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ABSTRACT

An investigation was made into the behavior of flexible cantilever

walls retaining a cohesionless soil backfill and subjected to

earthquake-type dynamic excitations using the centrifuge modelling

technique. 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 earth pressure theory, were properly

scaled for use in the centrifuge at SO g's, and were subjected to

lateral earthquake-like motions which were considered to be of realistic

levels. The walls were amply instrumented with pressure and displace

ment transducers, accelerometers, and strain gages. Moment, pressure,

shear, and displacement distributions (static, dynamic, and residual)

were obtained.

From the test data, some empirical curves for relating the upper

bound responses of the retaining walls to the strong motion characteris

tics of the applied earthquakes were obtained.
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CHAPrER I

INlRODUCTION

In this study. an investigation was made into the behavior of

cantilever retaining walls. with a cohesionless soil backfill. subjected

to earthquake-type dynamic excitations.

Interest in this problem arose from the fact that in virtually

every earthquake damage report there is documentation of damage or

failure of bridge abutments. sea walls. quay walls. canals. dikes.

retaining walls. etc.; in other words. earth retaining structures. This

is further enhanced by the fact that in most seismically active areas.

there are absolutely no code provisions for some aseismic design of

retaining structures. Where seismic considerations are taken into

account. a design with the 60 year old pseudo-static Mononobe-Okabe

theory with reduced design accelerations is usually accomplished.

Even though many experimental (model) and analytical studies have

been done on the subject in the last 60 years. many have been improperly

formulated. oversimplified. or simply inadequate. To this day there

seems to be no general agreement as to what seismic method of design

should be used or even if one should be used at all.

In recent years. the centrifuge has become a more accepted and use

ful tool in the modelling of soil mechanics problems. It was therefore

decided to use this device in order to try to develop some empirical

type design guidelines for at least one type of retaining structure.

namely cantilever retaining walls. In order to do this an
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"earthquake generating" mechanism. simple and light enough not to take

up a substantial portion of the centrifuge payload. was developed in

order to provide properly scaled earthquake-type excitations to the

properly scaled and designed wall-soil system.

A series of fourteen tests was performed on two properly scaled

retaining walls which were designed acoording to the traditional seismic

theory. Sinoe these walls are bending beams. bending moments were mea

sured directly. This appears to be unprecedented since model studies

have generally been done only on rigid walls. In addition. earth pres

sures behind the walls were measured and these results integrated to

determine the shear forces. With the aid of accelerometers and dis

placement transducers. deflection shapes were also determined.

Although model tests were performed. they provided the response of

a real (not idealized) retaining structure system subjected to a real

earthquake excitation. This was afforded by using the artificial

gravity field provided by the centrifuge.

1.1. Mononobe-Okabe Method

During the 1920's. N. Mononobe and N. Matsuo [31]. and S. Okabe

[39], developed an approximate method for determining the dynamic

lateral 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 earthquake were treated as additional

static forces. through the use of horizontal and vertical accelerations.

The observed failure mechanisms of gravity walls which had displaced
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under lateral acceleration provided a physical basis for this approach.

The method, therefore, does not incorporate a calculation of the pres

sures which may develop between wall and soil prior to wall failure.

The Mononobe-Okabe method set a standard with which most future

research in the field would be compared. Ensuing 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

earthquake provisions for wall structures [17,55], but in general, when

specified, these provisions are based on the Mononobe-Okabe method.

Even in localities where no specific code requirements exist, it appears

that the Mononobe-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 a 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 eqUilibrium at the point of incipient failure,

under gravity, earthquake, and the boundary forces along the
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wall and failure surface. The forces acting on the soil wedge

of weight Ware shown in Figure 1.1 for the case of a cohesion

less soil.

5. Equivalent static horizontal and vertical forces ~W and kvW•

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

earthquake effect. The parameters ~ and kv are the horizontal

and vertical earthquake coefficients expressed as fractions of

g. the gravitational acceleration.

