples of

damage to retaining structures follow.
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[Log—Sandwich Failure Mechanism for Seismic

FIGURE 1.8 — FROM (7) _ )
Active Earth Pressure Analysis
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1.4.1. (Chile

Buke and Leeds [11] provide an extensive account of damage to
retaining structures in the 1960 Chilean Earthguakes, the most severe of
which had a Richter magnitude of 8.5. At Puerto Montt (Figuve 1.9), the
Modified Mervalli Intensity (MMI) was estimated to be bLetween VIIY and
IX., Theze W#S essentially total failure of the harbor gravity-type guay
walls (Figs. 1.i0, 1.11, 1.12, 1.13). Both walls completely overturned.
Sheet pile sea walisA(Figs. 1.13, 1.14) were severely damaged. The
piles had approximately 5" x 15" hat-shaped cross—sections with 5/16"
thick webs and were made in Germany. Since the walls were about 30
years old at the time of the earthguake, failure principally occurred
when the corroded rods broke due to the added tension resulting from the
added soil pressure.

Most of the above-mentiocned structures were founded on fill
consisting of gravel, sand, silt, some masonry fragments, and oxgamic
matter. In gemeral, it was placed by dumping slthough some was placed
hydrodynamically by dredging from the harbor bottom. The disastrous
damage to structuves retaining this material was largély due to
liquefaction a3 a result of earthguaske motion.

Figure 1.15 shows distortion of the Isla Teja bridge in Valdivis
(MHMI X} due to the added soil pressure on the abutment whose excessive
movement caused damage to the bridge superstructure. Unlike the Puerto
Montt failures, damage to this structure was not due to liguefaction,

but solely to the added inertia from the shaking.
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FIGURE 1.10 — FAILURE OF QUAY WALL AT PUERTO MONTT -~ FROM (55)
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FIGURE 1.13 — PUERTO MONTT,GRAVITY WALL FAILURE — FROM (1 1)
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FIGURE 1.15 ~ DISTORTION OF ISLA TEJA BRIDGE DUE TO
SOIL PRESSURE ON ABUTMENT — FROM (55)
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Seed and Whitman [55] also report on a gravity retaining wall
failure at Fratillar (MMY VIII) where dry material was encountered

(Fig. 1.16).

1.4.2. Alasks

Ross, Ssed, and Migliaccio [45] report on exztensive bridge damage
due to the 8.4 magunitude Alaska eazthguake of 1964: Kost of the bridges
which suffered damage were 50 to Sﬂlmiles away from the cone of major
energy release, The most severe damage occurred on the Seward,
Sterling, and Copper River Highways (Fig. 1.17). Table 1.1 gives a
foundation damage classification reduced from reports of the Alasks

Department of Highwayse,

Ho

)
=]

t of the bridges were founded on alluvial deposits composed of
granviar materials which ranged anyvhere from coarse gravels to fine
sands and silts depending on location. The deposits ranged in depth

from 50 to 130 ft and were gemerally underlain by clays or bedrock. A

few bridges were founded on bedrock.

Dezmage was due completely or in part to the lateral displacement of
the bridge abutments toward the channels causing tilting of piers and
buckling of superstructures {Figs. 1.18, 1.19, 1.20). There was also
spreading and settlement of abutment fills., The greatest conceantrations
of severe damage ocecurred in zegions characterized by thick deposits of
saturated cohesionless soils. There was smple evidence of liguefaction
of these materials during the earthquake. This phenomenon probably

played = major role in the development of foundstion displacements and
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FIGURE 1.16 — FRUTILLAR,RETAINING WALL FAILURE — FROM (55)
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TABLE 1.1

Classification of Damage to Highway Bridge Foundations
During the Alaska Earthquake (from Ross et al. [453]1)

114 Bridges Classified

Classification |- . Description Percentage

Severe Abutments moved streamward and/or 28
markedly subsided; piers shifted, tilted,
or settled; substructure rendered
unsalvageable

Hoderate IDistinct and measurable net displacements | 22
&s in previous category, but to a lesser
degree, so that substructure

could perhaps be repaired and used to
support & new superstructure

Minor Evidezce of foundation movements 18
(such zs cracked backwalls, split piles,
closed expansion dsvices)., but net
displacements small and substructure
sexrviceable.

Nil No evidence of foundaticn displacements 32

bridge damage. Even where damage was moderate or minor, there was
evidence of bridge joints closing indicating lateral displacement of the
abutments.

It should be noted that where bridges were founded completely on
bedrock there was virtnally no damage. However, severe to mecderate
displacements were reported for bridges founded parily on bedrock and

partly in soils.
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FIGURE 1.18 ~ SUPERSTRUCTURE BUCKLING OF SNOW RIVER BRIDGE €05 — FROM (45)
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FIGURE |.19 — SUPERSTRUCTURE BUCKLING OF SNOW RIVER BRIDGE 604 — FROM (45)

FIGURE 1.20 — SUPERSTRUCTURE DRIVEN THROUGH ABUTMENT
BACKWALL,COPPER RIVER BRIDGE 345 — FROM (45)



1.4.3. Niigatas, Japan

The 7.5 magpitude, 1964 Niigata, Japan earthguske caused severe
damage to waterfront strustures and virtually paralyzed operations at
the port of Niigata, one of Japan®s most important. Acccuuts of the
damage are given by Hayeshi, Eubo, and Nakase [14], and by Kawasumi
[221.

The total length of waterfront structures including jetties and
dikes at the port of Niigatz was 10.25 miles. About T6% of this length
was composed of earth retaining structures. Sixty-nine percent of these
were steel sheetpile bulkheszds, &% wexe éoncrete sheetpile walls and 6%
were concrete gravity walls. The severity of damage to harboxr

structures is outlined in Table 1.2.

TABLE 1.2

(from Hayashi, et al, [14])

Grade of o Total Length#®* | Proportion to
Damage Description (mi.) the OV?rall
Length® (%)
4 Complete failure of 5.43 52.8
vhole structure (4.43) (57.1)
3 Failure in main part 2.32 22 .6
of structure (z.32) (30.0)
5 Appreciable Deformaticn 0.07 0.7
to main part of structure {0.02) (6.3)
1 Failure in sub-part 3.8 14.5
of structure (0.39) (5.0)
5,87 o4
g No damage (0.59) 1.6

&=
Figures in parentheses refer to earth retaining structuvres culy.
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It should be noted that due to the failure of earth retaining

2

structures, 61 warehouses and sheds, 676, 600 ft° iun total arvea, fell

down completely, and $2Z, 651, 500 ftz, were seriously damaged (Figs.

1.21, 1.22).

Most of the sheet pile structures inm Niigata Harbor underwent
damage and & large pumber were completely destroved or submerged. A
comumon feature of the damage was & swelling of the backfill and inclina-
tion of the wall toward the sea. This type of damage was typically
observed in bulkheads with poor anchor resistance. Tie rods were
severed in some cases., In others there was a shear failure in the
concrete anchor blocks due to the stress councentration created by the
tie rods. The sheetpile bulkheads were designed employiang a
Hononobe—-0Okabe Analysis and a seismic coefficient of 0.10. Actual
horizontal ground accelerations were arcund 0.2g amplitude.

The brand new Yamanoshita whazf {(completed 1963) which had been
Mononobe—Okabe desiguned with a seismic coefficient of 0.12 suffered no
appreciable damage, except for local sinking of the fill behind the
anchor plate.

Concrete sheetpile walls, which formed a small paxt of the water—
front, were completely destroyed by the esrthguake.

The gravity retaining walls were gensrally composed of several
concrete blocks stacked up on top of each cother and then assumed to act
as a monolithic structure. A seismic coeificient of 0.10 was used in

design, but it was later found that when the seismic coefficient reaches
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FIGURE 1.21 — SHEET-PILE BULKHEAD FAILURE,NIGATA — FROM (14)

FIGURE 1.22 — WAREHOUSE COLLAPSE DUE TO SHEET-PILE
BULKHEAD FAIL_URE,NIIGATA — FROM (14D
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0.12 oxr 0.13 the stiructvre cannot any longer be assumed to act mono—
lithicslly. As a result, damage was charactexrized by blocks falling
forward, siiﬁpage, and ginking of blocks, and general inclimstion and
sliding of the structures., Damage was severe.

The geunsral soil profile of the Niigata area consists of a layer of
sand about 130 £t deep unrderlain by clavs and contazining pockets of fime
silty soil in the top 60 ft. The soil was generally saturated and much
of the damage was due to the occurrence of ligusefaction. Before the
earthguake the top 30 £t of s0il was characterized by an average
blowcouwnt of {rom 4 %o 8 using the Standard Penetration Test. DBetween
30 and 60 feet, it varied linearly from about € at 30 ft to about 30 at
60 ft. These figures were reduced by one thixrd after the eaxthguake.

In genexal, the deeper the structure was embedded in the soil the less
severe the damage.

Based on the damage caused by the 1964 earthguakes, replacement

structures have been designed and built based on a seismic coefficient

of 0.2.

1.4.4. San Fernazndo, California

The 1971 San Fermando, California, earthguake, which had s
magnitude of 6.2, severely damaged, in some cases, earth retaining
structures including flood control channels, bridge abutments, and
underground water storage tanks and tumnels,

Murphy [321, Scott in Reference [21), Lew, Leyendecker and Dickers

{24, and Wood [67] provide descriptions of damage to the Wilson Canyon
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and Mansfield Street Flood Contrcl Channels and to the Lopez Canyon
Diversion Channel which weze located in an area where tramsient lateral
sccelerations may have been gs high as 50%g.

The Wilson Canyon Chamnel is partially an open, rectangulax,
reinforced concrete channel, with a width of about 15 feet and wall
heights which vary from 9 to 11.5 feet (Figure 1.23) and partislly a
covered, rectangular, box section with widths varying from 15 to 22 feet
and wall heights ranging from 105 to 16 feet; it is sbout 3 miles long.

The Lopez Canyon Diversion Channel is an opexn, rectamngular
reinforced comcrete channel sbout 1.8 miles long, with widths varying
from 12 to 16 feet and wall heights ranging from 7 te 12 feet.

All the sbove-mentioned structures were buili in the early 1960C's
by the Corps of Engineers in accordance with the Chief of Engineers’
design criteria with no seismic consideration. Allowable design

stresses were fc' = 1,05 ksi for concrete and fs = 20 ksi for steel.

The channels were designed as L—type retaining walls where the wall
heights were less than half the channel width, and asrU-type channel
sections otherwvise.

No significant ground displacements seem to have occurred in the
vicinity of the damaged sections of the Wilson Canyon aznd Mansfield
Street Channels so the damage can be attributed fte an incrsase in the
Iatexral earth pressure due to ground shaking. There were some inwaxd
displacements in the open sections which measured up to 6§ inches at the
top of the walls (Figs. 1.24, 1.25). Damage to the undexground box sec—

tions varied from hairline cracks to major shear and moment failures in
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FIGURE 1.24 — WILSON CANYON CHANNEL:WALL TOP DISPLACED 4" WITH RESPECT

TO THE BRIDGE ABUTMENT AT LEFT — FROM (67)

J Ay 3 f ﬂf.k
FIGURE 1.25 — WILSON CANYON CHANNEL:CRACKING IN SOIL AS A
RESULT OF WALL DISPLACEMENT — FROM (67)
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walls., Inoward deflections of up to 12 inches at midheight were measured
at the most severely damaged sections.

Complete failure occurred in sections of the Lopez Canyon Channel,
but the failed sections were close to & surface expression of the
faulting associated with the ecarthquake and prcbably permsnent ground
displacements contributed significantly to the damage.

It should be noted that the failure of the flood comntrol structiures
did not create any danger to human life and since im the Los Angeles
area these carry only infregquent flood flows, a need for seismic

consideration in design and construction might not be economically

warranted except for replacement costs.

1.4.5. Friuli, Ttaly

Similar in magnitude to the San Fernando Earthquake were the 1976
¥riuvli, Italy earthquakes. The May main shock had a magnitude of about
6.5 while two September aftershocks had magnitudes around 6.0. Thexe
was some damage to earth retaining structures [10,57].

Along the Ledra River a retaining wall was considerably damaged
during the May shock (Figs. 1.26, 1.27). There were reports of water
eand sand gushing and evidence of severe eracking im the backfill
indicating that liquefectiocn had occurred. After the September shocks
water and sand gushing cccurred again in lines parallel to the river
course, and the damaged wall completely collapsed.

After the May event damage to the Udine~Carnia-Tarvisio highway due

to movement by the retaining structures below it was obserxrved
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FIGURE 1.26 — WEIR ON THE LEDRA RIVER:DAMAGEID RETAINING WALL — FROM C10)

FIGURE 1.27 — WEIR ON THE LEDRA RIVER:DAMAGED RETAINING WALL — FROM (10)
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(Figs. 1.28, 1.29). This is where the highway runs be?weeﬁ £ cenal and
a mountainside. On the canal side the embankmeni is retained by a 33 ft
high wall Built oz piles. Figurs 1.30 illustrating s normal sectionm of
the road axis shows the relative positions of the canal, the retaining
wall, and read embenkment, with a rough representation of the supporting
soil profile.

Perhaps the fact that the entire embankment was underlsin by an
-inclined rock formation contributed to the slipping of the vetaining
wall towards the canal and probably to the failure of the foundation
piles. Vertical displacements along the 660 yards of retaining wall
ranged from 1.6 to 9.5 inches while horizontal movements were between
9.1 and 19.3 isnches.

As a comseguence of the September aftershocks the damape described
above increased.

In sddition, there was alsc some severe damage of several aunto—
strada (freewasy) bridges im the area, but these were due mainly to
impact from the moving bridge superstruvctures as opposed to failure due

to imcrease in lateral earth pressure.

i1.4.6, Taneshan, China

Yuxian [70] reports bridge failure during the 1976 Tangshan
(People's Republic of China) earthguake which had 2 Richter magnitude of
7.8. The failure came from falling of superstructures to the river, or
more usually, from sliding end tilting of the abutments. Lateral move-

ment of abutments is blamed for buckling in bridge decks which wounld
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FIGURE .29 ~ DAMAGE TO EMBANKMENT RETAINING WALL AND

CANAL,UDINE—CARNIA-TARVISIO HIGHWAY — FROM (1.C)
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FIGURE 1.30 — UDINE-CARNIA-TARVISIO HIGHWAY,SECTION THROUGH EMBANKMENT
RETAINING STRUCTURE ADJACENT TO CANAL —FROM (1O)
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have otherwise remained standing., No details wezre given on design

criteria or construction methods.

1.4.7. Mivagi~Ken—Cki, Japan

The 7.4 megnitude Hiyagi*Ken-Oki; Japan earthguake of 1978 caused
failures in several sites where eaftﬁ retzining structures were in place
due mainly to soil liguefaction (Yanmev [6] and Bllingwood [12]). A dike
along the Natori River was contained by a concrete retaining wall.

A section of wall several hundxed‘yards loag moved about ome foot toward
the river (Figure 1.31). Longitudinal fissures opened in the dike
behind the well and in some concrete pavement alomng part of the dike.
The dike also settled as much as one foot. The site, which is at the
mouth of the river, is underlain by at least 635 feet of sand.,

In the port of Ishinomaki, a fine—-sand £ill liquefied, causing
severe damage to anchored sheet-pile bulkheads. The fill materisl had
been dredged from the seafloor and placed hydranlically with no compac—
tion. It was placed mext to cld beach deposits, and the boundary of the
liguefaction damage followed the contact very closely; the beach
deposits were mot involwved in the liguefaction.

In sddition, there were reports of cracking and setilements of
bridge abutments. A comparison wes made between the Japamese and
American criteria for bridge design under earthquake conditions,
According to the 1971 Japan Road Association (JRA) bridge design code a
provision is made for the inclusion of a design force for lateral

seismic earth pressure, whereas the 1977 American Aszociation of State
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FIGURE 1.3 — REPAIRED PORTION OF DIKE,NATORI RIVER— FROM (122



Highway and Transportation Officials (AAEBNTQ) oriterxie, which is an
adaptation of the criteria developed by the California Department of
Transportation in 1973, does not. From the esrthounake damage descrip-
tions above, it seems clear that even the seismic design criteria for
earth retaining strnectures are inadequate. No countzy, whether wealthy
or poor, where there is seismic activity seems to be immuve from this

type of damage.
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CHAPTER II

CENTRIFUGE MODEL TESTING

In secent years, the centrifugg hgs become & more accepted and use-
f&l‘tepl in the modelling of soil mechanics problems., HMost soil
properties are gemerally dependent on continnum stresses which are
generally gravity—induced. 'Thus, it is very difficult and inconvenient,
if not impossible, to find a model material which will exhibit coxrxectly
scaled properties if a test is to be performed at the same gravitational
acceleration as the prototype. It would be convenient to use prototiype
material, but as demonstrazted in Chapter I, it would obviocusly not
behave in an appropriate manmer st the reduced confining stresses in the
model. In such a model, in orxder to dsvelop the same siresses as in the
prototype, it is mnecessary to incrcase the gravitational acceleration by
the lineal scale factor. Thus, if a 1/50th scale model, made of the
same material as the protctype is subjected to a gravitational accelera—
tion 50 times that of the p§o€otype, the confining stresses, and thus
the properties and behavior of the model are the same as in the
prototype (an analytical description of scaling relaticms is found in
Appendiz A). A centrifuge is a machine that can provide model gravity
as desired.

It must be realized that the model structure must be properly
‘scaled to provide accurate results., The xatio of the accelerations in
model and prototype structures is inversely pronportiscnal to the ratio of

their lineal dimensions., If the ratio of linear prototype dimensions to
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. . : i . . 2
those of the centrifunge model is N, then the ratio of area is N° and
3
volumes N, The scaliung relations indicate that the forces in the

prototype are Nz times those in the model and moments N3 times while the
stresses (force per umit area) are unchanged. Deformation in the
prototype is N times larger than in the model, but strains (deformaticn
per unit length) are the same. Thus, the pressure of the same material
in both prototype and model rvesults in identical stresses and strains at
homologous points.

In the experiments, it was nscessary to model the reinforced
concrete walls by means of aleminum due tovth@ difficulty im propexly
scaling down both the reinforcement bars and concrete to & small scale
(see Chapter 3). Therefore, the model wall was designed to a similar

stiffness per umit width, EI with the stiffmess in the prototype being

N3 times that in the model.

Where dynamic problems are involved, it turms out that the
prototype time scale is N times that in the model. As a conseqguence,
model frequencies are higher by the factor N. Table é.l lists the rela-
tions between prototype and model (centrifuge) parameters when the
centrifuge is employed [15,46].

In the experiments described here, N was chosen to be 50, so that
the model was 1/50 of the prototype linear dimension, sud the model
acceleration employed was 50 times normal terrestrial gravity. It was

also comnsidered desirable to subject the retaining wall and associated



TABLE 2.1

Scaling Relations

Perametor Full Scale ’Cantzifugal
{(Prototypse) Model at Hg's
hcceleration i N
Velocity 1 1
Linear Dimension 1 1/N
Area 1 1718
Volume 1 1/
Stress 1 1
Strain i i
Foxce 1 11
Mass 1 /N
Mass Density i 1
Weight Density (Unit Weight) 1 N
Time (dynamic) 1 i/H
Time (consolidation) 1 1fN2
Frequency 1 ; ﬁ
Unit stiffness, EI 1 /N

soil mass as 8 passive system to essentially random, earthguake—like
excitations at levels equivslent to strong earthquake motions,

As previously described by Bcott [52]1, the attractivensss of the
centrifugal method is that the stresses and straims in the model are
identical to those in the prototype so that it avoids problems

associated with testing, at earth gravity, small soil models involving
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material with strongly unonlinear behavior. The disadvantages are
associated with performing the tests om models which sre votating at
rates of 100 to 500 zpm in a centsrifuge. Power and signals have to be
passed in and out through electric and hydraulic sliprings. There are
problems associated with the addition of electrical noise in yrecording
transducer ocutput. The noise comes from ambieunt sources, the electric
motor driving the centrifuge, as well as mundane sources such as local
radio stations., Most noise can be effectively taken caxre of by proper
amplification and filtering of output signals as well as nummerical
smoothing of the digitized data.

¥n initiating a2 program of centrifuge testing seversl guestions
must be asked concevaning the proof or the accuracy of the techmiqus.
How well does & model test predict a prototype behavior? Do the scaling
relations tell the whole story? In addition, particularly when models
of particularly small dimensions such as retaining walls are considered
for testing, there is a problem in deciding at what soil grain scale the
applicability of continvum constitutive laws to both model and prototype
soils breaks down. For very fine grained soils, such as clays, there
will be many particles per uwnit width in both model and prototype
retaining wall; on the other hand, in a coarse sand, with grains one
twentieth of am inch or so in diameter, there will be relatively few
grains per model retaining wall unit width. It is likely that gravity
scaling wiil apply to the counstitutive laws, but not to the grain dimen—
sions in the first example. In the second exapple, it ssems possible

that the stress—strain relations of model and prototype may rot be the
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relevant factors, but that the individual grains in the model represent
the behavior of boulders im the protetype. Thus, a model retaiming wall

in coarse sand may not represent ths behavior of 2 prototype zetlaining

e

wall in the same cosrse saand, buit that of a2 zetaining wall with a
backfill composed of boulders.

The use of the centrifuge in geomechanics dates back to the early

1930°s when Bucky [4] first used one in the study of some simple miming

o]

problems. The use of a soil mechanics centrifuge was zlsc reported im
the Soviet Union arounnd the same time [52]. The use of the centrifuge
technique, however, has not been extensively practiced since then,
slthough in the past 15 or 20 years it has been gaining iz popularity.

At present, a number of centrifuges have been built and uvsed for
soil testing. There 2re threes in the United Kingdom, two at Cambridgs
and one at Manchester, with radii up to 16 £t and acceleration
capsbilities uwp to 200g. It has been reported that several dozen”
centrifuges for soil testing purposes are in use in the Soviet Union
[41]. In addition, centrifuges are currently used for gectechnical
research in Sweden, Denmark, France, and Japan. Surprisingly, in the
United States, where the technique originated, there axe only a handful
of small centrifuges currentiy in use. There is one at Princeton, one
at Colorado, and cne is being developed at the Ames Fesearch Center by
the University of Califormia at Davis, in addition to the one at

Caltech. The xeasons for their limited usage have not been determined.
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A compilation of references on centrifugal testing, worldwide, extends
to more than 150 papers and a number of hooks,

With the mumber of centrifuges built and operational, and the
number of tests performed, it might well be thought that the guestions
above would have been satisfactorily answered by this time; that many
comparisons would have been made between models and prototypes. Study
of the accessible literature does not show this to be the case in the
guantitative sense, although a faif‘ﬁambsf of studies show gualitatively
similar behavior and mechanisms. The particular type of testing
involved in this case, the dynamic centrifuge testing of flexible

retaining walls, however, has, as far as knowsn, no precedent.
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- CHAPTER IIX

EQUIPHENT AND INSTRUMENTATION

3.1. The Centrifuge

The centrifuge <Figufe 3.1} used iz a Model AL030 Genisco
G~zccelerator™, which consists of an 80-inch diameter aluminum-alloy arm
which rotates in the horizontal plane and is rated at 10,000 g-pounds
payioad capacity. At each end of the arm is located an 18 X 22 inch
magnesiom movnting frame {(Figure 3.2) capable of carzying a 200-pound
payload to 50g or 60 pounds to 175g. The accelerstion range zt the
appreximately 40—inch radius of the basket is from 1 to 175g.

The machine is driven by means of a Sabina Electric and
Engineering Type RG 2600 Single phase Full Wave Regenserative Static B.C.
Drive with =2 5 EP, 1725 zpm, 230v, 3-phase, constant torque, double-
ended electric drive motor, For accurate determinztion of the rota-—
tional speed, there is located on the main drive shaft a 600 tooth gear
wheel, which viz a magnetic pickoff produces 600 pulses per revolution.
The pulses are rvead by an electronic couvnter which converts them to an
LED display of RPM accurate to 0.1 rpm. The drift and wow of the system
at any given setting is 0.05%. The acceleration arm is housed in zn
extruded aluminum enclosure, with 211 the controls and instrumentation,

in the interests of safoty, located remotely.
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Electrical power and sigmals to znd from the zotating arm or frame
are conducted through 44 sliprings of various capacities in the 10 to 30
amp range. Hydraulic pressmre is extermally geunerated with 2 Haskell
Engineering and Supply Co. Model BEN.PR51 pump wvnit with a lige capacity
of 3000 psi and is transmitted through either two or four lines by means
of rotary unicns (hydraulic sliprings). Operations on the centrifuge
can be obsexrved by means of a television camera mounted on the arm close
to the axis; its signal is conveyed either through the rings mentioned
above or through coaxial cable and related, separate sliprings to a

monitor TV in the instrumentation room,

s
=
&
(]
=y
o
13
b
(4]
1]

3.2, The "Eaxthauake Generating

Ls mentioned previously the

el

entrifuge is rated azt 10,000 g-pouuds
payload capacity. The load ("payload™) of model structure, soil, and
containment that it can sustain is limited to 200 1bs (taken up to 50g).
Consequently, the need for & method of creating an earthquake—1like
motion in the centrifuge without taking up a substantizl amouant of the
payload was imperative and was developed with the aid of Johm Lee.

The "earthquake-generating” mechanism (Figures 3.3, 2.4) consists
of & 14.6" X 11.6"X 10" reinforced sluminom container mounted on a bed
of ball bearings which lie in horizontal parallel grooves in a steel
plate attached to the swinging magnesium centrifuge frame. The bearings
were separated with z perforated teflon sheet which allowed equal spac—
ing between them and thus an even pressure distribution throughout (Rig-—

ure 3.5). At one end, between the bucket and the frame is a spring
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FIGURE 3.5 - BALL BEARINGS SEPARATED BY TEFLON SHEET

FIGURE 3.6 — REACTION SPRING
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(spring comstant = 75 kips/in) (Figure 3.6). At the other end is z tog-
gle mechanism connected to a hydraulic piston (Figures 3.7,3.8). Undex
control the piston displaces the center of the toggle, spreading the
ends, and thus forcing the bucket to move, deforming the spring at the
other end. Vhen the toggle goes over center, it snaps through, driven
by the sundden energy velease of the sprimg, and the soil container snaps
back until it hits, stops and rebounds. This happens a number of times
for one model "sarthquake’ event. The bucket thus moves back and forthk
for a couple of tenths of & second in & relatively random motiom which
resembles that of a short but intense earthguake. The comparison of the
model earthquakes with that of ome component of a record of the 1966
Parkfield, Californis earthguake is done in Sectionm 5.2. Because of the
simplicity of the “earthquaké generating” mechanism, the motion attained
resembles that which would ocecunr near & short fault rupture. The
production of prolonged earthquake motions typical of sites at
intermediate distances from a lomg fault rupture (a "great"” sarthquake)
would require another (probably more complicated and thus heavier)

mechanism,

3.3. HModel Retaining Walls

Ideally, 2 model retaining wall made of (properly scaled)
reinforced concrete similar to one described in the design example of

Section 12.7 of Wang and Salmon's Bsinforced Concrete Design [64] wonid

be desirable for centrifuge testing, but as can be seen from the dssign

sketch (Figure 3.9 of a prototype., it would be very difficult fo scale
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FIGURE 3.8 -- PISTON,TOGGLE,AND BUMPER (TOP VIEW)
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down 8ll the components of the wall to 1/350¢h the size shown. Because
of the ease of modelling, it was decided to design a wetaining wall made
of aluminum instead, and then scale it down. The procedure is similaz
to the procedure used inm the design of a regular reinforced concrete

cantilever retaining wall.

3.3.1. Design of the RBetaining Valls

It is requi:ed to design a prototype, aluminum cantilever retaim—
ing wall to support a backfill of earth 16 ft high sbove the final level
of earth at the toe of the wall. The backfill is to be level. A
latersl earthgueke acceleration of 0,25g is expected for design purposes
(in actuality, it doesn't occur though). The following data is given
for design:

s0il density y = 92 pcf (Nevada 120 sand @ medium density)
Elastic Strength of 6061-T6 Aluminum fA = 48,000 psi

Elastic Modulus E, = 10 X 10° psi

A
First of all, it is necessary for the wall-soil system to be in =

state of eguilibrium. A Momonobe—Ckabe analysis {(see Section 1.1) with

kH = 0.25 will be used.

The Moncnobe—Okabe parameters are:

i

6 = tag 1(0.25) 14
0.092kcf i = 0

-2
L

d = 35° g = 0°
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Therefore:

KAEnﬁwé3
and the total force PAE ie¢ thus
P, = 1/2¢2(1-k )X
AR K v’/ AR (3.1)
or
Pp = (1/2)(0.092)(18.3)%(0.43) = 6.6kips/ft.

This is the total lateral force acting on the wall., As
recommended by Seed and YVhitman [55], the force increment oa the wall,

AP,., due to the earthquake load should be assumed to act 0.6 h or so
above the base. Thus, it is necessary to find the static force Pé and

place the forces on the wall as showan in Figure 3.10.

From the Rankine static lateral eaxth pressure theory PA is given

by:
P, = 1/24m°K
A A (3.2)
where:
X _ 1-sind
A 1+sindg (3.3)

Foxr the soil involved KA = (.27 so:

P, = (1/2)(0.092)(18.3)%(0.27) = 4.2kips/ft.
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which acts at h/3 azbove the base of the wall, Thus:

AP ==

AE = 6.6-4,2 = 2.4kips/ft

Pap = Py

which acts at 0.6 h above the base,
The weight of the backfill, W, is:
¥ = vyHx = (0.092)(18)X = 1.6xkips/ft.

Summing moments about point B, (Z:Mb = 0)

¥z Py
iy = i )2 — be, Y
5 37t 0.6AP,h h(1/3P, + 0.6 AP,.)
Consequently:
1.62%
5 = (18.3)[(1/3)(4.2) + (0.6)(2.4)1]
Therefore:
x - [QUEDIWHE 2 QOQONI/2 _ g4 g
1.6 ¢ Tt

The emtire base length is recommended by Wang and Sazlmorn to be
approximately:
Base length 7 1.,5x¢ = (1.5)(8.1) = 12.2f¢t.

The base length was thus decided upon to be 15.25 feet long (3.66 in

‘long in the 1/50 scale model) which gives about am extxa 25% or so of
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length for safeiy. A check must pow be made for safety zgainst cover—
turning. Recazlling that the desipgn base length is 15.25 ft, the design
z (Figure 2.10) is thus 2/3 of this or 10.2 ft. (10 #t,2 in). Thus the

weight W of the backfill is, from above:

¥ = 1.6x = (1.6){(10.2) = 16.3kips/ft.

Taking moments about point A of the base and neglecting the weight of

the wall, the resisting moment is:

Ky = (10.2)(16.3) = 166.3 ft k/ft
The overturning moment is:

Thus:

Moo= (18.3)[(1/3)(4.2) + (0.6)(2.4)]1 = 52.0ft-k/ft

Therefore, the factor of safety against overturning is:

- _ % 1663 _ -
-S. L 53 .0 .

whick is greater than the traditiomal value of 2.0. This factor of
safety does not even inciude the weight of the wall itself which would

provide additiomal xesistance to overturning.
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The stem of the wall must now be designed o resist the bending

moment H given by:

K = h(i/aPA + 0.6AP,;) ~ 1/3?PEHf

where PPE is the resultant of the passive force provided by the frost
cover of depth Hf (Figure 3.10}.

The coefficient of passive earth pressure, KPE’ for a2 Mononobe-

Okabe analysis is given by

K fQQz(d~@+8)

YE 7 2
2 Rl sin(d + 8)sin(d-0+i)
cosBecos“Beos (B 6~0)<; —\/> 03 (p-6-0)cos (p-1) > (3.2)

and:
Pop = 1/27B3(1-K K, (3.5)
Therefore:
KPE = 3,18
Therefore:
PPE = (1/2)(0.092)(4)(3.18) = 0.6 kips
Thus: |
M o= 18[(1/3)(4.2) + (0.6)(2.4)1 = (1/3)(0.6)(2) = 50.7 ft k/ft

Witk a bending factor of safety of 1.7, the design moment is:

MD = 86,1 ft k/ft



M'iz.,.

The'thickﬂsss of the stem is determined by the unse of the bending
formula for a beam:
¢ = H/8 {3.6)
Vhere:

g = stress of the material

it

& wnit section medulus of cross section

For a rectsugular cross section, the unit section modulus is:

s - 4
6 (3.7

Where d is the thickaess of the scction., Taking the elastic streangth of

the aluminum f, as o, the stem thickness is determimed:

/2

/2 68 .
- &M - S - [{6)(86.1;371/2 _ X
d (cj (fé [Lers ] 3.28 in.

This corresponds te & thicknmess of 0.065 inches in the model wall, at
1/50 scale.

Two models of the 16 ft high cantilever retaining wall were built
(Figure 3.11). They were made of two aluminum 6061-T6 plates dip-brazed
together by Precision Dipbraze, Inc., of Van Nays, CA. The bBase of both
walls is made of 0.063 inch plate while the stems are 0.0632 inches thick
in wall No. 1 aad 0.050 in wall No. 2. The thicknesses siated are
standazrd aluwninuom plate sizes, The 0.063 inch thickness of wall No, 1
is approximately the correct size for the design conditions imposed with
the apprepriaste safety factors. Wall No. 2 has no safety factor (F.S. =
1.0) at all. (Its prototype wall would have a moment capacity of

50,0 ft-k/ft versus the caleculated actirg moment of 52.0 fi-k/ft).
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Tt should be noted that it is gemerally agreed upon in practice ihat the
Moponabe~Okabe method gives a conservative design (i.e., calls for
lavger walls than “necessary™), and in most cases is not even used {(nor

is any other method) when a seismic design is in ordoz,

3.3.2. Determination of Actuzl EY of Walls

In order to determine the true stiffness {(EI) of the retaining
walls, the Young’s Modulus E of the aluminom used had to be measuresd.
To do this a rectangular piece of the same 0.065” thick plate used to
make the walls 6.555" long and 1.493" wide was cut. The piece was then
clamped and held horizontal so that it formed a cantilever beam 5.026%
long. Weighis of 0, 0.220, 0.441, 0.661 and 0.772 1bs (0, 100, 200,
SQO, and 350 grams) were then hung from the free end. The end deflec—
tion was measured with a Federsl dial gage accurate to 0.0001 inches.

Recalling that the end (maximum) deflection,yHAX of a cantilever beam

with an end point load is:

13

YMax T 3EI B (3.8)

el

where P is the load, 1 the bsam length, and I the beunding moment of

inertis it follows that:

Y yax (3.9)

The average E then determined from the mezsurements was found to

be ©.699 X 10° psi.



Recalling that the moment of imexrtis per unit width I of a

3
rectangnlar cross section is 15° vwhezre h is the section depth, for

-

retaining wall No. 1 (RW1) the EI was determinved as 202.1 1b iﬁzfin and

for (RW2) as 101.0 1b ind/inm,

3.2.3. Determination of the Fundamental Freguency of the Wall-Soil
Svsien

The fundamental frequency of the wall-soil system was determined
by an eramination of the Fouriexr Amplitude Spectra of the accelerograms
recorded 2t the top and bettom of the wall (in prototype scale) from
tests 1CNOOOL,® ICRCO0Z, sand 1CNIG03 for R¥i, and from test 2CN0011 for
RW2 using the FORTRAN program IVMAIN described in Section 4.2. The
accelerograms at the top of the wall indicate the ouniput response of the
system while those at the bottom ere a wmeasure of the input excitation
to the system. Taking the corresponding pairs of Fourier Specira for
each test and finding wkere the ratio of output {top) to input (bottom)
amplitude is & maximum provides an accurate determination of the
system’s natural freguencies.

Upon examination of the Fourier spectrs (Figures 3.12 through
3.19), it was determined that the fundamental freguencies wexe 2.3 Hz

for 1CNGQO1, 2.7 Hz for 1CNOO002, snd 2.7 Hz for ICNIC03. There was

¥ The following nomenclature was chosen for test nuombering:

a2 = wall number; b = type of wall; ¢ = type of sand; d = backfill
angle (in degrees); e = test number; C = cantilever; H Mevada 120,
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very littlie relative differconce between the frequencies determined from
these tests, leading to the conclusion that there is little semsitivity
in the system with regard to backfill slope or scil deunsity differences
for BWl. The fundamenial f{reguency of the tests where EWL was used was
then taken to be the average of thess tests, 2.6 Hz (129 Hz model).
Similarily from the spectira for 2CNOO1l, the fundamental frequency of RVZ
was taken to be 2.5 Hz (123 Hz medel). This is alsc very close to the
frequencies of tests using RWl., so there is little variation of
frequency with regard to wall stiffness as well.

From examination of the Fourier spectra it can also be seen that
there is only & significant comtribution to the response of the systems
by only one frequency, the fundamentzl. This is confirmed upon exawmina-
tion of the displacement curves presented in Chapter 5.

As will be explained in section 5.1, the fundamental frequencies
of the systems are used to create dimensionless time parameiers since

they are a characteristic of each system.

The type of soil used was Nevada 120 8ilica. This sand is a
uniformly—-graded, fine grained soil. A grain size distribution is shown
in Figure 3.20. The soil was déry in all of the tests, It has a demsity
range of from about 85 pef inm its loosest state to 99 pef in its most
dense. For the tests the density ranged fxom 91 to 99 pef. For the

medium density soil, the angle of internal friction ¢ is about 35°.
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The soil was chosen becaunse of its fine grained size which is

o

desirable vhen doing centrifuge work, as already mentioned in Chapter 2.
L p

3.5. Instrumentation

A cross section of the retaining walls indicating the location of

o

12}

all the transducers which will be described below is shown in Figure

3.21,

3.5.1. Strain Gages

Moments on the retaining walls are measured directly by the use of
strain gages which in reality measnre the curvatunre, M/EIL.

Retaining wall No. 1 (BWL) is instrumented with seven pairs of
Micromeasurements Model CEA-13-062UV-350 strzin gages located at

”~ 89 re 9

distances 1.30", 2.25%, 275", 3.15%, 3.50%, 3.75" and 4.00" from the top
of the wall, and down the cemnterline, one strain gage of each pair on
the front and ome on the back at esach location., ERetaining wall No. 2
(BW2) is iikewise instrumented with four pairs at distances from the top
of 1.50", 2.75", 3.507 and 4.00" (Figure 3.22). The type of strain gage
used is a universal general-purpose strain gage. These gages are
pelymide—encapsulated Constantan ('A" Alloy) gages featuring large,
integral, copper—coated terminals. This coustruction provides optimum
capability for direct leadwire attachment. The gage is extremely thin
and flexible (0.0022%). The gage length is 0.062" and the grid width is

0.062", The resistance is 330 & 0.3% & with a strain tange of % 3%.
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The gages are bonded to the wall surface according to M-Line
resin adhesive. Soldered to each gage are two lengths of Belden AWGE3Z
magnet wire. The leads were laid on the faces of the wall and coated
with a flexikle, impezmeable protective coating (BLEH Bargier J).

The strain gage cizcuit is arranged as a Chevron Wheatstone bridge
circuit as shown in Figure 3.23. This configuration minimizes the
number of baslancing resistors used as well as the number of sliprings
taken up since 21l the pairs of strain gages have but one common ground.
The excitation voltage is 5V DC.

The location of the Soil Mechanics Centrifuge at Caltech is on the
ro00f of Thomas Laboratory im close proximity to air conditioning units
aud elevator drive motors which make for a very noisy electrical
envirenment. In order to minimize this noise, the signzls from the
strain gage bridge are amplified with one LF352 amplifier {(Figure 3.24)
for each pair of strain gages. This is done inside the centrifuge
itself as the amplifiers are loaded on the centrifuge arm. The gain is
set at 50, The amplified signals then pass through the sliprings to the
control room where they are recorded on & Homeywell Model 1858 CRT
Visicorder which allows iunertialess recording from DC to 5 kHz. The
analog signals are recozded on Kodak Type UV 1920-80330Y Visicorder
Recording Paper at an amplitude of 200 mV/division (1 division =

2.5 emj., In the dypamic poztions of the test, the recording tzkes
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place at . a rate of from 50 to 80 inches per second of rocording paper

depending on the particular test.

At the top and bottom of the centerline of the face of each
retaining wall is mounted an Entxan Devices Inc. Model EGA-125F-500D
miniature accelerometer. JIn most tests there is an additional one
located in the backfill approximately half way between the wall and the
wall of the bucket and is buried near‘the surface.

The accelerometers employ a fully active Wheatstone Bridge
consicting of semiconductor strain gages. The strain gages are bonded
to a simple cantilever beam which is end—loaded with a mass {Figure
3,26). Under acceleration, a g% foxce, the force om the cantilever is
created by the g effect on the mass (F = ma). The acselerated mass
c¢reates a force which in turn provides a bending moment to the beam,
The moment creates a strain (proportional to the acceleration) which
results in a bridge unbalance., With an spplied voltage, this unbalance
produces & millivolt deviation at the bridge ontput, which is propor-
tional to the acceleration vector.

A very attractive feature of this type of accelerometer is its
very small size, The entire unit (minus the leads) weighs oniy 0.02 oz.
The accelerometer unit is 0.2707 long by 0.145% wide by 0.105” (unit
weight of 525 lb/fts) high and is mounted on a 0.2707% X 0.370" X 0.040"
flange as shown in Figure 3.27. The bold-faced arrows indicate the

sensitive axis. The accelerometers are attached to the model walls with
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two 0-80 hex screws. The model of zsecelevxometer used has a range of
& 500g with a nominal semsitivity of about 0.5 nV¥/g (varies slightly
from this with each particular unit), an input impedsnce of about 1150
@, an output impedance of sbout 550 €, and a resonant freguency of 3000
Bz. In addition, the unit is damped to 0.7 of critical using o viscous
fluvid medium. This helps to eliminate resonance and allows a useful
frequency vamge of DC to 1000 Hz. The excitaticn veoltage is 15 V DC.
Similaxly, as wiith the strain gages, the ocutput sigunals were
suitably amplified and filtered to mimimize the high freguency noise
inherent with centrifuge testing. The accelercmeter circuit is shown in
Figure 3.28., The gain on the amplifiers was set at 10, and the analog
signals recorded on the Homeywell Visicorder at an amplitude of 200

mV/division. The accelerometer signals were recorded directly alongeids

those of the strain gages on the recording paper.

3.5.3. Pressure Transducers

Originally, it was planned to obtain pressure distributions behind
the retaining walls by means of differentiating the moment distributions
twice with respect to the length coordinate x., From elementary rela—

tionships it is well known thst the shear Q is:

= L
@ ax (3.10)
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where M is the moment distribution. The load {(pressure) distribution P

is:

2

p = 88 . 22K
cx ax? (3.11)

Unfortunately, becazuse of inaccuracies which develop and propagate in
numerical differentiation it was found that these simple relations did
not give adequate or accurate pressure distributions.

Figure 3.29 (which is fully explezined in Section 5.3) shows how
inaccurate the use of moment differemtiation to arrive at pressure
distributions is. It was thus necessary to measure pressure directly by
the use of pressure transducers and then integrate the determined pres
sure distributions (numerical integration is much more stable and
accurate than differentiatiom) to obtain the shear distributions,

Ezcept for test 1CNOCGOGL, four miniature, low profile pressure
transducers were placed at various locations (depending on the particu—
lar test) along the centerliine of the back of the walls, In tests
1ICNCOOD2, 1CNLIGO3, and ICNQOOU4, the pressure transducer:z were located
1.68", 2.78", 3.59", and 4.17% from the top of the well; in tests
ICN1503, 1CNOOO6 at 1.797, 2.75%, 3.60, 4.16”, in tests 1CNDOGO7,
1CN0508, 1CNiIO0S, ICNL510 at 1.86", 2.77%, 3.59", 4.21", and in tests
2CN0011, 2CN0O012, 2CN1013, 2CN1514 at 1.83", 2.927", 3.36", 3.91",

The pressure itransducexs used aze Entran Devices Inc. Model EPF-

- 20050 Flatline Pressure Trasmsducers. The transducer consists of a
semiconductor strain gaged circular diaphragm less than 0.2" in diameter

constructed of 17-4 PH stzinless steel. This is s piezo resistive
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pressure transdocer with a fully active semiconductor bridge.

Similarly, as with the accelerometer, a load on the diaphragm will
create & stxain (proportionsl to the pressure} which results in 2z bridge
unbalance., With am aspplied voltage, this uwunbalance produces a millivelt
deviastion at the bridge output, which is proporticnal to the pressure.

The tvansducer is very small (Figure 3.30) and thin being only
0.040" thick. It has a vange of 0 to 50 psis with a nominal semsitivity
of about 2.5 wV¥/psi (varies slightly from this with each particular
wnit), an input impedance of a2bout 750 2, an output impedance of about
250 0 and a resonant frequency of 50 kHz, The excitation voltage is 6 V
DpC.