6. The method 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 assumption that the total force acted 1/3H above the base

of the wall of height H. Based on more recent refinements to

the method. as well as model test results. Seed and Whitman

[55] recommended that the dynamic force should be assumed to

act O.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 a Coulomb analysis. the angle of the failure plane is varied

to give a maximum value of the wall force per unit width PAR' and under

the critical condition it can be shown that

= (1.1)
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in which:

cos2 (4-&-6) [1 ( sin(4+o) sin(4-e-i) ) 1/2]-2
KAE = cos & cos2~ cos(o+~+&) + cos(o+~+&)cos(i-fl} (1.2)

(coefficient of lateral earth pressure)

& tan-1 ~= 1 - kv

r = unit weight of soil

4 = angle of internal friction of soil

& angle of wall-soil friction

i = angle of backfill slope

~ = angle of wall slope

~ horizontal earthquake coefficient (fraction of g)

k
v = vertical earthquake coefficient (fraction of g)

Figure 1.2 illustrates the variation of KAE with kh with changes in

the various soil/wall/lateral acceleration parameters. The

Mononobe-Okabe method can be readily extended to encompass cohesive

soils by considering the equilibrium of cohesive forces acting along the

wall boundary and the failure surface.

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

summary follows:

1. For full active pressure (full plastic state) to develop in the

soil behind the wall. it is necessary for the top of the wall

to deflect laterally about 0.5% of the wall height. This
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condition probably occurs readily in gravity and cantilever

walls, but may not always occur in channel sections or anchored

sheet-pile walls. It was shown by Wood that for a rigid wall

on a rigid foundation the earthquake force component computed

by elastic theory was likely to be greater than twice the force

computed by the Mononobe-Okabe method. This result was based

on a static solution of identical horizontal earthquake coeffi-

cients for each case. Thus failure of a rigid structure

designed using the Mononobe-Okabe criterion is a great possi-

bility.

Unlike design procedures which allow yielding of

structural members of building frames during strong

earthquakes, it is generally undesirable to allow excessive

yielding in retaining structures. This is because yielding of

the structure generally tends to occur in only one direction

away from the backfill. Unidirectional yielding may lead to

excessive wall displacements with severe cracking to both wall

and backfill. It is thus considered desirable to prevent

yielding of the retaining structure during an earthquake.

2. Although the assumption of a plane failure surface appears rea-

sonable, its validity has been based on a very limited number

of test and field observations.

3. The Mononobe-Okabe Method is a pseudo-static method. Inertia

forces are included by use of the earthquake coefficients ~

and k. These are generally chosen without any uniform basisv
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and are generally well below the values for expected peak

accelerations. This is basically due to the assumption that

some permanent movement of the wall due to shaking can be

tolerated.

4. In the Mononobe-Okabe method no account is taken of resonance

effects or the amplification of earthquake motions that might

occur as a result of the propagation of the motion through the

relatively soft soil behind the wall.

5. The Mononobe-Okabe 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 performed a study

taking wall parameters into consideration.

1.2. Experimental Studies

In order to verify the Mononobe-Okabe theory, experiments on small

scale laboratory models subjected to sinusoidal excitation on shaking

tables have been performed by a number of researchers: Mononobe and

Matsuo, 1929 [31]; Jacobsen, 1939 [19]; Ishii, Arai, and Tsuchida, 1960

[18]; Matsuo and Ohara, 1960, [28]; Murphy, 1960 [33]; Niwa, 1960 [36];

Ohara, 1960 [38].

Mononobe and Matsuo used a 4 ft high, 4 ft wide, and 9 ft long

sandbox which was subjected to horizontal excitations with vibration

periods 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 to 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 allow full active pressure to develop.

Jacobsen performed tests on a sandbox using a shaking table and a

3 ft high layer of sand. Although no other details as to size of the

box, flexibility of the wall, or type of excitation are given, it was

concluded that the tests were in reasonable agreement with the

Mononobe-Okabe 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, Arai and Tsuchida performed tests with which they concluded

that, in general. their results were in 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 sand was used behind the walls. The entire box was

subjected to sinusoidal excitations of approximately 3 Hz and O.lg to

0.7g amplitude. Observations on wall displacement, sand settlement,

residual earth pressures, and phase relationships between the earth

pressures and base motion were made.

Matsuo and Ohara performed tests on dry and saturated sands in a

shaking box 3.28 ft x 1.97 ft x 1.31 ft high. Conditions were similar

to the tests of Ishii, et al. The box was subjected to 3 Hz sinusoidal

excitations with an amplitude of O.lg to 0.4g. Tests were conducted for

both a fixed end-wall (essentially rigid) and a movable end-wall that

was permitted 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-Okabe. The earth pres

sure distributions were also found to deviate considerably from linear.