As previously described with the other types of tramsducers, the
output sigpal is suitably ampiified and filtered. The pressure trans—
ducer circuit (Figure 3.28) is similar to that of the accelerometers
with the exception that the signals are amplified with a CA3080 amplif-
ier (Figure 3.31). The amplifier gain was 25, and the signals were
recorded alongside those of the other transdwcers on the Hemneywell

Visicorder at an amplitude of 200 nV/div.

3.5.4. Displacement Transducers (A~beams)

In order to deterwine the relutive displacements of the retaining

walls with respect to the centrifuge buckei, the moment distribution
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along the wall must be integrated twice with respect to the length
coordinate x. Recalling the equation for a the curvature of the

deflected shape of & simple beam:

ﬁf.,z . M
sx2 B (3.12)

it follows that the deflected shape y is given by:

vy o= g ? ? Mdzdx + Ax + B.

‘o © (3.13)

vhere A and B are constants of integration dependent on the boundary
conditions of the wall. A and B can be determined knowing the displace~
ments at the top and the bottom of the wall. The displacements at these
locations can be dedunced by integrating the accelerometer records twice
with respect to time. This, however, reguires the determination of two
additional constants of integration dependent on time—imposed condi—
tions. At each location if the initial (static), and fimal (static,
after shaking is over) displacements are known at each of the loccations,
the pair of time imposed constants of integratiocn can be determined, and
thus the relative displacements between the walls and bucket can be
determined at the top and bottom of the wall. Knowing this, A, B, and
the full displacement curves can thus be determined.

Initial and final displacemeunts at the top and botiom of the walls
are measured by means of a pair of cantilever beams {called A-beams for
simplicity) which are attached to the fromt of the bucket and comnected
by means of a very thin wire to the sccelerometer locations oa the face

of the wall. These A-beams are very thinm (0.015" thick) strips 2.25"
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long, 1.00% wide of spring steel attached to a rigid base and strain
gaged, so that, properly calibrated, they can record displacements over
a relatively wide range.

The A-besm civecuit is similax to that of the pressure transducers
(Figure 3,28). Since the freguency response is very low, the transducer
signals are only recorded on the Visicorder during the static portiocans
of the test. The circuit excitation is 5 V, the gain 25, zand the

Visicorder amplitude is 100 mV/div.

3.6. Calibration of Transducers

All pre-test calibrations were carried out using the entire
electronic circuitry, i.e. the calibration signals were zouted through
those terminals, amplifier channels, filters, sliprings, and Visicorzder
channels which they would use during the actual testing. The excita—
tions, gains, and recording amp’itudes used in calibration were likewise
the same as in the tests. The outputs recorded on the Visﬁcwréef'were
converted directly to paﬂameterk(mcment, displacement, acceleration,
etc.) measurements without the use of instrument factors., All trans—
ducers are linear and therefore require itwo calibration factors (slope,
intercept) for each. These factors were determined using the linear
least-squares functicn on & Hewlett—Packaxd 55 pocket caliculator.

All calibrations were recorded on the Visicorder and the traces
‘ digitized with a Benson—Lehner 099D data reducer unit. The digitizer
had a resolution of 790.8 digitizer units (du} per inck of width of

recording paper and 792.0 du/inch of length. The calibration slopes
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were thuos in units of parameter per digitizer unit and the intercepts in
units of parameter., Data reduction of the tests will be discussed in

Section 4.2,

3.6.1. Strain Gases

The strain gages are calibrated to measure moments directly. To
accomplish this, the base of the model retaining walls is rigidly

secured to the bettom of the centrifuge magnesium frams which was

rotated 90° so that the stem forms as horizontal cautilever beam. Two
1% thick {each) Pleziglas beams were then clamped in sandvich fashion to
the free end of the stem and weights hung from the cemter. The calibre—
tion arrangement is shown in Figure 3.32. The Plexiglas boams
distribute the load evenly across the width of the wall. This creates
in effect a cantilever beem with & comncentrated load at the end, moments
of which can be readily determined. Weights of 0,1,2,3,4,5,6,and 8
pounds were hung and the output recorded at the Visicoxrder at the other

end of the systemn.

2.6.2. Accelerometers

In order to calibrate the acceleromcters, they were placsd with
the semsitive axis facing downward on the uppex lip of the centrifuge
bucket which is at a radius of 30.5 inches from the centrifuge axis,
Reaéings were recorded on the Visicorder with this arrangement, i.e.,
the accelerometers reading 1g. The centrifuge was then taken up to

<

accelerations of 106, 20, 30, 40, 50, 60, and 70g respectively. It was



- 105 -

NOILYHEINTYD WY38-VYL1730 - ¢¢°¢ 34Noid

NOILYHE!ITTVO 39VO NIVHLS — 2¢°¢ 34dNSid




~ 106 -

assumed that sn amplitude of O du on the Visicorder was 1g. The cali-

brations were then determined in relation to this.

3.6.3. Pressure Transducers

The pressure transducers were calibrated by placing them on the
bottom of the centrifuge bucket at a radius of 40.5 imches f{rom the
centrifuge axis, and placing 4.90" of Nevada 120 sand at s density of
83.3 pcf on top of them, HMeasurements were then takem with the
centrifuge stationary (at 1g) and spinning at 10,20,30,46, and 50g. The
increase in g—acceleration to N g's causes an increase in the soil mnit
weight by N (see Table 2.1) and thus an increase inm pressure, the pres—
sure simply being the weight density of the soil (at the particuler
acceleration level) times the depth (4.90"). Thus pressures of 38, 381,
762, 1143, 1524, and 1905 psf corresponded to esach g level used .in the

calibration.

2.6.4. A-beanms

The A-beams were calibrated by fixing them to a vice and mezsuring
displacements with the aid of a Federsl dial gauge accurate to 0.001 in.
Displacements of 0, 0.01, 0.02, 0.03, 0.04, 0.05, and 0.10 inches were

measured (Figure 3.33).
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4.1. The Bzxperiment

In every test performed, the following seguence of experimental
procedures was carried out,.

To begin with, sand was placed on the centrifuge bucket to a depth
of about 4 inckes (Figure 4.1). If looser conditions were desired, it
wvas just dumped in; if denser, it was tamped and/orx vibrated after being
piaéed in one to two imch 1lifts. Following this, one of the walls,
along with all its instromentation, was placed approximately 6‘iﬁches
from the front of the bucket (leaving about 8~1/2 inches for backfill)
and carefully seated on the sand layer already placed (Figure 4.2).
Special care was taken to assure the wall was vertical by following
guide lines drawn on the inside of the bucket. Sand was then placed con
both sides of the wall following the procedure for leooser or denser
conditions described above (Figure 4.3). The total depth of sand (for a
flat backfill) was 8 inches., For a sloping backfill, it was placed to
the desired slope above the € imch mark on both sides., The weight of
the sand placed was then totalled and, since the bucket dimensions were
well known, the unit weight determined.

By placing sand on both sides of the wall and taking the container
up to 50g’s the transducers were thus zeroed. In this manner, the walls
were subjected to no moment, lateral acceleration, or displacement and

an accurate zero was recorded on the Visicorder at the test centrifuge
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FIGURE 4.1

FIGURE 4.2
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FIGURE 4.4
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acceleration. The experiment was thenm returned to one g where the sand

oun the front of the walls wss removed to the design height (Figure 4.4},

Teble 4.1 Soil Densities

Test Density (3 1g Density @ 50g Test Density @ Ig Dencity @ 50¢
(pef) {pcf) {pef) (pef)
1CNO001 2.6 4630 1CNOS08 95.9 4797
1CNGO02 91.2 4561 1CNIGOY 97.0 4849
1CH1G03 92.0 4597 1CHI510 85.3 4764
1CHNCO04 83.9 4695 2{N0O011 9.8 4841
1CNI 505 02 .4 4621 2CN0012 25.8 £7120
1CNOO0S $4 .5 4726 2CN1G13 7.3 4868
1CNG007 98.1 4906 2CN151L4 87.7 4888

The system was next taken back wp to 50g's where 211 the statie
outputs were recorded on the Visicorder. The channels whick carried the
signals of the A-beams were then turned off since, due toc the poor
frequency response of the A-beams, they were inadeguate for dynamic
measurements. Affter this, the container was subjected to the
"earthquake” shaking described in Sectioms 3.2 and §.2. The ouwtput sig-
nals were recorded on the Visicorder at a recording péger rate of 50 to
80 inches per second depending on the particular test. Usually therxe
were 4 strain gage, 3 accelerometer and 4 pressure transducer outpuis
(11 traces total) being recoxded on paper only 8§ inches wide. Needless
to say, there was some overlapping of traces, and & high dessity of ana-
~ log data, but the recordings were usually clear and easy tc follow when

digitizing subsequently.




Figure 4.5 is an example of the tvaces recorded on the Visicorder
during part of the dynsmic portion of a typical test (2CH0012 in this
case) .

Foliowing the shaking, the two A-beawm channels were turned back
on, and their outputs taken along with those from the other fransducers
now static once more. The system was then brought back to rest which
concluded the actval experiment itself., Data reduction of the

Visicorder output followed.

4.2. Data Beduction

The digitizing was performed on a Benson—Lehner 099D data reducer
unit and the following procedure used. The cross hairs are manually sst
to succesgive x-y coordinates on each record tracs. The coordinates arxe
converted to digital position figures by means of a magnetic readount
head, and are stored in a 6-digit accumulator system from which they are
sutomatically read out to an IBM 29 card punch. The rvesolution of the
system is 782.0 du/inch in the x and 790.8 du/inch in the y dirsctions.
The Visicorder paper is placed on the 24" X 16" digitizing table with
the horizontal axzis lined up by eye to an estimated zero axis, The lin-
ing wp of the paper need not be 100 accurate since it will be corrected
with respect to a baseline recorded on the paper. All traces are
digitized without moving the record on the table,

First of 211, a baseline, which will be used to make correcticns
for deviation from the horizontal, is digitized. Each trace on the

Visicorder paper is then digitized individually as follows. The zerc
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point of the trace is first digiﬁizéd; This is the point at 50g where
sand is on both sides of the wall., For the pressure transducers and the
A-beams the zero point is the reading when the centrifugs is at rest,
Next the static point at 50g (normal experiment, backfill sand oanly) is
digitized followed by the digitization of the dyanzmic part of ithe test.
The records are digitized on an uvegual time basis sinee this leads to
the best definition of the trace for a given number of dats points. All
significant peaks, peints of infiectien; e¢te., are picked, along with as
many intermediate points as arxe needed for am zeccurate definition of
shape.

The digitized data are directly punched on cezds whick are then
read into magnetic disks on a VAX 11 VWordprocessing system. Program
PICHECK (Trifunac, Lee [63]) reads the daia and checks vwhether the time
coordin;tes monotonically increase. It also ssarches for possible
disproportionate jumps of the amplitude data. If any error is found,
the program prints out the message. Sméli errors are gorrected
immediately. The data are then plotted to the szame scale as the
digitized record, and the two versions are compared to check the
accuracy of digitization. Any portion that is digitized improperly has
to be redigitized and zeplotted mwntil the final plot agrees well with
the digitized record.

The corrected digitized data is noew fed into the dats processing
program WALL which will be described bslow and which is listed in
Appendix B. VWALL prints out static, mazimum dynamic, and final static

moment, pressure, shear, and displacement distributions along the wall
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to discrete locations; moment, pressure, shear, displacement vs. time

.

ibutions at the location of cach maximum response at equal time

e

distx

.

steps; accelerometer, velocity and displacement vs. time recoxds for
each of the three acceleromeier locations, as well as other data por—
taining to the test, mamely, centrifuge operation data, materisl
properties, and calibration factors, In addition plots are made of the
above~mentioned distributions, Contour plots of moment, pressure,
shear, and displacement distributions with respect teo Jlocation and time
are also made, This provides a very descriptive and compact representa—
tion of the entizre test.

It was sometimes desired to obtain characteristics of the moticn

recorded by the accelerometers in ozxder to have a comparison with actual

b

accelerogram characteristics of resl eerthguakes. For this purpose,
some of the accelerometer records were given the routine computer
processing of strong-motion accelerograms developed at Caltech by
Trifunac and Lee [63]. Programs PICEECX, P2SCALE, and P3TAPE form
Volume I of data in which the raw data is coanverted into umncorrected,
scaled, accelerogram data. Program IIMAIN creates Volume I which con~
tains corrected accelerogram, veloeity, and displacement data. Volume
ITY, which gives the response spectra of the record, is vrested using
program IIIMAIN. Program IVMAIN creates Volume IV contzining the
Fourjer Spectra. From this volume, the fundamental freguency of the

system is determined (see Sectiom 3.3.3). As will be secen im the

results, it ie the only frequency which contributes significantly to the
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response. Lhe standard accelerogram processing is outlined in Figure
4.6.
The results from the tests are obtained by processing the

digitized data with the FORTRAN program WALL. The program is run on an
prog prog

)

IBM 370/3032 Computer System at the Booth Computing Center at CTaliech.

&

After the raw digitized data is checked by program PICHECE, the
corrected data from the transducers is fed into WALL, alomg with other
experimental data, namely centrifuwge speed, distance from centrifuge
axis to top of wall, wall/soil propexties, order of polynomizl desired
for least—sguares fit (seec below), type, number, and location of trans—

ducers used, and calibration factors.

All the traces are then corrected with respect to the input base—

Bt

line to avoid exrors due to the slight slope which all the vecords
inherently have because of positioning on the digitizer tabie., This is
particularly important imn the accelerémeter records since double
integrations can introduce erroxrs proportional to the sguare of the run—
fing time with just 2 small initial slope present.

Follcwing this, the data is scaled to model dimensions using the

calibration factors,

Since all the separate traces are digitized individeally, it is

the

necessary to correlate them to specific, discrete time steps. This i3
done by smeothing the individual trace dats peint by point with a cubic
spline and then picking off the values from the spline at particular

time intervals. For convenience (see Section 5.1), it was decided to

use a dimensionless time group tfj to express time. t is the real
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STANDARD ACCELEROGRARM PROCESSING

RAW DATA

—

§

VOL.. | PROCESSIKG:

1. SCALED DATA
2. VOL, | TAPE

A4
VOL. 1l PROCESSING:

1., CORRECTED DATA
2. VOL. I TAPE

- VOL, | REPORT

CONTAINING:
1YPLOTS OF SCALED DATA
- 2)PRINTOUT OF SCALED
DATA

3= VOL, I REPORT

CONTAINING:
1)PLOTS OF ACCELERATION,
VELOCITY, AND DISPLACE-

MENT
2) PRINTOUT OF ACCELERATION

Y
VOL. i1l PROCESSING:

1. RESPONSE SPECTRA
2, VOL, Il TAPE
3. VOL, VTAPE

é

VOL, il REPORT

CONTAIRING:

1) LOG-LCG PLOT OF
PSEUDO-VELOCITY
RESPONSE SPECTRA

2) LINEAR PLOT OF TRUE-
VELOCITY RESPONSE
AND FOURIER SPECTRA

3) PRINTOUT OF ACCEL-
ERATION, VELOCITY
DISPLACEMENT, AND
PSEUDO-VELOCITY
RESPONSE VALUES

é;,

VOL, IV PROCESSING:

1. FOURIER SPECTRA
2. VOL, IV TAPE

é

VOL, IV REPORT
CONTAINING:
1) LINEAR PLOT OF
FOURIER SPECTRA

2) LOG-LOG PLOT OF
FOURIER SPECTRA

FIGURE 4.6 — FROM (63
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prototype (or model) time and fi is the zreal prototype (or model) funda—

mental freguency cf the system. tfj is the same for both modsl and

<
[
(o3
=]
]

prototype. The discrete time steps are ch n oat 150 per %,1 for the
first six tf, and 75 pes tf, thereafter. Because of the nature of the
experimental shaking, most of the critical (maximum and high frequency)

response occurs when O ¢ tfl £ 6.0.

The moments are determined from the scazled straim gage data. It
is intended to use a quintic (fifth oﬁésr) spline fit to the data points
at each time step. The spline fitting, however, requires sixz boundary
conditions, the moment and the first and second derivatives of the
moment, at the top and base of the wall. t the top of the wall, these
are known. The moment and shear {(first derivative) are zero since this
is the free end of g cantilever beam., The pressure (secend derivative)}
is also zero (no load). Since the bottom—most strain gage is located at
some distance from the base of the wall (Secticnm 3.5.1), the boundary
conditions at this location are thus not kmown, In order to eséimate
these a polynomial least—sguare fit is made of the data points at each
time step. A third or fourth order fit is done znd the base boundary

conditions are determined from this. Once this is dome, the quintic

determined from this fit at each time step.
If no pressure transducers ave used, the moment distributions are

erentiated with a fourth order finite difference scheme,

%

auwmerically dif
once to obtain the shears and once more to obtain pressures. {(This is

why a quintic—spline was uvsed, since a cubic spline would give straight
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line segments in the second derivative.) However, due to the

e
e
g
[4]
o

instabilities of numerical differentiation, it was determined that
derivatives were marginelly satisfactory aund second dexivatives very
inaccurate (recall Figure 3.29). This spawned the use of pressure
transducers in tests.

When pressure transducers were used {all the tests except the
first ome) &t each time step, the pressure transdncer dats points were
polynomial fitted and s cubic splime fitted inm & manner similar to the
moments. An advantage of the cubic splime is that it reguires no
boundary conditions to be specified. The pressure distributioa at cach
time step is thus read directly from the splinme. The location of the

vesultants is then determimned by finding the centroids of the pressure

(=

distributicns. The shesy distributions are ohtained by direct
trapezoidal rule integration of the pressure distributions. Numerical
integration, as opposed to differentiation, is stable and scecurate,

The following step is to determine the displacements at the top
and bottom of the wall for every time step. The accelerograms are
integrated twice and the A-~beam readings are used tobtie in the initisal

and final conditions. {(In the case of the free-field accelerometer, the

nal 4

| =9
fude

initial gnd £ splacements are assumed to bs zerc). The displace-
ment distributions azlong the wall are then determined by integrating the
moments twice and using the end displacements to find the itwo constants

of integration reqguired (see Section 3.5.4). The velocities at the

accelerometer locations are also calculated in this process.
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After esch parameter distribution was determined, the corxespond-

[N

nting and plotting described in the wrevious section was done,

e

ing px
The datas processing procedure is outlined in the flow chazrt of

program WALL in Figure 4.7.
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FLOWCHART FOR PROGRAM "wALL"Y

CORRECTED
DIGITIZED DATA
-

CORRECTION
)

SCALE

RECOIS

LLAST-SQUAES
FIT OF =
DATA TQINTS

or ‘...—LI_

DIP”I:RL\"TI ATION INTIATION U} Y
{INACCURATE) INACCURATE)

BASELINE CORGECT
ACCELEROCRAS
LSING. LJS'I S ARES
FIT AN
.m-\DI.\ub
¥
INTEGRATE FOR VELOCITIES

AND DISPLACIMENTS

PRESSURES

PRESSURES W1t

CUBIC SPLINE

ACCELERATIONS, VELOCITIES
DISPLACE IENTS FOR EACH
ACCELLROMETIER

INTS DISPLACINENTS]

FIGURE 4.7
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CHAPTER V.

BESULTS

Dimensionless Groups

Henceforth, for convenience, 21l parameters will be discussed as

dimensionless groups. This will meke the discussion indifferent as to

model

or prototype.

The principles of dimensional analysis {referemce {31 and

Appendixz A) are nsed to determine the dimensionless groups. From the

tests,

the following parameters are involved in influencing the results:

TABLE 5.1
Parsmetexrs Iavolved in Tests

- vertical locatiou

= height of wall

stiffness of wall®

~ wall moment®

wall shesar force®

~ lateral displacement of wall

~ lateral earth pressure

—~ density of soil

— angle of internal friction of soil
~ 80il veoid ratio

- gravitational acceleration

~ lateral acceleration

lateral weloccity

— time

- fundamental freguency of system

e
i

@~ o O = kK
!

Myoeh 4 Do O
!

[y

*

per unit width
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Parameters like Young's Modulus, Poissons’s ratio and wave

velocities for the soil were not used since these imnly the scil is

w
&
&
&
i
-
=]
<O
pos
=
w
]
@
ot
£
]
o
£
a

elastic, and are items that can oaly be

)

S STME
Tabie 5.1 gives a total number of pavameters n of 14. From the
Buckingham II theorem, the fotzl number of independent dimensicmless
groups k that can be derived is n minus the rank r of the dimcnsional
matrix:
k = n- ¢ (5.1)
For the parameters listed the dimeunsional matrixz is shown as Table

5.2.

Perameter Force (F) Length (L) Time (T)
b4 0 1 0
H ¢ 1 0
EY 1 1 0
M i ) 0
Q 1 -1 0
¥ 0 1 0
P i -2 0
v i -3 )
¢ 0 0 0
e ¢ 0 4
g ¢ 1 -2
2 0 1 ~2
t 0 o i
fl 0 0 i
v o i ~3




The rank of the zbove matrix is 3. From eguation (5.1), therefore, 12

independent dimensiomless groups can be determimed. They were chosen as

TABLE 5.3

Dimensionless Parameters

Parameter Symbol Dimensionless Group
Location x x/H
Tine t tfl
Moment (bending) M MH/EX
Moment (overturning) M 6M[y§3
Shear fozce Q Q/(i/ZyEz)
Pressure p P/vH
Displacement v vl E
Velocity v v/fig
Acceleration 3 alg
Friction angle ¢ d
Void rsatic e e

- - VZ/gH

In 2ddition, the ratio of bending to overturning moment gives the
non-independent dimensionless grouping yH4léEI which can be wszd as an
indication of the relative stiffness of the wall-soil system.

Iy the following sectioms, unless otherwise noted, z reference to

Pressure (P) will imply its dimeusiomless gromp (P/yE), refercnce to
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time (t) will imply tf,, and so forth. This will avoid sny

model/prototype confusion, and will also simplify the discussion,

£.2. The Experimental "Havthguske”

Although the "earthguake gensrating® mechanism employed in the
experiment was gquite simple, the rfecorded motions zre such that they axe
within the realm of strong sarthguake ground motions which have heen
recorded in reality.

The accelerograms recorded at the top and bottom of the wall, as
well as the free field (i.e., in the backfill some distance behind the
wall) during various experiments, are displayed in Figures 5.1a through
5.40a. Their corresponding velccities and displacements are shown in
Figures 5.1b through 5.40b and 5.1c¢c through 5.40c zespectively.

The displacement curves include both the initial static displace—
ments due to the backfill load (assuming that no backfill implies no
wall deflection) plus those generated by the shaking, The magnitudes of
the displacements prior to the earthguake are greater than 1/2% of the
wall height which indicates a state of plastic equilibrinm behind the
wall, and thus the development of full active pressure.

From the sccelerograms it can be seen that the general pattern of
shaking is such 2s one would expect from the motion—generating mechanism
involved, namely that of a decaying sinmusoid., However, due to the
inherent complexity of the experimental system, this basic paitern is
enhanced by some extra acceleration noise probably gemerated from

reverberations, collisions, nonlinearities, etz., of the
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centrifuge—frame-bucket—toggle-spring~bumper—wall-soil eystem. The
accelerograms recorded in the free-field are very similar to the
corresponding ones at the base of the wall (which indicate the input
excitation into the wall-soil system}, although they are not exactly
alike. The peak amplitudes vange fzxom about 0.25 to 0.70 depending on
the test, and the duration of shcking is from about 18 to about 33 (note
the dimensionless variables). The accelerograms recorded at the top of
the wall indicate that the motion can be amplified by greater than a
factor of 2.0. Tke "earthqguakes’” can be generally categorized as short
but severe.

The shaking exhibited in the ezpeviments is not unlike that which

has been recorded very near & ruptured fauvlt. For example, used for

joed

comparison is the accelerogram (Figure 5.41) recorded at Station 2 of
the Cholame—Shandon array during the Parkfield, California earthquake of

June 27, 1966 (ML = 5.6). The strong motion accelerograph was located

just a few yards from the San Andreas fault trace. This record also
exhibits sharp pulse—like accelerations which decay guite quickly.
Although thé maximum recorded ground acceleration was 50% of gravity,
there was little damage to nearby strumctures presumably because of the
narrowness of the acceleration spikes (low emergy content) and because
of the shoxt duration of the severe shaking [8,16].

From an engineering standpoint, the responsge spectzruom is very
important since it gives an indication of how ths response of a
structure to an ecxthquake will be. Compering the response spectra of

the centrifuge accelerograms of tests ICHNOGOL, I1CNO00Z, 1CNOOO2, aad
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2CNG01L (Figures 5.42 through 5.51) with that of the stronger borizontal

<
by

component Parkfisld {(Figure 5.52), it can be scen that they are all

very similar. They have pesks for periods between 0.4 and 1.5 ssconds

iampings. The main

Imte

or similaz

by

milar levels

b

(prototype) which are at s

jd

difference lies in the observation that the centrifupge shaking lacks the

oo

.,

er (> 2.0 sec) per

[e3:1}

ot

od componentis which the Parkfield motion con—

P

tains. The sbove would seem to indicate that the prototype structure of
the centrifuge model would have behaved very much like the model during
an earthquake similar to Parkfield, had it been close to the rupturing
fault.

The comparisons clearly show that, although the shaking mechanism
employed in the centrifuge is not sophisticated, it does give motious

-

ae

{ede

which have realistiec characteristics aud thus can be used to prov
some real insight into the problem at hand. Longer duration shaking
would primazrily affect walls retaining saturated backfill in which pore

pressure effects might be important,

5.3, Parameter Disgrams

Figures 5.535 through 5.107 show the moment, pressure, shear force,
and lateral displacement distributions obfained from the 14 tests
performed, As explained in Section 4.2, these figures show the entire
response of the system to the particular shaking it was subjected to,

Table 5.4 should be used as a key tc the interpretation of the figures.



Frame a —

Frame b -

Frame ¢ —

- 179 -~

TABLE 5.4

»

Key To Figures 5.853 Through 5.107

Contour map of the parameter distribution with xespsct to
location and time.

Parameter distribution with respect to fime at location whers
magimum ocenrs {Section A~A of contour mep)

Parameter distribution with vespect to locatiom—static,
maximum dynsmic (section B~B of the contour map), aand final
static after motion ceases.,

+ Location of strain gages

x Location of pressure tramsducers

G Haximum

A Data peint

On Frame ¢ of pressure distribution plots, the following symbols

sppsar,

TAlong (P/pg E) axisl:
0 Location of static resultant
[ Location of maximum resultant

{ Location of final static resultant

Rankine/Coulomb (static) and Homonobe—~OUkabe (maximum dynamic) pressure

distribut

jons are also shown in this frame.

Except for tests 1CNOGO1, 1CNOO0Z, 1CNIG03, 1CNOCO4, and ICNLS0S5,

the time

(tfl) scales (on Frames a and b) are set up so that the fizst

20% of the record is displayed over the first 50% of the grapk and the

final 80%

over the other 50%. This was done to enhance the presentation

’

of the more critical part of the tests.
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5.4 Btatic Results

Although the main emphasis of the research project was the study of
the dynamic behavier of retaining walls, some interesting results were
obtained from & ststic point of view azs well., 4n important indication
that an accureaie model has beeg gged is to examine how it behaves stati-
cally and compare the results with the accepted Rankine and Coulomb
static lateral eaxth pressure theories.

The Rankine lateral esrth pressure theory gives the resultant

active force P§/(1/2yﬁz) acting on the retaining wall as:

P = §. = {1l= sind)
o - 1+ sind}
1/ 2y A - (1 sing (5.2)

The coefficient K} is rveferred to as the active earth pressure
EN

sosfficient. The assumptions vnder which this theory is formulated are
very approximately fulfilled by the model tests which have a horizontal

backfill, namely:

s o

- The wall is rigid and vertical.
— The backfill is horizontal.
— There is no friction between soil and wall.
- There is active pressure (wall dieplaces more tham 1/2% of its
The Conlomb lateral earth pressure theory (of which the Rankine is
only a special case) follows the ééﬁe assumptions &s the Mononobe—0Okabe

theoxry (Section 5.5), with the exception that there are mo lateral or
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vertical acceleration coefficients kb or kv {(i.e. = 09). The
resultant force acting on the wall is expressed as:
P ; . . \ .y \N1/2
A . % coss {d-B) 1 4 [in (f+8) sin {d—3) / E
. AT pe i nn LT T \cos (8+5) cos (i- .
1/2732 cos® B cos (B+B) \ (5+6) (i-p) 5.3}

- Fozr the previously mentioned zssumpiions, with the exzception that

the backfill can be sloping, equaticn (5.3) can be rveduced to:

“W?A R 2 sin d sin (d=1) 1/2
; T Ky o= oc0st d { 1 cosi
1/24H e (5.4)

This equation will be used 2s 2 comparison basis for the tests with
sloping backiills,
In the Bankine and Counlowb theories, under the sssumpitions listed,

the resuvltant acts at ome third of the height above the wall bass since

on is essumed triangular., Therefore, the over—

M-

the pressuxe dis iribgi

turning moment 6H/yﬂg from the Pankine/Coulomb theory is:

.
oy
i A (5.5)
The wmazimum bending moment is:
M, H 4
- S 2;
BRI G6EL TA (5.6)

Table 5.5 gives a comparison of the maximuonm measuved static parame—

ters from the tests with the Rankine/Coulomd theories, recalling thsat

the friction angle of the soil used is 35°

@0

The latewal eaxrth pressure theories (both static and dynamic)
vnfortuenately only estimate the resultant force and its point of appli—

cation tased on the assumption of & triasngular pressure distribution.
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Thezrefore, the most accurate comparisocon that csn be made is that of the
& .

=

resultant forces,
Comparing the Rankine/Conlomb resultant forces with the maximum

shear forces (which are an integrvation of the pressure distribution

P
b

behind the wall) it can be concluded that there is reasonable agreement

between theory and ezperiment in this zespect, the mazinym difference
being of the order of 25% between the two. The sole exceptions are
tests ICHLI505 and especially 1CNOOO6 where the pressure distributions
shew a small magnitude in the upper 60% or so of the hLeight and then
increase rapidly Below that (Figures 5.6%9c and 5.73c). This then con-
tains a smaller ares under the curve, although the maximum pressures {(at
the bottom of the wall) sre comparable to those of similar tests.

From frames ¢ of the pressure distribution figurses, it can be
observed that the static pressure distributions are not linear, as the
Bankine/Coulomb theoriecs assomme, although for the most part, the
centroid c¢f the distribution (location of the resultant force) is at
around 1/3 of the weall height above the base as z triazngular distribu—
tion would indicate. It should be noted that, for RW2, the more flexi-
ble wall, this centroid does gemerally c¢reep up to sbout 40% of the wall
keight above the base. The maxzimum pressores {(at the bottom of the
wall) are much greater im all cases, except 2CN0011 {(Figure 5.93¢), than
those predicted by the Rankine/Coulomb zssumption. The maximom static
pressures recorded are om an average on the order of 60% higher than

those than the Razkine/Couvlomb theories would give. From these figures



it can, however, be seen that the traditionsl theoriecs do sesem to

predict ion,

Since the traditional lateral earth pressure theovies are based on
the assymption that the wall holding back the soil is rigid, one can
only make 2 qualitative overturning/ bendiuvg moment comparisca with the
test results which are those of itwo flexible walls. The Rankine/Coulomb
overturning moment is assumed to be the resuliant force times the moment
azm which is 1/3 of the height above the base. The bending {(reaction)
moments recorded in the tests are gemnsrally greaster than the overturning
(action) moments given by Rankine/Coulomb. The actual test moments
generally vary from just a few percent to about 35% greater than those
predicted, Since stems of cantilever walls ave designed as bending
beams, the actual facter of safety could thvs actually be mueh lcss thon
the wsual 1.7. For a 35% underestimation, the actual safety factor

(static) would then only be 1.25.

Looking at the parameters that do not imvolve the wall stiffness

3
EI, namely, 6M/vyH , P/yH, and Q/(l/Zsz), it can be seen that there is

correspondingly virtually no difference in the values for the two walls.

o

This indicates that, for the range of wall stiffnesses tested, the

system stiffness has little or no effect on the static respons The

L&)

stiffness of REVWL is about twice that of RW2, but its moments MH/EI are
atout half. Thus the dimensional moments would be corzespoandingly
siwmilar zlso demonstratirg the independence of wall flexibility om the

response.
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ured actual moments, static

)

As far as is known, nobody has ever mea

ox otherwise, in a cantilever retaining wall, or has ever comsidered it

wia

to he g flex

e

obviously is. Thus the moments

pie
er

bie bending beam, which

3,

[

shown in frames ¢ of the moment distribution figures provide a first
insight into zctual wmoments iz cantilsver walls due to lateral earth
pressures,

The messurement of latersl dJdisplacements seems also to be
unprecedented. The static displacements for all the tests indicate that
the wall has initially displaced laterally at lecast 1/2% cof its height
and thus a stste of plastic eguilibrivm in the traditional sénse ¢an be
assumed to exist behind the wall, and thus comparisons with the tradi-
ticnal theories (which use this assumption) can be considered valid.

The maximum static displacements ave of the order of 3% to 4% in BYWl and
4% to 6% in the less stiff EW2, and, ss expected, always ccenr at the
top of the wall. On some of the displacement curves {frames ¢), one may
note a small outward “curl” neazr the bottom of the wall. This is prob-
ably due to slight faults in the mezsurements of the boundary conditions

and should be considered numerical and not physical. This also applies

to the nmaximnm dynamic and final static curves.

5.5. Dveoamic Resunlts

Cne can compare the maximum dynamic parameters obtained from the
tests with those which would be estimated from the Mononobe—Okabe Theory
(discussed in detail ip Section 1.1) for similaer circumsiances. The

envelopes (upper bounds) of the various parameters with respect to the
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strong-motion characteristics are illustrated in Figures 5.108 through
§.122 . How these envelopes were determined will be explained below. In
addition, Mononobe-Ukabe distributions with respect to the lsteral
accelexation coefficients ky for an average test soil demsity are shown
in Figonres 5.108, 5,111, 5.1314 and 5.117.

For a flat backfill undexr the test assmumptions {see Section 5.4},

the total resultant active force PAy/{jjgygz}, given by HMononobe—Ckabe,

redoces from equations (1.1} and (1.2) to:

m52%1~ = cosd Ad=8) { 1+ (sia d sin (d-8) )1/£ }“2
1/ 248" cos? 6 cos & : (5.8)

For a sloping backfill of angle i, the resuvltiant force is expressed as:

7. Py e 4 s _ﬂ_n

PABL . _p  _oesi{d0) [ (ed2 g sin (820 \ 172 N
v AE T s 8 5 1 \
it " cos” € cos & cos i (5.9)

These equations form the bazis for comparison with the mazimum
dynamic results obtaired from the tests.
In the Momomnobe—OCkabe theory, the resultant force is assumed to act

at one thizd of the height above the base of the wall. Therefore, the

overturaning moment 6HAF/T§3 from the Hononobe—Ckabe theoxy is:

-“-““é“ = &AE
YH (5.10}

The mzximum bending moment is:

H,cH A4
__é-é.,_ - YHE_. 4

EI GEYL TAR (5.11)
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On the basis of previous studies {(up to 1970}, Seed and Whitman
{551 suggest that the dynamic portion of the moment acts at 0.6 of the

height above the base of the wall, Therefore the overturning moment is&:

61y,
=== K, 4 1,8AK,,, = 1.8%,. - 0.8K
2 A ° AR e USAR s A ]
vE° (5.12)
where:
Myp = Ego - ¥ (5.13)
Likewise, the bending moment is:
M, H 4 4
AR yES (. , ) _ i <q - . )
EL CRI (“A 18K ) = Gpy \Te8Kp ~ 0.8K, (5.14)

This suggestion is alsc used in the moment comparisons with the

experjments, and is shown (for am average test soil demsity) in Figures

a

5.108 snd 5,131,

¥

The maximum pressure RAE/YE at the base of the wall is:

B _
vH AR (5.15)

One should keep in mind that the MHononobe—Okabe Theozry is based on
the assumption that the coefficient of lateral earth pressure kh is
representative of a constant lateral acceleration which provides a
constant lateral body—type force to the system. There are no inertia
effects. The wall is also assumed to be rigid. In the ezperiment how—

ever, the lateral acceleration was rapidly varying in time, providing

for inertis effects, and the retaining walls were flexible.



.

t the Mononobe—Ckabe egunation
R

From equation (5.9) it can be seen ih
goes singulax when (d — 6~1i} is less than zero since the term under the

s \ ” . ssq f: . nG .
radical goes megative., For ¢ = 35 and a flat backfill (i = 0°) this

means that & has to be less than oz egual to 25° oz kb £ 6.70. Like—
wise, for a 5° backfill slope ¢ ¢ 30° or k, & 0.58, for & 30° backfill

slope ® < 25° or k £ 0.47 and for a 15° beekfill slope, 9 < 20° or
kh L 0.36. From the latersl accelerationm values (comparable to kh)

listed in Table 5.6, it can be seen that the uvpper limits just mentioned
are exceeded, or very nearly exceceded, in some of the tests, especially
in those where sloping backfills were used. From s Hononobe—Ckabe
analysis one would then have expected a complete collapse of the walls.
In fact, there was never a complete colliapse in any of the t{ests
although lateral displacements were in some cases quite high (about 10%
of the wall height in tests 1CNOS508, 2CN1013, and 2CN1514). Complete
collapse would probably have occurred if the lateral acceleration was
constant and inertialess as sssumed by Mononobe—CQkebe., The level of
maximuom acceleration was only achieved momentarily, however, being
follovwed by changes in acceleration which in time would lead to a res—

M

toring force holding the wall back. There might have besn a momentary
collapse of the system in some cases, which was quickly arvested. It

shonld be noted that in most tests the maximum accelerations recorded

(especially at the top of the wall) occur while the wall is being
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Fpushed” back into the backfill (i.e., while the system is being
restrained from collapse).

The envelopes of the various parvameters with respect to the siroang
motion characteristics were arrived at im the following mannex:

As menticned ip Section 5.2, the ground motion of the centrifuge
earthguakes has the shape mainly of a decaying sinuscid with some addi-
tional mnoise added (see the bottow—of-wall accelerograms). In most of
the tests there is an initisl acceleration spike (positive acceleration)
followed by a trough (negative acceleration), thenm a smaller spike, then
a smaller trough, and thereafltexr low amplitude accelerztions., The
corresponding velocity diagrams, which, as one would expect, have theirx
extreme values when the acceleration curves cross the zero axis, give
the total area under the accecleration surves. The velccity changes from
ong extreme velocity to the other thus give the arvea under their
respective acceleration spikes. The velocity and velocity changes are
important in that they can be used as an indication of the energy
content of the acceleration spikes, which is thus an indication of the
energy put into the system by the eszrthguske. Recall that there was
little damage from the Parkfield earthquake (Section 5.2), although
there were high accelerations, because of the low energy content of the
acceleration spikes.

It was observed, from the frames b of the parameter diasgrams
(Figures 5.53b through 5.107b) that, in almost every experiment, peaks
in the maximum moment, pressure and shear distributions at the base of

the walls with respect to time were obtained in between the time when
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the acceleration spikes reached their peaks and the time when they
srossed the zero axzis (where the corresponding velocities reached their
peaks). It was likewise observed that troughs in the maximum moment,
pressure and shear distributions were obtained in between the times when
accelerations reached troughs (negative maxima) and the times when they
recrossed the zero axis (where the corresponding velocities reached
their negative maxima). The opposite correlation between
acceleration/velocity extremes and the maximum displacements st the top
of the walls was also observed.

The pezks and troughs of the parameter distributions werekthen
plotted with respect to their corresponding accelerations, velocities,
and velocity changes {which are the areas uvunder individwal acceleration
spikes) in Figures 5.108 through 5.122. These values ave alco tabulated
in Table 5.6. It should be noted that static values were not included
as peaks or trouwghs in the analysis, as they are prcbably neither,

These values would have been plotted along the axis where acceleration
and velocity are zero, However, in dynamic motion, when the accelera-
tion is zexro, the velocity might not be, and vice-versa, so the inciu-
sion of static values in the envelope analysis would not have been
appropriate to the other dynamic points. Only dypamic values were
included.

It skould azlso be noted that the Mononobe—Okabe &nalysis reduces to

the static Rankine/Coulomb analysis for no lateral acceleration which

does not seem accurate from a dynmamic motion point of view.
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The extreme points seem to follow, with the exception of the dis-
placement, & genexal treund; that iz, the higher the laterzl accelera—
tion, veloeity or change in velocity, the higher the extreme. It was
decided to f£it least—-sguares straight lines thycugh each of the sets of
points one for esch backfill slope; 0°, 10°, 15%°. The mazimum slope
from each of the three sets of data was taken as the slope for the

envelopes. The envelopes were drawn with these slopes as fangents to

@

the individual sets of points. From the linear correlation coefficients
of the least—sguareg fits, it was determived that the best fits were the

meximom moment vs. change im velocity (Figures 5.110 and 5.113), ths

S
fros]
Tt
e

-

maximunm pressuvre vs. velocity (Figure 5.115) and, the maximom shear vs.

b

scceleration (Figure 5.117). Ho conclusions could be drawn from the

s 5.172

5\1

displacement curves (Figu G through 5.122).

Ef'a)

The best fits wounld indicate that moment and pressure are more
momentum~ or euncrgy-governed parvameters since thev are better related to
velocity effects., Similarly, the shear force is more a force—-governed
parameter {which is logical) simce it is better zelated to scceleration.

The envelopes presented thus provide an upper bonnd for the various

-

parameters with respect to actusl dynamic strong motion characteristics

for at least a range of system stiffnssses (yﬁéléﬁl} between about 0.75
and 1.75 which the experiments encompassed (for & ~ 35%) .

Az in the static case, the various parameiers are indicated to be
independent of the stiffness of the walls at least for the range of

stiffnesses tested., It would be difficult to say if this wonld hold for
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rigid walls, ox very flexible walls, since the actuasl walls tested
appeared guite flexible as indicated by the deflection shapss.

The enly logical comparisons that can be made are those between the
envelicopes obtained and the corresponding Mononobe—~fksbe predictions
(which have been simplified for an 'average of the soil densities
encountered). These can be seen in Figures 5.108 and 5.111 for moments,
5.114 for pressures, and 5,117 for shears. Xn-aéditiong Figures 5.108
and 5.311 show the valves for moments Suggested by Seed and Whitman
which were previously discussed, No comparisons with previous investi-
gators can be made in terms of tns envelopes involving the velocity

-

parameters since this does not seem to have been examinsd before. Hav-

ing the envelopes witk respect to accelerations, velocity and change in

(2

velocity shonld, bowever, help in betier vnderstending ths problem =t
hand,

Since the Mononobe—Ckabe curves and Seed and Whitman curves (in the
moment diagrams) generally intersect at omne point and at relatively
steep angles to each other, it appears that the traditional methods
wnderestimate the actuel values of wmazimum moments below the point of
intersection and overestimate them above. Xt appears that going even a
small distance above or below the intersection points leads to large
differences between the actual experimentsl maximom valves and those
predicted by the theozy. For example, from Figonre 5.111, for a flat
bagkfill and & lateral acceleration of G&QSg the Menoncbe-Okabe method

.

gives & maximum moment around 60% as large as that determined from the

envelope., Seed and Whitman indicate ons about 80% as large. For 0.50g,
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however, Mononobe-Okabe predicts & maxzimom moment sbout as large as the
envelope while Seed and Whitman shows ome 1.5 times larger. Similarx
comparisons can readily be made for the other pavameters as well by exa—
mining the respeetive diagrams. The designer wounld obsexve, therefore,
that the envelopes obtained from the experiments generally give what
appear to be conservative valuves for lateral accelerations less than
about 0.50g (which is probably the practical extreme for the umse of ths
Hononobe—Ckabe theory in any casc). It should also be noted that the
envelopes do not seem to be as sensitive to backfill slope as the
Hononobe—0kabe theory is.

From the parsmweter diagrams (Figures 5.53 through 5.107) it can be
observed that the maximvm moments recorded ranged from about 40% to
ebout 100% Lhigher than the maxzimz recorded statically (with the

CECe

o]

tion of test 1CNCOO7 which had a relatively very low static maximum
moment). As mentiomed previously, this ratio is more depeundent on the
energy input into the system (represented by the velocity) than on the
peak accelerations. The moment distribuiions with respect to the loca—
tion (frames ¢ and vertical cuts of frames a) seem to be smooth curves
which could possibly be approximated using low order polymomials, for
example, guadratic functions.