Based on elasticity theory, Matsuo and Ohara also derived analyti

cal expressions for pressure distributions for the fixed 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 failure of wall

soil systems. A 1/64 scale wall model was placed in a shaking sand box

and subjected to a 5.4 Hz excitation with a maximum acceleration of

0.25g. No pressures or displacements were recorded. It was found that

failure occurred by outward rotation of the wall about the toe with a

failure surface in the soil inclined at 35 0 to the horizontal. The

results were considered consistent with the failure plane in the

Mononobe-Okabe method.

Niwa performed tests on a large-scale gravity-type quay wall model.

The wall was 9.8 ft high and 13.1 ft wide with a 16.4 ft long sand

backfill. In addition, a 6.6 ft X 6.6 ft X 13.1 ft surcharge of sand

was placed right behind the wall. A large vibration generator was used.

It was capable of delivering frequencies of 3 Hz to 6 Hz with a lateral

force of 35 tons @ 6 Hz and a lateral acceleration of 0.3g @ 6 Hz. The

generator was placed 34.8 ft behind the wall. A sizeable number of

transducers were used to instrument the wall. These included pressure

cells, as well as displacement. velocity and acceleration transducers.
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Unfortunately, results were very sketchy. Pressures recorded were zero

at the top and increased fairly linearly towards the bottom. No

comparison with the Mononobe-Okabe method was given.

Ohara conducted experiments on a 12 in deep, 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 displacements and the results

were found to be consistent with those predicted by the Mononobe-Okabe

method.

From the shaking table experiments it is generally concluded that

the Mononobe-Okabe method gives the total resultant force reasonably

well, but not the pressure distribution, and hence, does not predict the

point of application of the force or the magnitude of the overturning

moment correctly. Overall, the results of the shaking 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 adequately represent

transient earthquake stresses. The rationale for these tests is based

on the following argument (Wood[67]). A similarity condition for an

elastic soil and a rigid wall under the assumption that both the model

and prototype have the same Poisson's ratio is given by the dimension

less equation for the frequency of a vibrating elastic system:
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where:

ip H 2
P P P

G
P (1.3 )

f = frequency of vibration of model and prototype respectively.m.p

Pm• p = soil mass density

H = heightm.p

G = shear modulusm.p

and both model and prototype tests are performed at the same gravita-

tional acceleration.

The equation is usually employed to determine the frequency at

which the model is to be vibrated to simulate the full-scale behavior.

If the ratio of length scale in prototype to model is denoted as N. the

equation can be rearranged in terms of frequency to give

( 1.4)

However. H /H = N. and. since the same soil is generally used in model
p m

and prototype. p /p is close to unity so that
p m

(1.5 )

In a clay. a laboratory model can be prepared with G essentially
m

any desired value. from a low level. appropriate in some way to the

model dimension. to a value the same as the prototype. In sands. the

shear modulus G varies with the effective stress. which depends directly
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As a consequence G in a model sand ism

considerably smaller over the wall depth than Gp in the full-scale

domain. The choice of f therefore. depends on the relationship adoptedm

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

linearly with effective stress. then f is approximately equal to
m

Alternative if G is taken to vary as some power of effective

stress. say 1/2 (Seed and Idriss [54]), f m would be given as ~/4fp.

Given this uncertainty about the variation of G with effective

stress. no clear approach is indicated, nor do the experiments clarify

the effect on the dynamic pressure distributions obtained by the use of

different model exciting frequencies. It can be concluded that it is

difficult or impossible to achieve a pressure distribution in a (one g)

model on a shaking table similar to that found in the full-scale field

situation. Therefore, true modelling of the prototype soil cannot be

attained in a (one g) shaking table experiment.

1.3. Analytical Studies

In addition to the experimental research, analytical models have

been proposed to describe the dynamic earth pressures acting on walls:

Tajimi. 1969-73 [59-61]; Prakash and Basavanna, 1969 [42]; Scott, 1973

[50]; Wood, 1973 [67]; Richards and Elms, 1977 [43]; Chang and Chen,

1981 [6.7].
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Tajimi obtained the solution for earthquake-induced soil pressures

on a cylindrical structure embedded in an elastic soil. He also

obtained the solution for a harmonically forced rigid wall of finite

height at the corner of a quarter-infinite elastic medium (Figure 1.3).