The maximum dynemic pressures ranged anyvwhere from 1 to 2-1/2 times
the meximum static omes and like the moments this ratio was more
Vdependent on the velocities recoxrded. Although the pressure distribu—
tions are by no means linear (as assumed by the Hononobe—Okabe theory),

their centroids (locations of resultants) generally appear to be at or
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very near the location of the static centvoids, thet is, somewhers
between 30% to 40% above the wall base. As with the static pressure

distributions, this indicates that the distributions are Iike an
"average' of a linear pressure distvibution although they are gemerslly

d

L0
if

o

cult to relate to a Hononobe—-Ckabe distribution, Ia any case, the

[

<

dynamic centroid appesrs to hold steady at around 1/3 the height above
the base in contradiction to Seed and Whitman [55] and Prakash and
Basavanna [42] (see Sectiom 1.3).

The maximum shear foxces recorded in the tests are gemerslly 50% to
100% higher than the maximum recorded statically for the range of
maximum test zcocelerations. It appesrs that the percentage is more
closely asscciated with the acceleration than the velocity lsvels. CQCne
shonld keep in mind that shear reguirements are usually amply met if a
bending design is used unless the beam is short with respesct to its
thickness (behaving like a shear beam). For reinforced concrete besams,
shear is important, however, and some shear reinforcement is usually
required by design.

As can be seen from Figures 5.120 through 5.122 uno clear trend
could be determine&bbetween the mazimum displacements (at the top of the
wall) and the strong motion characteristics.

Richaxds aand Elms [43] performed saée tests on a gravity retsining
wall on a (1g) shaking table which was subjected tc a scaled El Centro,
California (1940) earthquake recoxd. Théy measured the displacements on

the wall and noted that the wall always moved outward away from the

backfill and continused to move outward until thke shaking ceased. Ry
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contrast, barring the author’s prejudice toward 1lg shaking table fests
(Section 1.2), in the cantilever retszining wall tests of this investiga—
tien, the walls were observed to displace both outwardly and inwardly
with respect to the backfill. The maximum displacements wers observed
to be not necessarily the final cnes although in some f{ests they werxe.
This is as it shonld be. At 1g, the soil grains ave under low stresses
and are rigid, so the only displacements are due to grain slipping which
is 81l irzeversible., In the centrifuge, the scil behavicr is propexly
elastic/plastic so dynamic to and fro movements are cbserved. In addi-
tion to the sliding and xotation of the base, there is also the flexing
of the stem (and base) so the elastic wall can rebound somewhzt as well.
The maximum defleciions ranged frxom 5% to 9% of the wall height for E¥W1
and from 7% to 11% for the more flexible RWZ. These magnitudes of
deflections could lead to some severe cracking in reinforced concrete
walls although it should be remembered that part of the deflection is
due to a rotation of the base.

From the shape of the deflection curves (frames ¢ and vertical sec—
tions through frames a2 of the parameter dizgrems) it can be seen that
the wall motion is basically in the first mode with spparzently little or
n¢ contribution from other modes. This is also confirmed by the Fourier

Spectra discussed in Section 3.3.3.

5.6. Final Static (Residual) Besuits

A visual idea of the results of the earthquake on the retaining

walls can be observed fyrom Figures 5.123 (Test 1CNOOOT), 5.124 (Test
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FIGURE 5.124 — TEST ICN10O09,POST TEST VIEW (AT 16D

FIGURE 5.125 — TEST 2CNOO! | ,POST TEST VIEW (AT 16



1CN1IGO9), and 5.125 (Test 2CNO011). Although the photographs were taken
after the centrifuge was brought back down to rest, one caun sce that

there was & large amount of wotion of the backfill and wall. There was,

@

of course, an amount of "rebounding” of the system as the avtificial
gravitational field decreased. One can observe that the backfill, which
was originally flush with the 1ip of the wall, has displaced downward
1/4 to 1/2 of &n inch. These kinds of displecements are quite sizeable
and it can be safe to speculate that, if cclored sand, or slightly
moistened sand (with some apparzent cohesion) had been used, some cracks
in the backfill would have been chserved,

Not apparent from the photographs is a “mounding” of the sand
cbsexved a2t the base of the wall. This was obviously produaced by the
cutvard movement of the wall during the tests.

An important observation related to the downward sliding of the
back{fill and the "mounding” at the base is that these features were
uniform across the width of the wall and theve was no apparent change
near the edges. This can be takem as a good indication that the system
behaved in & plane strain fashion (as assumed) and that the edge effects
(if any) were minimal.

Seed and Vhitman [55] mention the fact that aftsr a retaining
structure with granular backfill has been subjected to a base excita—
tion, a residnal pressure acts on it which is substantially greater than

the initial pressure before base excitation., This pressure is also a
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substantial portion of the maximum pressure developed during the execita—

tion. This statement ic quantitatively demomstrated by the sxweriments.
q 3 7

o

£

The maxzimum residual parametexrs are listed in Table 5.7 and their
ratios to maxzimum static and maximunm dypamic values in Table 5.8.

One can observe that, although the maximum residuazl pressure is
always somewhat lower than the maximuom static pressure (5% to 253%), and
considerably lower thanm the maximum dynamic (25% to 60% lower), the
resultant (shear) forces (i.e., the areas under {he pressure distribu-
tions) are in accordance with the Sced and Whitman observation. The
residual resultants can be vp to 60% higher than the statici This
appeaxrs to be zrandom with respect to the slope. From frames ¢ of the
pressure distribution diagrams, it can szlso be observed that the fimal
residugl resultant is usuwally located scme 20% to 40% above the static
and dynamic resultants indicating that a triangular (or Paverage
triangular”) pressure distribution no longer exists.

The residual moments are also substantially higher than the static
and are only & few percent lower than the maximum. This, agein,
develops regardiess of the magnitude of the shaking the wall was
subjected to. This could indicate that a retainming wall which hes
servived an earthquake intact could be pre-stressed for the following
earthquake or aftershock to the point where there is virtually no safety
factor and thus fail undex an even mild event. It should be noted that
in Test 1CNL1S505 the centrifuge was left rumning for 3 hours after the
shaking cccurred. This is the equivalent of 150 hours (over 6 days) in

prototype time, and in this period, no rebounding or relaxzation was
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observed in ecither the strain gage (wmoment) ox pressuvre transducer read—
ings,

As mentiomed in Secticn 5.5 the-walls displuced out and in with
respect to the backfill 2nd then gensrally erept out toward scme final
displacemeni which in some tests was the maximum observed. The final
displacements were found to be much greater than the static ouss in any
case. This then gives rise to the question of whether cor not such largs
displacements can bte tolerated from a safety or asesthetic peoint of view

although the retaining wall suzvived the earthqguake.



CHAPTER VI .

The purpose of this iavestigation was to observe i™2 nstural

[

behavior of an 18 ft high cantilever retaining wall when stuhiected to
J

«

only & gwravity body foree with a dypamic latersl earthauske excitation.

The retaining walls weze properly modelled and wore subjected fo some
earthguake—1ike motions which were considered to be in s reslistic
range. HMoment, pressure, shear, and displzcement distributions (static,
dynamic, and residual) were obtained. It was also mnovel that the
retaining walls were considered flexible {as they ars in real 1ife) as

opposed te rigid, which seems to be the zorm in 1g model retaining wali

studies and in theoretical analyses. A large amount of dsts was

oo

obtained dizectly from trensducers and indirectly from simplie mathemati-
cal manipulations of transducer data and was presented in ss concise a
manner as possible. Some empirical curves for relating the upper bound
responses of the retaining walls to strong motion characteristics were
also obtained.

From the information ascquired from the tests, the following

conclusions and recommendstions can be made.

6.1. CLonclusions

144

1. The simple "earthquake gemerating” mechanism emploved was found to
q g 3

give realistic characteristics and could thus be eomployed in the



4.

studies of other eazrihouake—related problems in geotechaics in the

The static earth pressure distriboticns obtained vwere not
triangnlar as the Rankine/Counlomb latersl earth pressures asstme.
The experimental centroids were genmerally located at about 1/3 the
height zbove the base of the wall. The resultant forces {areas

under the pressure curves) wers in reascnable @glc ement with the

Rankine/Conlomb theory. This indicates that the Rankine/Coulomb
A

theory estimates am "aversage' pressure distribution which is taken

as trisngular,

The static moments measured were genszrally higher than those which

wonld be obtained ueing a Rankine/Coulomb resultant force with a

1/3 of the heighi moment szxm (by as much as 35%), indicating that

the properly designed wall might bhave a safety factor lower than

estimated.
Static displacements were sufficiently large to create a state of

full active pressure behind the wall.

Static and dynamic reastion parameters (moments, pressures, efc.)
appear to be independent of wall stiffness, at least for the rauge
of experimental system stiffmesses (0.735 ?Hé/éﬁi $1.75, 4 ~ 359
The ounly significant dynamic response of the system is in the fun—
damental mods,

The two walls had fundemental fregquencies of 2.6 Hz and 2.5 Hz with

the soils emploved.
010y
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o
o

The dynamic response of the system is not only dependent on later

accelervations, as the Monomobe-Okabe theory assumes, but also on

the energy countent of the earthquake indicated by the velocities.

Maximum moments weze found to be more closely associated with the
q

zreas uwnder the individeal zcceleration spikes (changes in

velocity), maximum pressures with the velocities, and maximum shear

.

(resultant) forces with the sccelerations, althongh there is a
general dependence on all the stromg motion characteristics. There
is & strong correlation between maximum and minimun {(maximum
negative) accelerations, velocities, and changes in velocities; aand
peaks and troughs in the maximum Tesponse curves.

The experimental envelopes presented in Chapter V provide an upper
bound for the various pavsmeters with respect to actnal dynamic

strong motion characteristics for at least the system stiffness

4
range (0.75 { yE'/6BI £ 1.75, & =~ 350) which was studied. These

{Section 6.27.

@
[
[o 1Y

envelopes can be used as a design
The Hononobe—-Chkabe theory underestimates responses (in some casss
severely) below certain lateral acceleration levels fox each
individnal case (Figares 5.108, 5.111, 5.3114, and 5.117) and
overestimates them above that acceleration when compared to the
experimental envelopes., This is due to the steep siope of
intersection (at oniy one point) between the recorded parsmeter
envelopes and the Hononobe—Okabe curves., This makes the envelopes
appear comservative for kh values less than 0.5g, but they sre not,

because they came from tests.
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The ezperimental envelopes are not as sensitive to backfill sliope

3

as the MHomomnobe—-Okabe theory is.

Dynamic moment distributions with rsspect to wall location are
gencrally smooth, monotomnic curves which vesemble some low oxder
polynomial, possibly quadratic.

As in the static cases, the dysamic pressures were =not trisngular
as the Mononobe-OCkabe theory azsumes, although the centroids did
remain at about 1/3 the height zbove the base, contradicting othex
investigators which state that it rises to between 1/2 and 2/3 of
the height. The dynamic pressure distribuvtions could thus be
considered an "average’ of a linear distwibutiocsn, slthough they
could not generally be related to lononobe-Qkabe.

The walls displaced both outwardly and inwardly with zTespect to the

backfills during the severe parts of the shaking and crept out—
wardly doring the milder shaking towards the end. HMaximum deflec—
tions could be considered excessivé in some cases even though the
structure survived the event intact. Deflected shapes gave an
indication of first mode (only) flexzible bending beam behavior.

The fact was confirmed that, after a retaining structurc with a
granuler backfill undergoes severe dynmamic excitation, a residual
pressure acts on it which is 5&53téﬁtiaiiy greater thean the initial
pressure before excitation, and is a substantial portion of the
maximum pressure developed during the excitation. This élso

applies to mnments, shears, and displacements,



15. Ko moticeable experimental “edgs effecte” were observed, and a
plane strain condition for the tests could be assumed to hold.

16, Elastic scluvticns for ret

o

ining wall problems should be avoided.

el

This includes the unse of elastic finite clements {(Appeudixz D).

6.2. PRecommendations

Based cn the concluded investigatiom, it ig highly recommended
that some type of dynamic amalysis in the design of large retaining
structures bs employed, as the dymamic responses generated can be
considerably greater than the static ones. There chould be extreme cau—
tion in scoepting the following guote from Seed snd Whitman [35]:

"Thus many walls sdeqguately dssigned for static earth pressures
will auntomatically have the capacity to withstand earthguake ground
motioas of suhstasntial magnitudes and in many cases, special seismic
earth pressure provisions need 10t be reguized”.

As an example of how the experimental data from this investigation
might be used as a design aid consider the following practical problem:

It is required to design a2 20 ft high cantilever retaining wall
with a flat, granular backfill with 4 = 35%,  The wall is to be
subjected to a scaled down Parkfield Harthguake (Figure 5.412) to oue
half the magnitude shown.

Since the wall/soil description is similar to that of the experi-
ments, the fundamental frequency can be ssswmed to be zbout 2.5 EHz.

From Figure 5.41, based on test experience, the second acceleration

spike (that whose peak is at about 4.1 seconds) should probably gensrate
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.

the critical respomse. The peak design acceleration is then 2153
cmiseez, the corresponding velocity 39 cm/sec (which ccecurs at about 4.6
sec) and the ares mnder the svceleration aspike is 49 cw/sec {(which is
the pesk—trough difference on the vsi@city curve;. DBased on test

'

experience, the peak resyponse of the wall should then cecur sometime

between the 4 znd 5 second mark.

For a = 2158 cm/secz, alg = 0.22. Therefore, from Figure 5.111
-ﬁ%« = 0.58.
B :

For v = 39 cm/see, (f1 = 2.5 Hz).

* = 39 = I
£,8 (2.5)(20)(30.48) ¢.026.

Therefore, from Figure 5.112,

For Av = 49 cm/sec, (fj = 2.5 Hz).

Av
o 0.032.

ok

Therefore, from Figure 5.113,

= .57

The mazimum moment could then be taken as the average of the three

values obtained from the envelopes, therefore
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Having this valuve, the stem counld then be designed as e segnlar

@

bending beam using, for example, a quadratic moment distribution for

=N

simplicity and having 211 the design reguirements {(as was done in
Section 3.3.1).
It should bs noted that had s Monoucbe—Okebe analysis been

performed, using the maximpm scaled Parkfield acceleration of

o

240 cum/sec® and eguation (5.10), the waxinum moment would have been:

which is 35% below the one cobtained from the othexr anslysis. It was

based on one dynawic parameter (the peak acceleration) wheroas, the
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used, it would in actuality only be 1.25 when compared to the previous

One could alsc use a similar analysis to iunvestigate the pressures

and shears and perhzps refine the design.

Future research could be done using identical types of tests with

different wall heightsz, stiffnesses, different soils and longzer
earthguake durations,

The data anaiysis should concentrate more on the highlights
(psaks, troughs, etc.) of the dynamic characteristics related to the
system responses instead of the detailed, time—comsuming, sxpensive,

tedious dats analysis which was performed in this investigation.



i,

Sheetpile walls, chanmel seections, and other types of bending beam
retaining walls should also be studied.

Retaining well problems with wet ox saturated soils should alsc be
examined with the centrifuge, although there counld be some problems with
retaining the water in the backfill as w%li 28 having two time scales
(dypamic and consolidation —— see Avppendiz A).

The centrifuge wonld sisc b
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dynamic retaining wall behavior with clayse.

d be

j

Tt would be desirable to develop 2 better shaker which coun

5

implemented into a ceantrifuge. There iz 2lsoc a need for some full-secsle

<
1

testing of beunding beam wetaining siruectures. 8Sinuscidal shakers could

te used on actusl retaining structures to determine some natora

frecuencics and mode bration and parhaps test some to failurve.

s
L]

cf v

“

An actunal retaining wall should zlso be instrumented with two
strong moticn acceisrogfayhs {ome at the base and one at the top) and
with at least scme kind of pressure transducers which could record pres—
sures during an actual earthguske. The recording devices could be

triggered by the accelerographs.
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APPENDIX A

SCALTING RELATIONS (Hoek [151)

Every gquantity of physics and mechanics has a dimsnsion which can be

3

expressed 28 a function of the fundamental Jdimensions:

e

force (F = MLTﬁZ)

K — mass _ F -
L - length or L — length
T = time T - time

If a formula is dimensionally correct, it is valid im all systems

of mwnits.

1,1151) relistions between

W

g (I

fate

By the method of dimensional analys
the equations governing the states of the model and prototype can be

%

derived.

The stress and displacement at a point in the structure will depend

ppon the following factors:

1.) The geometry of the structure. The behavior of z point defined by
the coordinates x, vy, z can be descxribed by a typical length dimem-

sion L and set of dimensionless ratios LF relating all other
%

lengths to L.

2.) Material properties: For example, for s linsarly elastic isotropic

material.



E = Young'e modulus of the material.
V¥ = Poisson’s ratio of the material (dimensionless).

Other material properties can be zelated to p and ¥ by sets of

©
L)
et

Applied stryess conditions:

P

i

externally appnlied load.
Q@ = externally epplied stress.

v = externelly induced displacenent.
¢ = internal stress.

g = acceleration of gravity.
e = externszllv epplied acceleration.

Other stress conditions sxe related to P, Q, Ty Ggs 8 by sets of
dimensionless ratios P i 5 P
s r* % Uors “ors or

The behavior of a point %,y.z in the siructure at time t is defined
by 2 resulting stress ¢ and a resulting displacement v and depend upon
the abovementioned psrameters and dimeunsionless ratios.

The quantities o, m, %, ¥V, %, t, L, p, E, ¥, P, @, Tyr Ugs Bs & 2O
all derived from the three fundamental units of force F, length L, and

time T. The Poisson’s ratio V is already dimensionless.

The dimensions of the listed parameters azre given in Table A.1,
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TABLE A.1

oo Jw sy jz e L e [B IV IEJa fo fu g |a
T T R B T S B O A B TR A
A N R R O S
£ - 5 1%__‘_ Hza'g _n!__d?g Py
A R RN A A A AN R A
53?50 @%e 050 1%@ 2 0 (0 10 10 0 0 -2 {-2
it i i i H i |

The table comnsists of a matriz of rank 3. Accoxrding to
Buckingham’s first theorem, one may obtain 16-3 = 13 dimensionless

independent groups of parazmeters from those listed. THoek chooszes the

foliowing:

b 2
5 v
ol T X Y Z i2a Q‘*i’f_ Vv, & oL Fo f‘;@:fi_
PP L L e’ A N P P

fa

It should be noted that other combinaticns than those listed above
are possible. For this particular set, however, sll other groups would
be combinations of those listed,

Buckingham's second theorem (Buckingham's I} Theorem) states that a
diwensicnally homogeneous eguation (one which does not depend on the
unjits of measurement) can be redueced to a relationship between a
complete set of dimensionless products.

From Buckingham’s I Theorem then the displacement u, aand the

stress ¢ at a point (x,v,.z) can be expressed by the following dimension—

less eguations



- x v gz & EL pal, R
L T\LLL L’ PRty
2
. ¥
.EQ; .-{-Sed E‘l P L&) o 4 2 \
L’ n ¢ ..-'R, b ‘R, Vi L(}Rp pgs @GR? (BP.) (ch)
ol = g (% X s
P (21 o =) (6.2)

in which F 2nd G are undetermined functions. The pavameter t is the

-

dypamic time scale,

For the two systems, model and prototype to by physically similar,

the functicons F and G must be the same for each. Therefore, the

following conditions of similitude are established.

The subsecripts m and p will refer to model and prototype parameters

respectively.

i.)

Model similitude related to matural properties: Since Poisson's
ratio is dimensionless, the model and prototype must have the same
Poisson's ratio:
Vo=V .
: (A.3)
Combining the remaining natural properties E and ¢ by dimensiouless

grouping:

pall g P _ gzl
2 g2 B (A.4)
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Therefore:

E ggg§1isia - F pgfp_}j_‘g_

Em Ep (A.5)

orT

L. 5 op

Ly _ Epbp 8y

0 (
L n P & (L.6)

If the model material is ideantical to the protolype material
(Em = Ep; P = Pyl Vm = Vp) and the model is subjected to an arti-

ficial acceleraticn N ° g (N is the scale factor) then:

Ly _ % omp L N
I & g (A.7)

It csn be thus seen that by use of the centrifupe, scale
models manufactured of the protoiype material are suitable.
Model similitude im relation to applied siresses: Applied stresses

are defined by the parsmeters P, @, Gy Ty and a and appesar in the

dimensionless groups:

2
2a ml pa® a2 a2 o 9F
L ¥ P & ¥ g, P ? L L4 P

Taking the grouping:

EL (A.8)
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Thexefore:
?% - %ﬁ
R
% “p (h.9}
zlso
P I?
Py Pg nm Egilyy
R
EmLm Epr P Epr (A.10)
From the grouping:
Z
So _ Tt . p
B o2 (A.11)
Therefore:
%om _ Fu
“op p (A.12)
Displacenmentis are scaled directly by:
Yom _ Iy
op Lp (A.13)

Inertias and gravity forces in the model and the prototype are

pall 2

characterized by the dimensionless groups P and . which were

already uwsed in deriving expression (A.4).
Finallvy, dynanic or inertial forces inveolve a time scale which

can be derived from the grouping:

tzE tza . P . EL

LZQ L pal

(A.14)



Therefore:

Yy [Pn Fp\ Y2 Ry
g ‘p? “n “p (4.15)

Using a centrifuge model made of the same material as the

prototype (Em = EP; Py = Ppi v, = vp) and subjecting it to the

centrifuge axrtificial gravitational acceleration N ° g {(A.7).

(A.9) reduces to: Qm = QP (A.16)
P
(A.1G; redunces to: Eg = A
P N? (A.17)
{4.12) reduces to: Com = on (A.18)
Bop
{A.13) reduces to: . = N
om (A.19}
Y
{(A.15) reduces to: T = N
i (A.20}

One can clearly see the convenience of centrifuge modelling.

From (A.316), (A.18) and the fact that EP = Em can slso note that

the strains in the model and prototype are idemtical. In the event
that the soil behavior exhibits its usual nonlinesrity, the same
considerations hold, if prototype and model soils are the same.

In the exzperiments, it wes necessary to model reinforced
concrete walls by means of aluminuvm. The stiffness of the wall EX
is modelied as follows., The dimemnsicns of EI are FL (sctually

FLszl), It has besn shown, by equation (A.17) that force scales

~y
as N, and length of course, scales as N, so that the EI of the



model must be equal to 1/N3 the EI of tle prototype. For z given,
but arbitrazy design of & protoitype reinforced concrete wall, the
EL can be calculated, In the model, the E of the aluvminuwm is
known, and the wall thickness c¢dn thexrefore be selected to produce
the appropriate, scaled value of EI,

The vield characteristics c¢f the wall itself were not
modelied. In the prototype, yield would be indicated by the crea-
tion of a plastic hinge at the point of mazimum moment, i.e., at
the base of the stem. In oxrder to moie} this, a notch ox groove
would have to be cut along the base of the model to a peint so that

the stem wounld fail easily at that point and thus simulate the

Consolidation time scale (Rowe [461):

In the study of liguefaction, the time rate of flow of wétex
from the socil is considered in comparison with the zate at which
pore pressures are geuerated. The consolidation process thus
requires consolidation time scaling.

The time factor T of comsolidation is defined by:

C. ¢t
T = —f

(nH) 2 (A.21)
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whewre
Cv is the coefficient of consclidation
t is cormsolidation time

H is the height of the stratum to be drsined

. is ths nomber of drainage boundaries (I ox 2)

It is reguired that Tm = T If the so0il materials

are ideantical then:

€y temt Gy Eep
A A 2
be) Hm 1\ HP
since
B 1
bii N
P
then
T
¥ ﬁz
which establishes the consclidation time scale.

(A.22)

(4.23)
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APPENDIX B

VALL PROSGEAM LISTING

Following is & listing of the data processing program WALL

described in Section 4.2. The following subroutines were developed:

MAIN(program) DIGIT PAPRNT
ALGRQN INTEG PRESS
APLOT AP QUINT
BASCOR MAXARR SHEAR
BIGHAX MOMENT SPLINE
CRUNCE PAGE SUBU
DRRIV PAPLOT TRIsE

The following called subroutines are system subroutines of the
IBM 370/3032 system at the Booth Computing Center of Calisch.

EQSOV. - System of eguations solving routine.

LSQUAR -  Polyanomial least—squares fittimg routine.

SYSSYM® - Symbol plottiﬁg routine;

VLABEL® - Axis/axis label plotting routine.

YYPLOT* — Line plotting routine.

XYPLTE - Point Plotting routine.

éCalcomp plotter.
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MALIN PRLCER ANV
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FECCRAY YT CEVERNMINE FAKANETERS (F MLL
FETAINING STRUCTULRES EASED N CERTRIFL

COMMORZRED/72018D2,12): 7015023 ,8x0(1121},
NTIYPL sFIMsNCeXF{S)

COPMIN/CREER/CMAX{Z) CFEN(Z2) L TFLTCE
COMMONZELEOR/OIS(1E02,2)

((F#fh/Fihk/tl(’““43,52(1562)
COMMUN/CRANCEZTORT o TEPFBOTLELTE WAL
CORMLNZLRAN/TETLELLTIE T s TITLEZL{1R

CIrebhSION D181 (2520

FE2Z 10 Y, TITLC e TITLE?

REAS 12 U r U ARSCoEINM b TN o T lIr (o MAKRFLLY ASRKa NIRRT ATYPE

MEz=r SR 4G+ ]

FELD 10245 {1)sl=24M82)

KEFC 10% eNC

MEF=N(1] :

TEARNFRECosLINPR=2

FLES TUZ3(xE{L)el=24NFFR)

(FEC2 = FEM AT wbi(r CINTEQFU(E CPERATES

e = CISTANMNCE FrR{WM £X1S LF CENTRIFOCE FOTATION TC 1CP UF MIIEL
wWALL (IN)

[ = E] (F MUZEL w2ttt {LE-1N2%527 N}

[ = $E1(rmT CF MICEL watl (DN}

Flx = FURNDAMENTAL FREQUENOY CF MCUFL vall (r2)

Car~e = LMNIT wEICHT (6 FSLTCT\DF AND MOLDELG SUTL &7 16 {PUF)

hellLy = (fltw CF FCOLYAN(WMIR ESIRES FCP LEAST-SQUARES FIY (F L[aTA
MUST ES CEe3 ANT LE.(ASF4+1)

[ = NUFPER CF STRKLIN CACE LCCATICANS 27 T#t C(ErTER (OF MLDEL
WALL (VERTICAL AXxIS})

MIMT = MUNMEZR CF CESIRED IATERVALS FCOR mELOE RESULTS ARE wANTELD
ALLNG THE wmALL

AIYPE = TYFE CF woll
AIYFE=0  (ANTILEVER waLl
N1yPrE=1l  SEEET FILD walL

h = LLCATICANS CF STRAIN CACES FROM TCF TC EBCTTL™

N = RLNEER CF PRESSLRE TRENSCUCEFRS

XELLY = LUCAETICNS (F FRESSURE TFRFANSLDULCERPS FROY TCP IC 3CTTL0M

hez=hS2+l

»{li=0.¢

¥{hSZ=r ¥

NER4A=MNSZ

REe=NFR+1

xF{1)=0,C

XEANFRI=FTK

=
o
~
1>

-L aNC PHLTILTYPE
4

EXPERIMENTS

BXL121.CALTLLE:2) 520100,
TCALT s LTR oNT o RNAGANPLOLY GASZ2 NINT s s EIMsFTH BG5S, GaNMaY,

LETERMINE GREVITATICNAL ACCELERATICN {AGS)

(FIr/2.0)
ColGCCR282G4%R*=(CPECASS )

0
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MATK

ANINT=FLLAY(NINT
FeRTF/ANTAT
ARINT=ANINT+ 1.0
PIRT=RNINT+]143
Ax{Ll)=C. %

LC 10 I=z¢NINT
EX4I)=AX{L-1)4F
LEGOLY I=leNIANT
EX{Il=—axX{1)/RTM
El=ElMeasSn%3
FY=n122AG6S
Fl=F1l¥/AE05
GARYANM=GLFFMAXAGS
CAMMA=CAMMA/1TZE . C
CAFFANSGARNMAN/LTZ28 .2

CaLL CIGIHT

NINTT=NIANT-2
CLLNMAL=GLMMAPY]T2E.0
GAMMAZ=GAVNMAR]T2E,.C
FRINT 200

FRINT 201, TITLEY.TITLEZ

PEINT 202+CMHEGA3SC 4R VAGSGHTV’HTQEI?‘,EI7F1F'F1@Cf\f"yﬁlguﬁ",v‘fa£|

XhFCLY S NINTT yNASNSRGy NG
PRINT 214 41T7W

TEINALECLOICC TO 21
DL 20 I=1,11k

CL 2y J=s1l.NA
Ellsdl=-bilyd)=®386.22

CC 22 I=14NS52

x{Iy=X{1}/FT¥

FFINALEC.CXGL TL 24

PRINT 20:

CC 23 i=1¢haA

PRINT 20451 (CALTI{TIsudsd=1+2)}
Fa INT 2C%

LC 25 1=14h5ka

k=T1+NA

t=1+1

PRINT 2261 {LALI(K Y sd=1:2)¢X (L}
EC 26 I=1,ASR4A

X=X (] )*FT¥

FF{NG.NELOICE TC €1

TF{RLLEC 0160 TL 26

FRINT 207

L0 28 I=1.NC

k=hT+1+M(

PPINT 2041, (CALTIR,JY =142
PRINT 2C€8,7CaL 1]

CrIN(IY CRARULY /7 I=1 LOCATICN =2 TIME
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FATN
C TFLTCD = TIrE PLOY CCCE
C TFLICTC = € FIRSY 204 CF TIRD FLCT IS AMELIFIEL
€ IWFLTCD = 1 REGULAR LINEZR TIFE PLCT
C
Glie READ JOZGCMINLL) wCFAXLLSCMINL2) oCMAX(2)IFLYCL
C
C CeLlL FORERT
ez Ir (NG PELCICL TC 70
(e (2LL SHELR
CCi5 {ALL BPRESS
C
cele 20 IF{NB.ECTICGL 3C 27
C
C FIMD CISELACEXEN TS BY INTECRETING ACCRELERCHRETER RECUKRLS
C THERE IS & eASELING CORRECTICON OF THE ACCELERLCGRAPRS
C
(Y CISI(Lleld=TCk]
w{7s CIS10ze1=T0FF
L7s CIS1(l.21=B00]
((ec LISllesc)=ELTF
Ll Cis1(ly2)=C.C
tlte Lrelta,21=C.¢
(Cc2 L0 21 J=1.ha
[ 21 CALL BELSCORLL)
(ees CL 34 u=1xNA
(Cte LU 22 i=1s1TH
Cce? 22 410D=201.01)
[ CALL INTECHUIIM T 421,82,40})
cley CLLL INTECOLIV,T422,01,401)
[ ERe COCC=LLISIHZedI=00SIHtL )21 0~ LLTIMI /LY AW I-TEL T
(s CLLE=01S M ud -2l li=CCC0®T (1
(L2 LC 22 1=1,1T¥
cles> Z3OLISCT )=l +CCCCT{II+0000
CCss 34 CLMTIALE
€
(Ccee IF{NALRNE LR ILL TC 2¢
LLSe CC 22 u=&y2
€ee [C 28 I=1:17K
e 2 L1stieul=C.0
Liss - e COMTIBMLE
C
Civg 27 (BLL YDISF
¢
clirl TE{A2EC.D )LD TC 36
Cite CC 2€ I=1,17¢
0163 LC 38 J=1sA02
Cid4 E(Lod)=211sd}/AC3%2E6.22)
1l 28 CIS{Ieul=01S{Lsdi/ETY
Clue 36 L0 40 I=1517w
€l 40 Y{1)=T(1i*F 1t
C
C FLLT ANC PRINT CULT ACCELERCGRAPE AND CISFLACEMENT RECCROS
C
ClCe TFINALEC.OICT TC 47
cils CaiL 2rL QY

Clic 0 4¢ h=1,.20



#A TN
Cll1 PEINT 200€
G112 PEINT 2140
tilz t=h%50
Clis4 L 48 J=1,¢
vlls I={L-50}+y
Cllie FFCL.CTLIMICL YO &7
cli? TEINAGEC.IIGE TC 44
Cl1e TFINBEL.20C0 TC 42
€l1s FEINT 21140000220+ b9 CISULedd sl 4230180152 )9A0143}sC0150(1:3)
Gleu €L TC 4¢
tlcl 42 FRINT 2121 THTHs20L1)oDIS Tl dsb(1e2d s Lisllecl
Clzz CC TC 45
ule3 44 FRINT 212,10, 7(001)s28(0s13,C08¢01,11}
tdlca S LONYINLE
Clee 4 COPTIRNLE
Cizc 47 COMTIALE
cle? [ F
C
Clek ¢l LC €4 [=1,0FF
CleS €qa dF{lY=xr L3/ TN
vlzn FRINT 205
cizi L &€ 1=1,M
€132 k=]+hT
Liz:z t=1+1
Ciz4 e FRINT ZO€ Ly {CALT (R yud ed=ls23 P (L}
G1zZE LC €7 I=s1,KFE
CiZe €T XP(L)=XxF(LivtTH
Ciz27 G 1C 27
C
Llza 70 CeLe FRESE
126 {rte Srit bk
G149 CAalL FUFERT
G1¢1l ¢C 1C 20
C
ulaz 71 CONTINUE
C
€143 1G1 FOEVATL18A4s1584)
Cil44 102 FOFVYAT(EFLIJL09418)
(14t 102 FOFMATHLEFLIC.C)
ulaé 104 FLEMET(IC)
[ 1CE FURWATLG4F1C O, I5)
C
vlad 207 FLRMAYLLIFRY)
Clas 2] FURMATL OX,18A4o/ oG X glE84 o/ Gay P 3FL 34023 i3 003 4R0XdRL kN5 hRiE et
AR RS £ 032322 DI 22T EERBR AR SRR ABIEBHT )
C1ec 202 FCRNMET(/ /91Xy "CENTRIFLCE REN=1,31X,FE.2,

FrolXoSLISTANCE FRCF CEMTRIFUCE AXIS TC TOF CF wndll=7,F0 2,12,

X INCEES Y,

P/ IXsPLISTANCE FRO™ CEMTRIFUCE AXIS TC MILCLE CF WALL=%;Ff6.2.1X,
¥EINCEES S,

X/9IXs "CRAVITATICNAL ACCELERATICN AT MICDLE OF wALL=74,F9.24.12,
X¥G=-Sfs// ;
X/y 1Xg *MCLEL wALL FEICHFTI=?,F1G. 2+ 13 P INCHES o IEX*FRCTLTYFE wALL FE
XICET=%,F1G 21Xy *IRNCHEST,

FOy X O MCLEL PALL ELS?¢F22,2,1%, PLE-TRA®* 27100, 10X, CPRCTOTYPE wiLL E
XI=¥,F22.2 11X, PLE-IN=%2/INY,
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FaAF

SLERCUTIRE PAPIA Y 9 Z o XPAX e KMINYMAX YV IN G ZFAX s ZF ING N ERGANYY LT

SUERCUTIMNE T0 MAKE CORTCULR FLITS CF 2 RECTANGLLER CGRILD CCOATZ2INING
CUCRDINATES {XeY ) AND CCRRESFOADING FUNCTION Z{XxeY3

CIFENSICN X{1)aY{13,0CC

CIR(ETI e ¥ laleYvladsZ2 & e X0 {41y YLD

{21+
XLLL3.Y0L)s 202802010

Ll 2 I=1.2
SLCCU =0,

SET LF CERTTLKS

RCIRS=NCTr~1
THI=FLLATANCTRS)
C2={75Ax=-INM[N}/TRE
CIEL1d=2K1M

LU 2 I=2,0hC1F
CIRLL)=CTnI-1)4(12

Lat=C
TCHk==1
Rix=NxX-¢
My=Avy-2z

LC 50 1=14hx,c
RESEESREY
Mad2y=xlee)

S RERETRERES
P¥La)=y (1}

L0 50 y=1,0Y,2

YOJd)
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-
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¢ IASEIND ]
22(2)=2(1+¢,41
22{2)=2(1+¢,0+2)
1214 =2{1,u+2}
CC 50 kr=1,sA0TK

FRTERFLL2TE

={
CC 17 I1=1,4
W= NIC{ITs4041
PEACTRI(KICTLZ2OLIMICC TC
F{CTR(K ] GTW270dd3iC0 1C
cL 1C 17
IF(CTR (Kl abtedZlagd GO YC
ce TC 17

i=1+1
PFL22(TI1)ecCaZZsd03CL
ZSL={CiR(K)~220T01}) /71022
JOULI=xx i+ (XX {odd-xx
YL =YY LE DD+ (YY [JJl-YY
cC 1 17

e e R |
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Yz xC{Li=xx{ii}
YOtLisyy (L}
t

FLOTTING

TF{LEL.2)50L 1L &G

SEEfLCT 20 1L 40

TCALL XYPLUTLL e XCoYLU o XV IRy xFAY VAR YPAY sCLL L AE}
&) COMTINCGE
0 CCMNTIALE

FETLEDR
EnD
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FAXAER
{CC1 SULEFLDUTINE FMAXARR{A KX qKY 3 AMAX gKXNAXSKYMAX])
C
C SLERCLIIRE TU PICK CLY THE LAKGCEST AESCLLTE VALUE CF »
C Twl~-CIMEANSICNAL AREKAY S(KXKY)
{
[ CIMENSICMN £(1502+1)
C
[P AR EX=D T
[ SLO 7703 121 4Kx
(cce L0 770 u=leKRY
(tle TFLAESL2{T 40 ) ) eCTESTEVMAXYICC TC T€%
(e GO 1C %7¢C
(R TEE AMIX=L{1d)
Vs KxMax=1]
(e EYkAxzy
wull T7¢ (CRTINLE
C
(0le RETURA

cels ErC
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FOFERT

SUERCLTINE POMENT

SUERCUTINE TC FIND FOMENTS ALONG THE waLL FOK ALL TIXE
& LELST~SeUL2EES FULYROMIAL FIY wIlL BL mMalE (N THE SThalh G238 [27124
BEICE RILL CENEFATE ECLALERY CONDITELARS 27 THE ELTTOM CF THL woLL

SCOTHFAT » CQUINTIC SPLIMNE FIT CA BE WACE

CORPURRECZELLIE025020 141202« x{L12)EX(L12})5 ACLs(lfy by X110}
13 TCALT s LT M NI s NASKNPLOLY s AS2 M IANT s EIR 3Tl AGS, GAMNMAM,
X ANTYPEeFIMeNC 2P {G)

COBYMON/CRUENZ7CMAX(Z) (CHINEZT,IFLTLL

COMMORNZBLULE/XTIALL12) g ¥ 2U112 e X2{1 120 TTLLE02) o2 XL TE02, 1120 X¥ {11},
» Y¥LL YR {1 ITHAR, JAMAX
COMMON/YELLOCRZTR(LI2)5T80112)

FELL®3 STCLE(1le25)

EIRCRSTICD AMLLD) 4Ex {10 02 T35 0 s QL B 0LEYsS1423,82102050582),
X 2CC2)

C£T8 SI/7FPR(MEYGPRTH/ Se/8Mabf g REi LS/ €S

FELD J01sckihLFAX
FE=RFOLYS L
Nel=hSe-1

e 10 ¢
FRINTIYFENELLICO TO £C2

AP

Hores

~ -
—
Ny e
—
-
[§)

£

ol
2

I=1.11%m
]

NIAT

Rl

VINT s X TR T15,7)

[IN TR T o S e
ol ot X%
*«L.’nth(/"l/\—".\{

— 4

P
S T L

b SR ¥l
™

BN T AT DN N T e 1 g
[ S SR A B S i and

t
ot

L 61\/ J ZshNF1
CATE L -1)=x {0}
Eeial2,u-1r=2¥0010
NEI=6PT~ |

CALL LSQUAR(LATA NPT GNFC,Cr1SC,8T7LK)
[ IREISRED!

LL €le J=446
tClul=tten
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ECMENT
[VICRS CO-617 J=1aN82
(L&l €17 tr UY=L, 0
t.C4] CC €18 J=zsN%2
€42 C0 €18 k=14NF
[ €LE EM(J)=aM {2 CURIAXLYIFHL(R~])
LLay * FFINTYPESCECC ) AMNE2)=(.C
C .
C CALCLLATE BOUNCEARY CCATITIONS AY BCTILM (F THE wALL
T
(L4t . EC €20 u=1.MF
C{&e EC{a)=bClalsC(J1#X(NS2)22 {1}
.C4a1 ECLO)=EC(S)+FLCoT I 11200 )X {NSZ 3% (J-2])
{léc €2 EC o) =ECIE)+FLOAT(U=2)3FLCATLU-1 3301 EX(NS2)122(J~2)
(€46 IFANIYFELNECLIGC TC €24
Liee ECta)=C.0
C
C CALCULLATE MOFENTS W+ CUENTIC SFLINE
C
ceeyr - €eq CALL CUIRNTUNSZ2 o X o 20 s NENT 42X, 154RC)
C
(Lse L0 €25 o=1,NIANT
ceez €t Xx{1,d1=15041*2.0
(24 €5y (CPTINCE
Cefed L0 €028 I=1,1T~ CCLLLCLLLLLCL
C CO A0Qs J=1aNINT C
Colls TR EJ)=Xxx({l,J]} c
C CALL IRTECURINT 48X Tk, 1S,01)C
¢ CL &G0 4=19MNINT C
Cel2C »¥x{l,. 121504} C

CeCzf CLMTINLE (CCCCCTCCoeeececcecee

t(=5 PEEITELZL XX
CCee ENCFILL 21
[ FtwIAD 21
LLEe (AL CEUNCE
C
C(E> CC €52 1=1,11W
({¢d £C €52 J=l MINT
tlel €Sz xx{ Ly dt=dxx{l,J)*+TNM/ETLR
ez CC €55 I=1,4NIANT
(¢l JILL)=x1{])stTNV/ELN
(PR ey Xelld=xz{I)xrTINM/ELY
C(es CES XZ(L)=Xx2{1)*LTIN/ELINV
Clet el ()= TN/ELN
uvel L 656 I=1,11NM
(et ¢56 11 (11=1T1()*=rTM/EIN
8
(¢S ASC=NSL~1
[N LL €58 I=1,080
({71 €8t ENM(Id==X(14))/HTN
7z L b6ty I=1,2
(32 €l CCC(I)=C.0
CCia L&E=0
[ CINTX={LES{CraxXx{)-CMIN{(1}})/2.5
C{7¢ CINTL=(ABS{LMAX~CFINY) 245

L7 YMIN=~4 JCXCINTX



FCFEMT
UC7¢8 YFAX= €L URCIRTX
(L% XMIN==T SR IMNTL LV IN
CLECR XbAax= TE4CINTCHIMIN
¢ L0 67C¢ J=1,2
C CU TC (61 4€€34,€65),4d
C €€l CT €€z I=14hCu
C et #M{T =2 0%l I+NA}RETM/ELNV
C CC TC ¢¢ed
T €€2 L0 €64 I=14080
L eta IMITI=2.022{1TMAXI+NL)RHTN/ELY
C CC 1€ ee?
C €€z L0 eee I=14NED
C et EV{LI=Z 022 (ITY [I+NAJSFTH/LTR
C €67 CALL XYFLUANSOD AP gBNM  XMINGIFAX YFIN,YRAXZLOCsLAEy2)
C €77 CUhTINCE
C
CLEl L &70 4=1,2
c{e2 CL TCO (HE€Ls€€240€€E),
CLeEz €el P (Lli=x1(2¢}
DA AML2i=x1141)
cees EM{3)=x115%)
ClEce (AT RED SHES
Cut? €L TC ¢€e7
V(EE €€3 tM{l)=x21{28)
CCes AP UZY=22(4}
[V Er{3i=xz A5
(¢Sl Erlal=r2 (Lt
uvs2 CL TC ¢
€23 tes AM{Lli=x21(2¢)
cges X L28=221(41)
cees L (3)=x2(Z¢)
tese PR ud=x3{eE)
ey CeT CALL XYFLTUNSO AN QEM XM INyXMAXGYRM N YVAXZDOC W LAE,2)
((ce €73 COMTIAMLE
C
C(es CabL FAPRNTIL)
Clod C2LL FAaFLLTES14SZyLSoCMIN,DMAX])
C
vicl [0 ¢&C I=1,11¥
102 LU 582 J=14N1NT
Lic:2 €EC DXl dd=xx (L d)sELN/ETH
C
C1C4 TOl FLEMIT(ZEL1Y.0)
C
Cle:2 FETLFEN
J1de ERE
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PAGE
SUBROUTINFE PAGE
SUBRQUTINFE TCQ SET (P PLOTTING ON AN 6-1/2 X 11 INCH AREA

DIMENSICN A{2),81(2),0CC(2)

B(21=0.0

CALL XYPLCT{2+2+B¢0.0+15.0+0.0420.04D0C+L4B}
A(1¥=11.G

B{2)=8.5

CALL XYPLCT(2+5+8:040+15.0+0.0,10.0,DCC,LAB)
A{11=0.0

402)=0.0

CALL XYPLCTU2+448,0:0¢1540+0.9,10.0+DCC,L4B)
A{2}=11.0

Bl1}=8.5

CALL XYPLCT{2,44840.0,15.0:0.0:10.0,D0C,LA8)

RETURN
END
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PAPLCY
SUBROUTINKE PAPLOT(S1¢S52,LSDMIN,DMAX)
SUBRCUTINE TO PLCT CUT,CN A SINGLE B8-1/2 X 11 PAGE A& CONTCIJR MAP CF
A PARAMETER ALCNG WITH PLOTS OF STATIC INITIAL AND FINAL VALUES AS
WELL AS MAXIMUM DYNAMIC VALUES

CCMMON/RED/A{15024121+TL1502) o AX{11201,BX{L12)CALTII15,2),:X{10),

X TCALT o TTMaNTaNAGNPCOLY s NS2  NINT e He EIMe HT M, AGS, GAMMEN,

X NTYPE sF1M NCs XP(G) .

COMMON/BLUE/ZXI(112),X201120X3(01212),T7T7T01502) XX{1502,112)XM{1},
X YM{1ETH01), TTHAX, TX¥AX

COMMON/GREEN/CMAX (2) ¢ CHMINE2) 2 IPLTCD
COMMON/SRAY/TITLEL(18),TITLE2(1B])
DIMENSICN S1U1)+52(13sLS(1)«DOCI2)AB(2348B(2)yT1(+}+7203),T72(1},

X LY (41 +CX(20)0YL10),C2010),PX{1},PY{1),TD(1}
DATA T1/'LOCAY,*TICKN S, ' {XPo P /H)P/, T2/ T MEL, Y (Tr1,9%F1 )0/,
X T3/IX/H 9T/ TRFLY /0 LT/150 1243 ¢4/ T70/! v/

BC 701 =143
CCCil=0.0

BC 762 I=1,17¥
TIII=T{I1I*F 1M
NINT=NINT-3

CatL PAGE

LAB=0

CALL VLABEL (145420, CMAX{1) CMIN{L) 95,095, T1 ot T{1)y14%{F3.11%,2)
CALL V0IABELU 74541454 CMAX{1) o CMINIL) 325424 T3,LTL3),2,2153,.1)°%,
CALL VLABEL(T7e54145+,CMINSCAAX2.5,29S24LS{23,8,7(F5.2)%,5)

CALL VLABEL{745+¢5¢0,CHMINGCHAX 12.542+52:L8(2) 314 {F5.21%,5)
START=1.5+{{S.0-{(FLOATILS{1})}%5,0/12.031/2.0])

CALL SYSSYM(START y7.25+40.5:81+L5(11,0.01}

CALL SYSSYM{1.0+1415,0.1,TITLEL,7240.0}

CALL SYSSYM{1.0+1:.0+0.1aTITLEZ247240.01)

IFLIPLICD.EC.0IGC TG 702

CALL VLABEL(1eS32¢0,CHMINI2)oCMAX{2145.045+T24LTE21:50,°(F4.1)%,4)
CALL VLABEL{T 5,50, CYIN{2F+CMAX(2)9205629T54LTC4) 0" {F+a3)%,1%)
GC T80 104

CALL VLARELUT7.5+5,0,CYIN(2),CMAX[2)352.5:1¢T4,LT(4),0,%{F4,13%,4)
CALL VLABFL(145120¢CMIN{23+CMAXE2)254041¢T2,LT{2},0,'({Faal) %)
CC=CMAX(21-CMINI2)

PA=0.2* L+CMIN{2)

PE=0.8xCC+CVIN(2)

PC=0.05%CC+CMIN{2])

PO=0.15%CC+CMIN{(2)

PE=0.1%CC+CMIN{2]}

PF=0.6*CL+CMINT2)

CALL VLABEL{44042.0sPAyPBy1487593sT0¢4¢D9 {F1.1)%y2)

CALL VLABEL{241254+2.04PCyPD9142552:TC44405(F4cl)y4)

CALL VLAREL({B.12545.0+PE4PF31:25,10T044,0:%(F4,1)%,4)

CALL VLABEL(BeT75:s5.0sPAyPF0.625,1¢TDs%904*{F3a.1)",%)

o ~d O e
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PAPLCT
0044 CALL XYPLOTI244448B,0.0,15.0+0.0,10.0,D0C,LAB}
0035 A2L1)=6.5
004% BB{1)=2.0
0047 CaLlL XYPLCT(24A4,BB40.0515.040.0,10.0,D0C,LAB)
O AA(1)=7,5
0049 BR(11=4.0
0050 AAT21=10.0
051 BB(2)=4.0
0052 CALL XYPLCT(2¢44,8B¢0.0¢15.050.0,10.04D0C+LAR}
0053 AAL11=10.D
0054 BBI1)=1.5
0055 CALL XYPLOT{2+44,88,0.0515.040.0,10.0400C,LAB)
0ese BA(11=7.5
N057 BR(1}=7,5
0053 44(2)1=10.0
0C55 BE(2)=7.5 ;
00€0 CALL XYPLCT{2¢AAsBB,Ce0,15.0,0.0410.0,03C L7}
0061 AAC1)=10.0
ocez B2{1)=5.0
0063 CALL XYPLCT(25424B8B40.0+15.040.0,10.0,00,L48)
c
0C64 IF(IPLTCDLNELDIGC TC 712
0065 CA=CL/12.0%(PA=CMINI2)) )
0066 CB=(1.0~CA)*CMIN(2)
0067 DA=CL/{2,0%(CMAXI2)-PA))
0062 DE=((CMAX(2)+CMIN(2))/2.0)~1DA%PA)
0C6S DC 710 I=1,1T¥
0070 IF(T(I1.LT.PAYGO TC 708
0071 TEII=(T{1)#NA) 0B
0672 GC 1C 710
0072 703 TUI)=(T(1)%CA)+CB
0074 710 CONTINUE
C
0075 712 N3=NT-NA
0076 DC 714 I=1.NB
0077 CXUI)==X{1¢1) /HT¥
0078 714 CY(11=0.0
6075 IF{NC.EC.0IGC TO 718
0080 DC 717 1=1,KNC
LLER 717 CZC1)==XPLI+1}/HTN
c
c SCALE PARAMETERS FOR CCONTCUR PLOTTING
c
one2 718 CINT={ASS(CMAX({L}-CHIN(1))1/5.0
0083 XMIN==T,0%CINT
0084 X¥AX= 3,0%CINT
0085 CINT=(ARS{C¥AX{2)~-CHIN(2))1/5.0
0086 TMIN==1.5¢CINT
0087 TYAX=13.5%CINT
d
c PLCT CONTOURS
C
0ose IF(NC.EQ.DIGC TO 720
0089 CALL XYPLY(NCsCY,CZyTHIN, THAX XMIN;XMAX, CCC,LAB &)
0050 ' 720 CALL XYPLTINBoCY CXoTHING THAX XMINy XMAX, DOCyLAB,3)

0031 AATLI=CMIN(2)



0092
00s3
0054
0055
00s6
0057
0093
0C9s
0100
0101
0102
Q103
0104

0105
0106
0107
0108
0105
0119
0111
0112
0113
011x
6115
01156
0117
oiie
0l1¢
0120
0121
0122
0123
0124
0125
0126
o127
0128
0129
0130
o121
0132
0133
0124
0135
0136
6127
0133
0135
Q1490

014l
0142
0143

122

125
7126
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BR(11=BX{ IXMAX]

ARL2)=CHAXL2]}

BE{2}=8BX{ I[XM4aX)

CALL XYPLUTU(Z2 AA BBy THMIN, TMAX  XMIN,XMAX,COC,LABY}
AA(1}=TCITHMAX)

BB{1I=-CMIN(L)

AA{2}=T{1THAX)

-BB{2)=-Craxil}

TCALL XYPLCT{2, A4 BBy TMIN, THAX XMIN,XMAXsDOC,LAB}
PX{1i=T{ITMAX)

PY{1)=BX{IXMAX]}

CALL XYPLTULsPX;PY THMIN  THMAX XMINGSXMAXD0C L AB,1)
CALL MAP{T 4BXoeXXsTMAX  THMIN XMAX, XMINOMAX oDMINGETHM NINT,21}

PLOT INTITIAL ANC FINAL STATIC PARAMETERS AS WELL AS MAXIMUA

CINTX={ABRS{CHAXL)-CMINI1}}1)/2.5
CINTT=(ABS{CHAX{2)=-CMIN(2))1/2.5
CINTO=(ASS{CMAX-CVMINI)Y/2.5

YHIN==4 0%CTATX

YMAX= 6. 0%CINTX

XMIN==T55CINTO+DMIN

XNAX= T ,5%xCINTO+CMIN

CALL XYPLT(L o XMy YM G XMINgXMAX YMIN,YMAX(DOCLABy1)
IFINC.EQ.OMGE TO 722

CALL XYPLTINC OV gCZ s XMINXMAXYHINGYMAX,DCCL AR, )
CALL XYPLT{(NBsCY s Oy XMINXMAXZYMINGYMAX DO L2431}
3A{11=0.0

AM(2)=0.0

BR{1)=-CK¥AX{1]}

BE(2)=-CMIN(1)

CALL XYPLOV{2 ¢ BA BB XVMINgXMAX YMIN;YHAX,DOCsL AR}
CALL XYPLUTUIKINT ¢ X1 eBXyXHMINyXMAX,YMIN,YMAXY,DCC,LABS
CALL XYPLOTANINT 4 X2+ 8X s XMIN, XMAX, YMIN,YMAX,D0OC,L A8}
CALL XYPLOTININT g X2 4BX o XMINy XMAXGYMINYMAXDCCL,LAB)
YYIN==5 ,0%CINTD+DMIN

YV¥AX= 5 ,0%CINTCeCMIN .
XMIN=—T S%CINTT

XMAX= T SH*CINTT

IFLIPLYCDLNELO)IGC TO 726

IFCTM(L)LT.PAYGE TO 725

TM{1)=(TM{1}*0A)+CB

GC TC 726

THM{L)={TM{1)*(2)+(B

CALL XYPLT (I3 TM X¥eXMIN) XMAXyYMIN, YMAX,DCCyLAB,1}
BE{11=0.0

BE{2)1=0.0

AA(1LY¥=CHMIN(2])

AA{2}=CMAXL21

CALL XYPLOTUI{24+AA,BByXMINyXHMAX ,YMIN,YMAX,CC,1L 481
L2B=~1

CALL XYPLOCTUITF g ToTT 4 XFINXNAX YMIN,YMAY,COC,LAB)

IF(IPLTICDWNELQIGC TC 73%
PG=(CMAX{2}+CMINI2))/2.0
DC 729 I=1,1T™

OYNAM][C

NZ%

CNE
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U150
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0i54
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PAPLCT
IF{T{1).LT.PGIGD TO 728
Ty ={T(1-CRb /D8
GC 10 729

728 TUI)=(T(l}-CB)/CA
729 CCNYIKNUE

IF(TFL1).LT.PGIGD TO 732
TM(1)=(TM{1}=~CB)/CA
GC TC 724

732 THILI=(TMLLI-CBY/CA

734 DC 73% I=1,1TM
735 TUI)=T{1)/F1iM

NINT=NIANT+3

RETURN
END
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PAPRNT
0001 SUBROUTINE PAPRNT(IPARKM}
c
C SURRGUTINE TC PRIAT CUT PARAMETERS
C
0002 CUMMON/RED/A{1502,12),T{1502),AX{1123,8%X{1127,CALI(15,2},4X(1C),
X TCALT s ITM NTeNASNPOLY ¢NS2 ¢ NINT yHe EIMHTMg AGS: GAMMAM,
X KTYPEF1MNCe2P{9) -
0003 CCCMYON/BLUE/XY{112),X2(122¥,X3{112)¢TT{1502),XX(15024112)4%X%(1),
X YM{1)s THOL) o ITMAX IXMAX
C -
0004 NINT=NINT=2
00ns TA=T(1)*F 1M
00056 TR=T{ITMAXi%F 1M
0007 TC=TIITM)I*F1IM
oons nC £1 A=1,3
0CO05S PRINT 200
0010 GC TC(51452+53:5414IPARN
0nll 51 PRINT 201
0012 GC 1C 57
0012 52 PRINT 202
0014 GC TC 57
nec1s 53 PRINT 207
6016 G5 0 57
0017 54 PRINT 204
0018 57 PRINT 220,74,78,7C
0019 L=N%50
0o2n DC 60 J=1.,50
0021 I=(L-501+J
0022 IFI T 6TLNIRTIGE TC 62
0023 © IX=-BX{I)
onza4 60 PRINT 2211 XILI T 4X20 1Y 4X3{1},TX
0025 61 CCNTINUF
0026 62 CCONTINUE
d
0027 PC 81 N=1,15
00?28 PRINT 200
0n2s GT YCU(T1,72973¢74),1PARM
0030 71 PRINT 201
0021 5C 1C 17
0032 72 PRINT 202
0033 GC 1C 77
0024 73 PRINT 202
onzs 6C TC 17
0032 74 PRINT 204
orz7 77 TxX==~BX{IXMAX}
0023 PRINT 2224+TX,7TX
0035 L=N%50
0040 DO 80 J=1,50
0041 I={L-50)+J
0042 K=I+{(N-11}%50
0047 KK=K+50
0044 IF{KK.GT.ITM}IGO TC 82
N0+5 TY=T(K})*F1M
0045 YZ=T{XKI*F1IM
0047 BO. PRINT 223K sTTUIK) $TY KKy TT{KKIT2Z

00+8 81 CCNTINUE



Q045
0050
0051
0052
0052
0054
0055
005¢
0057

0ose

0059

n060

00¢1

gce2

0062

00&e4
0065

00¢s
0067

0068
0065
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, PAPRNT
82 CCNTINUE
NS=(2%N=1)%50
TF(K.EQ.NSIGC TG 86
DC 85 I=K,hS
TYsTUII*F1IN
IF(1.GT.IT4IG0 TC 86
85 PRINT 22451, TTUL},TY
86. CCNTINUE
“NINT=NINT+3

200 FCRMAT(1HI)
201 FCRMAT{31X,'# % % % % % % % % &',

X J431X % MOCMENT (MxR/EL) %2,
X Je31X, %% % % & % % X % % k1)
202 FCRYAT(25X,'% * % % % % % % % % % % * % % %,
X /925X, %% SHEAR {Q/(0.5%RCEGH(HE$2))) *
X Je25X,1% F % 2 % ¥ % % % % K % kR ¥ x ¥
203 FOOMAT(265X,7% % % % % % % % % % % & % % % %¢,
X /+25Xe "% EARTH PRESSURE [P/ (RC#G¥H}Y %7,
X [425X 0% % % %k ¥ ¥k % % ¥ £ &k % X & &£ %')
20+ FORMAT([20X,'* % * % & % % ¥ & & % %!,
X [+29%yt% DISPLACEMENT " {Y/H} ®',
X Je29X, 0% ¥ ¥ % % % % ¥ %k £ % ®V)

220 FORMAT(LIIX,"STATIC 210X MAXIPUM DYNAMIC® 46X, "FINAL STATIC®,.6X,
XCLOCATION® o /412X e Y {T3F1)=2 F10.3¢3X s {THF1I="3510.393X (TEF1)=",
XE1D0.23i5Xs 9 (X/HY o /o12X ¢
X ')

221 FORMAT({6X,14+F1%.3,2E20.,2,F10.3)

222 FOPMAT(IOX, "MAXIMUM DYNAMIC? 48X, *TIMEf, 153X, "MAXIMIY DYNAMIC®,8X,
X'TIME',/p12X,'(X/H)='QF5-319‘X'G(T*Fl,"ISXQ'(X/H)='QF5'3,9X1
XP(THEL] P4/ 20K
X e ")

223 FCRMATIO6X414,2E15:347TXe14+2E15.3)

224 FORMAT(6X,1442E15.3)

RETURN
END



aonl

00062

0003

0004
0205
0006
0007

000sS

0010
0011
0012
0013
0014
on1s

vale
no117
0213
oc19
0029
nDp21
o022
00232
0024
002¢
0026

027

onze
0025
0030
0031
0onz2
0023
0034
00z5
0035
0cz27
0028

0c3g

2 Xskakaks!

laEeNal

809

815

820
325

836

X
X

SUBRCUTINE PRESS

SUBROUTINF 70 DERIVE
CR BY QUINTIC SPLINE

iN

SUBRCUTIHE MIMENT

329 -~

PRESS

EARTH PRESSURFS BY SHEAR DIFFERENTIATICHN
FITS CF PRESSURE TRANSDUCER DATA AS DINE

COMMON/RED/Z&(1502,12) ,T41502) 4AX(112)48X(112),CALIC15,2),X(10},

TCALI-TT™
NTYPE,F1™

INTNAGNPOLY oNS2 ¢ NINToH  EIMHTMy AGS; GAMMAY,
s NCe XPLG)

-dGMMDN/BLUE/Xl(lIZ)9X2{1123.XE(IIZ):TT(ISO?)vXX(1502¢112)1XM(17v

X

X

YM{1),TH

(1, ITHMAY IXMAX

COMMOUN/GREEN/CMAX{2),CMIN{2]),IPLTCD
COMMOR/ZYELLOW/TRIL12),7S{112)

REAL%*R STCR{11,25%5)
DIMENSICN S1(21,5203),LS{21,RE(1502),D0C2(31,34{(1),BB(1),AM(10),

B¥{10)+DAT

AUZ241032C(11 0. XPLIL0Y4AM1I(10])

DATA S1/PRESH (FSURFY/,S2/'P/(RYyIO%GHy TH) ' /,LS/B,410/

READ 991,0MIN,D¥AX

Ni=KINT-4
IF{NC.NELD)CO T5 900

ocC

Nne 825 I=1,17TM

8CT J=1,NINT

TELI)=XX{ T4}
CALL DERIVININTH TR;TS)

FIND LCCATYICON CF PRESSURE RESULLTANT (RELI))

AR=(J,0
YA=0.0

nc

815 J=1,N1

DA=0.5%{2X(J41)-AX{JI)#UTSLI+1)+TS(I))
Y={AX{J¢1)+AX{J)}V /2.0

A=

AR 404

Yad=YA+Y®DA
RE(LI)I=YA/AR

DC B20 J=14NINT
XXAT 4 J1=TSJ)
CONTINUF

CALL CRUNCH

nC 830 1=1,1Tw™
DC 820 J=1.NIAT
XX{Tod)=XX{T 9}/ (CAMMAVERTNY
DC 835 I=1,NINT
X1{I)=X1{1) /{GAMMAMEHTK)
X2{I)=x2L 1) /{GAMMAVZRTHM)
X3(11=X3 (1) /7 {GAMNMARXKT#)
XM{L)=XM{ 1)}/ {GAMHANRHTN)

0C 836 I=1,1Tx

RE(II=—~(RE{TI}/HTNM])
TT{I}=TTULI) /{GAMPANEHTM)

DC 840 1=1,3



0030
0041
0042
00+2
0044
0045
0C46
0047
0048
0045
0050
0051
0052
0053
J054

0055
0056
0057
00513
00573
00€0
0041
0C62
Naez
00Es
0065
0066
0Q67
CC&8
nesa
QC70
onTl
0072
0072
0074
0075
0076

- 0077

0078
0079
00RO

0ogrl
0082
oope3
0684
0085
coegs
0gse7?

0088
6089
009D
0091
-0092

840

260

265
8686
367
870

S00

905

907

- 330 -

PRESS

DCCUIi=0.0

LaAB=C
CINTX={ABSLCHMAX{1}=CMIN(L1)}))}/2.5
CINTEC={ ABES{DMAX~CWFIN)} I/ 2.5
YVIN==-6  0%CINTX

YVYAXs 6., 0%CINTX
X¥IN=-T.5%CINTD#DMIN

-XMAX= T.5%CINTD+CMIN

AAL1)=0.0

-BB{1Y=RE(1)

CALL XYPLT{1sA8,BB¢XMINyXMAXyYMIN,YMAX,DCC,LAB,1])
BB{1}=RE(ITYAX]}

COLL XYPLT{1+AA,BBoXMIR  XFAX, YMIN,YMAX,00C,LAB,0])
BB{1¥=RF{]ITM}

CALL XYPLT{14AR, BRyXMINyXMAX:YMIN;YMAXDOC,LAB,S

TFINC.EC.O) GO TO 840

hNSO=hW-2

DO 858 1=1,NSO
BM{TI)=-XP{I+1)}/HTW¥

DC 860 1=1,3

Lcciri=n.o

L48=0
CINTX={ABS(CMAXTL)-CHINII)))/2.5
CINTO={ABS{DMAX-DMIN}I}/2.5
Y¥IN==4 NECINTX

YMAX= 6.0%CINTX
XNIN==T,S*CINTD+OMIN

XMAX= T.S*CINTO+OMIN

DC B10 J=1.2

GC TC (261+8634+865),J

DC 852 I=1,KS0
AM{T)=A(1I+NTH/ (GAMMANTHTHM]

GC YC 867

DC 864 1=1sNS0

AM(T)=ALTTHMAX s T#NT)/{GAVNANEHTM)

GC TC 867

DT 866 I=1,NS50

AM{TI=ACTTM [+NTY/Z{GAMMANEHTM]

CALL XYPLT{NSOsAMBM XMIN, XMAX,YMYIN, YMAX,C0C,LAD, 2)
CCNTINLE

GC 7C 940

NPP=NPTLY+]
NPT=NC+1
Na=NPT+1
AM({11=0.0

NC 905 I=1,APT
DATA(3,1)=1.0
CHISL=0.0

DC 930 I=1,1T™
DC S07 J=2,NPT
AVM{JI=ALT 4 J+NT-11
CC 910 Js2.NPT
DATA(L,J=-1)=XPLJ)



0092
Q0G4

0085

0066
0087
0038
0093
0100
0101
0102
0103
0104
0105

0106

0107
oice
0109
0110
0111
06112
0112
0114
0115
0116
o117
olig

0119
0122

o121
0122
0123
0124

0125
0126

(aNalal

[aEaNal

925

927
520

540

943

961
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PRESS

DATAL2s =11 =AM{J)
NPT=NPT~1

CALL LSGUAR{DATAAPT NPP,C,CHISCSTORY

NPT=RPT+1
DC 917 J=1l.Nk

SAM(J=0.0
DO 918 J=24.Nh
-DC 918 K=1,.NPP

AMCJI=AM(JI+CHKIAXP(J)2E (K1)
Ninl=Nk-1

DC 922 J=1sNkl

XP1{Jl=xXpP(J)})

A¥Y (Ji=4a¥ 1y}

CALCULATE PRESSURES ®1TH CUBIC SPLINE
CALL SPLINE{NRL XP1,8%1,NINT4X,TS)
FIND LCCATICN OF PRESSURE RESULTANT (RE(1}}

AR=0,0

YA=0.,0

DC 925 J=1,NI

PA=D .53 LAXL I+ =-2X{ )= (TS 0de11+TS(J))
Y=(AX{J+#1 1 #2X(J))/2.0
AR=AR+DA

YA=YA+YZDA
RELI)=YA/AR

NPC 927 J=14NINTY
XX{1,03=7S5¢J)
CCNTINUF

GC TC 827

CaLL PAPEANT{R)
CALL PAPLCTIS1+S2+LS+OMIN,D¥AX])

DC 942 [=1,1T¥

NC 943 J=1.NINT
XXATod)=XX{T o Ji#(GAVVAMRETH )
FCRMAT(2F10.0])

RETURN
END



0001

0ce?
0002
Gun4

0005
0006
0007
0063
00us
no10
o0tl
ogle
ant2
0014
0015
0016
0017

0018
0o01¢%
0020
0021
0022
onzs

0024
0025
0D02¢%
0027
op2e
0C29
0C30
0021
0032
0033
0034
0035
0036
0037
0038
0035

0040
0041
0042
0043
0044
0045

[aleReNeNaNe

- 332 -

QUINT

SUBROUTINE QUINT{NNsX+7s4:¢35:7,8C]}

«oeaSULBROUTINE TO FIT A CUINTIC SPLINE TC 4 SET OF NATA PCINTS (X,Y)

15

25

35

37
40

50

BL ARE BOUNCARY CONDITIONS
BCLLI=Y(1)3BC(2)=Y*{1}52C{3i=V"*(1};
BCUL&aI=Y(NNIIBCISI=Y*{NN)IBLES)=Y T (NN)

DIMENSICN BCHl6&}
DIMENSION X{I1 eY({20eS{1)oT(L)HIS00)vAL50+50)BISO)U1646):C(647)
CCMMON/PURPLE/JHART (FIR{5003,SEC{500)

IFINN.GT.5011GC TC S¢S
N=NKk-1

N¥l=N-~1

NPC S5 I=14¢N
HITY=X{1+1)-X(1}
CONTINUE

Né=N#%6

DC 15 I=1.N6

B(Ii=0

NE 15 J=14.NE

.0
1,3
.0

Y=pL (1)
1=8C1{2)
B(3})=8BC{2)
BINE-21=BC{¢6)
BIKN6-11=BC(5)
B{N6}=BCI(6])

CC 40 I=1,N¥1
Bl4+(I-1)%6)=Y{1+1)
IR=44{1-1)%6
[C=6%1¢1
A{IR,IC)=1.0
1€=1C~1

prC o35 J=1,5
A{IReJ,IC+d)=~1.0
ARG=H{]}
IR=3+(1-1)%5
IC=(1~-1)1%¢

CALL SUBUARG.U)

DC 37 JC=1,6

DC 37 JR=1,¢
ALIRP+JRLIC+JCI=ULIR,JC}
CCNTINUE

CALL SUBU(HIN) U)

IR=N6-3

IC=N6-6

DC 50 JC=1ls6

DC 50 JR=1.:6

A{IR+JR, IC+IC)I=ULIR+1,UC])



0046
0047
0048
0043
00s0
0051

0052

0053
0054
0055
0056
0057

0058
0059
00€0
0061
00¢2
0063
0064

0nes
aces
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CUINT

C ceecfECSOV IS A& SYSTEM SUBROUTINE
C
CALL EQSCVING.AsBs10elo0E~4+C 17,0}
DC 60 I=144
ITF{S{I)LToX{1)) GC TC 52
DC 52 J=1N
TF{S{T).LE.X{J+1)) GO 7O 55
- 52 CCNTINUE
reeeceereeeeccecececcecee
. GC 7C 55
ccceceeececceeceeceeccecc
53 PRINT 106,11
GC 10 60
55 CCNTINUE
SX=5{1)~-X{J}
TOIY=Cll g g #SXR(C {2 I+ (SX/2.3F(C 24 (SX/2, 12 {C(4,d)e(SX/b.)%
X{CL5,31¢lSX/5. 150 (6548310
IFUUnANTEC.O) GC TC 60
SEC{II=C{34J)4SX#{C 41+ (SX/2.)%{C(54J1+(SX/2.12%20({6,0)1))
&N CCANTINUE
RETURN
C
99 PRINY 107
C
106 FCRMAT(/,' THE',I5,*TH ELEMENT OF THE ARRAY S 1S5 CUT OF RANGE',/,
Xt ERPCR MESSAGE FRCOM TUINT®,./)
107 FCRMAT(/,* N IS LARGER THAN 501%4/,
X¢ ERROR MESSAGE FRC™ CQUINT®,/)

RETURN
ERD
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SHEAR
0001 SUBRCUTINFE SHEAR
C
C SUBRCUTINE TO DERIVE ShEAFS BY MCMENT CIFFEREANTIATION DX
C PRESSURE DISTRIBUTION INTEGRATION
C
0002 COMMON/PED/A{1502:12) s T{150219AX(112}BX(112YV«CALTLLIS,2) X010,
X TCALT o ITHeNTyNARNPCLY g NS2 s NINT s He EIMeHT40ASS . GA4AAM,
X NTYPEFIMJNC:XPLS)
00on3 CCMMON/BLUE/XL{11204X20112)4X3{212}yTTE1502)oXX(1502:112)4%XH(11},
X YMOL1),TMO1) e ITHAX, IXMAX
0004 COMMON/YELLCR/TR{112),75(112}
0005 DIMEASICN S1{2)+52(33+LS5(2)
0006 DATA SL/'SHEA® 'R/ 4S2/740/{Pt,YAE/K,*AE}Y/,LS/5,11/
c
0047 READ 8(1,CMIN,CMAX
C
ooce DC 725 I=1,11¥
0cn9 NC 7C9 J=1,NINT
0010 709 TRUJY=XX{14J)
o011l IF(AC.ANZ.01GC T2 712
0nli2 CALL DERIVININT HyTR,T5)
0013 GC 1C 714
0014 112 CaLli INTEGININT,AX,TR,T7S,0])
0015 714 B0 720 J=1eNINT
0016 720 Xx{I+3)=TS0J}
0n17 725 CCONTIAUE
c
0012 CALL CRUNCH
C
C PAE/KAE=0),5%RC25%(H2%2] - FROM M-0 ANALYSIS
c
0cis DC 727 I=1,11M
0029 NC 727 Jd=14NINT
on21 727 XX{I19d3=XX{T I/ {0 5%GAMNAME [RTMER2] )
0022 DC 735 I=1.NINT
0023 XIEIIoX1(U) /(0S¥ CAUNAME (HTME2] )
0024 XZ(1)=X2{T) /{0 5%CGAMNAME (HTMx%2} )
0025 725 X2(I)=X3{I}/(D5*GAMMANER{HTM*®2) )
0026 XME1I=X¥{1)/(0.52CAUMAME (HTM%x2))
Q027 DC 3¢ I=1,17¥
ooze 736 TTLI)=TTLI)/{0.5%CAMMANE(HTM*22) )
c
0Cc?3 CALL PAPRANT(2)
00320 CALL PAPLOT(S1,52+LS+OMINDMAX]
c
oc31 DC 744 I=1,17T¥
0032 NC 744 J=14NINT
0033 Te% XX{TaJ1=XX{TsJI (0. 5¥CAMMIAMX(KTY*%2]) )
C
0034 801 FCRMAT(2F10.0}
C
onzs RETURN

0036 END



0001

0002
0003

0004
0005
0006
0007
[s1e13F:]
0ons
0010
0011
0otz
0013
0014
0015
ouls
0017
0018
oC1is
0020
0021

0022

0023
0024
0025
0026
0027

0028
0G29

0030
no031

0032
00133
0034
0035
0036
0037
003e
0029
0040
0041
0042
0043

0n44
0045

[aXnNal

SPLINE
SUBROUTINE SPLINE(NN X YeMeS5:7)
SUBRCUTINE TO FIT A CUBIC SPLINE TO A SET OF NN POINTS {X,.v}

COMMON/WHITE/ TwANT, DER( 1500}
DIMENSICN XE1) oY (133511}, T1),A01500,354B(1500),P(1500),H(1500)
IFINNLGTL15011G0 TC SO
N=NN-1
NMl=N-1
nC 5 I=1,A
5 H(I)=X(I+1)=X{1)
DC 15 I=1,NM1
ALT 1I=F{11/HTT+1)
BUI421=2.0%(HIE+1)+H{TI1)/H{T41)
A{1,3)=1.0
15 BUI1=6o0%((Y(T142)=Y0I+1))/b0 140 =0Y0I¢1 =Y (1) I/90TN)/10T+1)
A(1,1)=0
A(R¥]1,3)=0
CALL ALGECN(NY1,A,B,P)
DC 45 I=1,M
IFESII)LLT.XI1)1GC TC 26
DC 25 J=1,N
LFIS{INLLELX{J+1}IGT TC 28
25 CCNTINUE
cceeeece
Gt TG 28
cceceecc
26 PRINT 106,1
GC TO 45
28 IF{J.EC.11G0 TC 30
IF(J.EC.NIGT TG 40
TUII=(PLJ=-1 1% (X(J+1)=501)1%%3s
XPLSYR{SOII=X{J)) #2240 6,08Y (J+1)=H{JI8%2%0 (I3 1% {S(II=X(J) )¢
X{6.0%Y(J)=HIJI##28P(J=1) 1 (X(J¢1)=SULI})/(6.0%H(I)}
GC TC 45 :
30 TUI)={PLJI%ISUTII=X{J)I%%3+4(6.0%Y (J+1)-H{J)#%2%P(J) )% {S{I)~X(J) )+
X6 0Y (J)*{X(J+1}=S{I1)1/(6.0%H{I))
6C 1O 45
40 TUI)=(PLJ=1)%(X{J+11-S(I))*%2¢6.0¢Y(J+1)*(SCI)=X({J)}+
X(6.0%YIJ)~H{J)#22P {J= 1) 1 #(X{(J+11=SL 1)1/ (6.C8HL J))
45 CCNTINUE
IF(IWANTLEC.OVRETLRN
DC 80 I=1.M
TF(S{1).LT.X(13)GC TC 52
DG 50 J=1.N
IF(S{I).LE.X{J+1)1GD YC 54
50 CCATINUE
52 PRINT 106,1
GC TG 80
54 IF(J.EQ.11G0 TC 60
IF{J.EQ.NIGD TC 70
DERTIN={3.,0#(P{JI*¥(SIII=X{J}}222-P(J~1)%(X(J¢1}-S{T})%%2)+
X6 0% {Y{J¢1)=Y (NI -H{JI 2225 (P (JI=PLJ=11)1/(6.0%H{J})
GG TC 8C
60 DER(I)=(3.0%P{JI%(S{TI-X(JI)#%2¢6,0%(Y(J41)-Y(J)I-HIJ) %2242 )}/



0C46
0047

0048
0049
0050
0051
0os2

0052
0054

c

c

X{6,0%H
GC 7O

TO0 DER{II={-2.0%P{J- 1% (X1 J+1}-S{I) %5246, 0% (Y J+L)~Y ) )+

{di1}
a0

- 336 ~

SPLINE

XKH{J #2240 (=101} /{6.02H(J})

80 TONTIN
RETURN
30 PRINT

106 FCR¥AY

Uk

107

[*0

THE 3,15,°TH ELEMENT OF ARRAY S IS DUT OF RANGE

XERRQR MESSAGE FRCM SPLINEY)

107 FCRMATY

RETURN
END

(to

N TS LARCER THAN 1501,

SCRRY®)
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suBuy
0Nno1 SUBROUTINE SUBU({X.U)

C
C cceo SUBROUTINE CALLEL IN CQUIANT
c

oon2 DIFERSICN U646}

00032 OC 5 I=146

0004 DC 5 J=1.¢€

0onos 5 U{l+J}=0.0

000¢ - DC 15 I=2,6

o0n? 15 utlsI)=X

0008 DC 25 I=1+5

0009 25 Ufl¢leld=1c0

0010 Ul253)=0,5%X%X

00ll U(3¢43=U(243)

0012 UlbdeS)=Ul243)

0013 UlSshY=U(2+3)

0014 UL2,4)=U12,31%X/3,0

0015 Ul3,45)=0U(2+4)

Q016 Ul4e6Y¥=U(244)

0017 UL2:5)5U(2441%X/4.0

onie Ui3,£3=U12,5)

0019 Ul2461=U(2,5)1%X/5,0
C

0020 RETUEN

0021 END



0001

0002

0003

0004
0005
[e]s]e]
0007

0cos
0009
0010
0011
nol1z

0012
nol4
0r1s
0016
0017
onie
0019
an20
0021
0022

uor4
0025
00zé
0027
0028
0029
oe3o
noz1
onz2
0033

0934
0035

003¢
0037
00ze
0029
00=x0
0041

aNelel

YDISP
SUBROUTINF YDISP
SUBRCUTINE TC DETERMINE CISPLACEMENTS BY DOUBLE INTEGRATICN CF MCMENTS
CCMMON/RED/AL1502412) ,TI1502 g AX{L12)4BXI112)3,CALTLY1S5,2) %10},
X TCALT o ITHMoRT ¢ NAGNPCLY yNSZ ¢ NINT 3 Hy EIMoHTMpAGS s GAMMAM,

X NTIYPEFIMyNC,XP{G) -
COMMOA/BLUE/XI(1121,X2{112),X3{112},TT(1502),XX{1502+112),XM{1},

X YM{1) s TMIL),1THAX, IXMAX
- COMMON/YRLLCR/TR(112),7TS8(112)

201

212

280

283

CCHMMCN/BLACK/DIS(1502:2)
DIMENSICN S1(25,52(1).L5(2)
CATA" S1/%DISP st LACE® g MENT*/4S2/7Y/HY/515/12,2/

READ({21¥XX

REAC 381,0MIN,DH¥AX

DC 201 I=1,1TW

oC 201 J=1,.2
DIS{I,J)=CISIIcJ}*EIM

DETERMINE DISPLACEMENTS

DT 250 I=1,1%¥

DL 212 J=14NINT

TR{EJI=XX{(1:J}

CALL IRTEGININT sAX4TR,LTS,1)

CALL INTFGININT,AX,TS5,TR,1)
EE={TR{LI-TRININTI4DISUI2)-DISUI 1)1/ {AXANINT)~AX{2)}}
FE=DISU{I:1)~-{EE*AX{11)-TRLL)

OC 237 J=1+NINT

XX{L o JI={TR{JYHLEERAX{J})+FF)/EIM

CCRTINUE ’

C2il CRUNCH

NC 274 1-1,17T™

DC 274 J=1 NINT

YX{ Lo d)=XX{T1ad} /RTH
DC 277 I=1.NINT
X1{I)=X1{1)/KT™
X2{Iy=¥2(1} /TN
X301 )=X2{TY/HT™
XM{11=XM{1}/HTM™

NC 278 I=1,17#
TTLI=TTLIY/HTM

CALL PAPPANT{4)
CALL PAPLCT{S1,S24+LS,DMIN,DMAX)

DC 280 I=1,1TM

DO 280 J=1¢NINT
XX{Ledd=XX{1 JIEHTH
DC 288 I=1,1TM

DC 288 J=1,42
DISCI.J¥=CIS{I.JV/ELIN
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BLK CATA

BLOCK DATA

COMMCA/WHITE/TRANT (DER(LS00)
CCMMON/PURPLE/GWANT ,FIR{500).5EC {5001}
DATA IWANT/O/ IWANT/O/

END
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APPENDIX C

LIST OF SYMBOLS

Symbols are defined where they first appear in the text. A

summary of the symbols employed and their dimemsions is given in this

appendix.
LOVER CASE SYMBOLS

Synmbol Definition Dimensions
a externally applied acceleration LT‘N2
ap set of dimensionless external acceleration ratios -
d thickness L
du digitizer unit -
e void ratio -
fa elastic strength of aluminum Fﬁmz

fmfp frequency of vibration of model, prototype Trl
fl fundamental frequency 71
g gravitational acceleration LIrz

gmgP gravitational acceleration of model, prototype LT"2
h height L
i angle of backfill slope °
k number of dimensionless groups -

1 length of bean L
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Symbol Definition Dimensions
1 number of drainage boundaries -
n number of parameterxs -
t time T
tc consolidation time T
embep consolidation time of model, prototype T
tmtp model, prototype time T
o externally induced displacement L
om®op externally induced displacement of model, prototype L
5oR set of dimensionless externally induced displace- L
ment ratios
v latexral velocity Lyt
X,V,2 length and distance in coordinate directions i
y wall displacement L
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UEPER CASE SYMBOLS

Symbol Definition Dimensions
A constant of integration -
B constant of integration L
Ca expression dependent on Mononobe—Okabe parametesxs o
Cv coefficient of consolidation P21t
E Young’s modnlus FL—Z
E Young'’s modulus of aluminum FL 2

EmEp Young's modulus of model, prototype L2

ER set of dimegsionless Young's modulusg ratios -
EI stiffness per unit width of wall mlrt

r typical force dimension ¥
F() function of -
F.S. factor of safety -

G shear modulus FL-Z
GmGp shear modulus of model, prototype anz
G() function of -
G.S, Ground surface -

H height L
", height at which resultant force acts L
Hf depth of frost cover in front of wall L
Hme height of model, prototype L

I moment of inertia per unit width of wail A1
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Symbeol Definition Dimensions
KA coefficient of static active lateral earth pressure -
KAE coefficient of total active lateral earth pressuxe -
KPE coefficient of total passive lateral earth pressure -
L typical length dimension L
LmLp length scale of model, prototype L
Lp set of dimensionless length ratios -
M typical mass dimension H
M moment FLL1
My active static moment FLL L
N active total (static + dynamic) moment Lt
MD design moment FLLTl
M, overturning moment FLL !
MR resisting moment FLﬁ—l
HMI Modified Mercalli Tntemsity - -
N centrifuge gravitational acceleration scale factor -
N ratio of prototype to model lemngth scales -
P pressure FL™?
P externally applied iload F
P, active static resultant wall force Lt
PmPp externally applied load of model, prototype F

Prr total (static + dynamic) active wall force FL



Symbol Definition Dimensions
Ppop  total (static + dynamic) passive wall force 7t
PR set of dimensionless external load ratios -
6] shear force FL1
Q externally appiied stress FL™%
QmQP externally applied stress of model, prototype FL—Z
QR set of dimensionless externally applied stress ratios -
RA maximum static active pressure FL—z
RAE maximum total (static + dynamic) active pressure Flfz
RW1  Retaining Wall #1 -
RW2  Retaining ¥all #2 -

8 uwnit section moduluns of cross sszetion Lgﬂ_l
T typical time dimension T
T time factor of consolidation -
TmT time féctor of comnsolidation of model, prototype -
W  weight of soil wedge behind wall Lt
W weight of backfill Lt
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GREEE SYMBOLS

Symbol Definition Dimensions
B angle of wall back slope °
¥ unit weight of soil A3
& angle of wall-soil friction °
0 tan [k /(1-k_)]

h v
\Y Poisson's ratio -
vap Poisson's ratio of model, prototype -
p mass density a3
PuPp  mass density of model, prototype M
-}
%, internal stress FL “©
L -2
cemaop internal stress of model, prototype
%oR set of dimemnsionless internal stress ratios -
d angle of internmal friction of soil °
AP . | . . L Ft
AE active wall force increment due toc earthquake load
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AFPPENDIX

FINITE ELEMENT COMPARISON

For an analytical comparison, it was decided to perform a fimite
element analysis on the wali-soil system of test 1CNCOO2 using the
linearly elastié structural analysis program SAFPIV (Bathe, eot. al. [1]1).

The finite element grid was first drawn up as shown in Figure D.1
with the retaining wall (shown with speckles) embedded in the soil.
Prototype dimensions were used (i.e., wall height was 18 ft) and the
boundaries were determined to be those existing im a postulated
prototype centrifuge bucket (i.e., 50 times larger thanm their actual
size). The wall illustrated is much thicker than that which wounld be
the prototype (1 ft thiek vs, 3.15” thick if it were aluminum), but its
Young'’s Modulus was chosen much less so that the stiffresses EI would be
the same. This was done in order to get a more suitable aspect ratio
for the elements which form the wall and base. Incompatible modes were
used in the wall and base quads in order to have better bending behavior
in these elements, especially simce the wall was modelled with only one
layer of elements.

Unfortunately, the soil elements had to be attached to the beam
(wall) elements as there was no provision in the code to have sliding

between elements. This would have been more desirable.
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The soil shear moduli were determined from the relationship given
by Secd and Idriss [54] between the shear modulus and the confining

pressure:

‘ 1/2 :
= 1000K_ (g’
G 2o’y (D.1)
in which
G = shear modulus of soil
G'm = mean principal effective stress.
KZ = g parameter which is primarily a function of void ratio

and strain amplitude

Because of the high strain range involved in a retaining wall
problem, KZ was chosen’from the extreme xight of Figure D.2 to bé 4.

The soil moduli were then calculated fzom equation (D.1) for the various
depths, making some adjustments for the so0il im the vicinity of the toe
of the wall for the fact that the soil level in front of the wall is
lower than that in back.

First of all, the problem was run for a static gravity body load
in the negative»vertical direction. The problem was then run dynami-
cally as a forced response problem using modal superposition and the
free-field acceleration record (prototype) of test 1CND00O2 (Figure 5.5a)
in the horizontal direction. The damping used was assumed 10% of criti-
cal. The total dynamic response was then obtained by superposition of

the static response and the lateral dynamic omne.
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The first gix natural freQuencies of the finite element system
wvere found to be 1.188 Hz, 1.388 Hz, 1.45 Hz, 1.587 Hz, 2.449 Hz, and
2,536 Hz. Only the 6th freguency of 2.536 Hz even resembled khe actual
fundamental frequency of 2.57 Hz and its mode shape is most likely very
different.,

Figures D.3, D.4, and D.5 illustrate the static and maximum
dynamic displacement, pressure, and moment distributions along the wall
for both the centrifuge model test and the finite element problem. As
can be seen from these figures there is virtually no correlation between
the two in any of the cases.

From this illustration ome can see the perils im using elastiec
théories (which are the basis for the finite element program used) in
tiying to model the retaining wall problem which after all is the
classic most simple plasticity example. Elastic solutions for retaining

wall problems should be avoided.
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