The analysis was based on 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 Basavanna computed an approximate wall pressure

distribution on a wall under similar assumptions to those of the

Mononobe-Okabe method. It was determined that the pressure distribution

was essentially parabolic although the resultant was virtually of the

same magnitude as give by Mononobe-Okabe. The resultant. however. acts

at a height above the base Ha given by:

H
a ( 1.6)

where C is a very complicated expression dependent on all thea

Mononobe-Okabe wall-soil parameters. H is the height of the wall. Ca

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

continues to rise with higher lateral acceleration.

Scott performed an analysis on a simple yet useful model

(Figure 1.4). It basically consists of a rigid wall with the soil

modelled as a simple shear beam on a Winkler foundation. He also

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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U y =0
T xy =0

Homogenous elastic
quarter-space
(Plane strain)

u=O
T xy =0

Harmonically forced wall
{Translation or rotation}

--,---,.;:l~---i-------'--------~X, U

H

Y,v

TAJIMI'S PROBLEM

FIGURE 1.3
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Elastic
Shear Beam

p,G

Rigid Foundation

Foundation

SCOTT'S MODEL

FIGURE 1.4

x,u
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deformations. Because of simplicity the solutions are quite useful in

preliminary design applications. Scott concluded that what happens in

an earthquake to a wall designed by the Mononobe-Okabe method is that

"elastic", transient forces much higher than those predicted by

Mononobe-Okabe act on the wall, causing it to displace and rotate. When

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 is the failure

(Mononobe-Okabe) mechanism - not the stresses that caused failure. This

is why all the experiments involving failure end up by concluding that

Mononobe-Okabe is the right analysis. If the earthquake force only

reached Mononobe-Okabe levels of stress, then the wall designed to M-O

should not fail.

Wood, using elastic and elastic wave propagation theories developed

solutions for an elastic soil stratum of finite or infinite length and

finite depth on a rigid base with a rigid wall under various and forcing

conditions. For a perfectly rigid wall (Figure 1.5), supporting a

relatively long layer of soil, he determined that the earthquake force

component computed was likely to be greater than twice that estimated by

the Mononobe-Okabe method (Figure 1.6). Identical horizontal earthquake

coefficients k were used in the comparison. It was thus recommendedn

that for a rigid wall embedded in rock or very firm soil, restrained by

piles or deeply buried, an elastic analysis should be used in lieu of

the Mononobe-Okabe method.



- 19 -

Rigid boundary
L

X,u

body

Homogenous elastic soil
(Plane strain)

u=O
'xy =0

Y~Uniform
force

Y,v

H

WOODIS RIGID WALL PROBLEM

FIGURE 1.5
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Richards and Elms extended the Mononobe-Okabe method to include the

influence of the dynamic behavior of the wall structure itself

(Figure 1.7). It was concluded that for gravity retaining walls the

Mononobe-Okabe analysis is satisfactory provided that the inertia of the

wall is taken into consideration. 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 upper bound technique of limit analysis

and then applied it the earthquake problem. It is basically an approach

similar to Mononobe-Okabe with the main difference being that more

refined failure surfaces (Figure 1.8) are used. The seismic coefficient

of active earth pressure KAE was found to be practically the same as

that obtained by a Mononobe-Okabe analysis.

1.4. Earthquake Damage to Retaining Structures

Failures in retaining structures due to earthquakes occur very

frequently. These are documented in virtually every earthquake-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

earthquake 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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RICHARDS & ELMS ANALYSIS

FIGURE 1.7
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1.4.1. Chile

Duke and Leeds [11] provide an extensive account of damage to

retaining structures in the 1960 Chilean Earthquakes, the most severe of

which had a Richter magnitude of 8.5. At Puerto Montt (Figure 1.9), the

Modified Mercalli Intensity (MMI) was estimated to be between VIII and

IX. There was essentially total failure of the harbor gravity-type quay

walls (Figs. 1.10,1.11,1.12,1.13). Both walls completely overturned.

Sheet pile sea walls (Figs. 1.11, 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 earthquake, failure principally occurred

when the corroded rods broke due to the added tension resulting from the

added soil pressure.

Most of the above-mentioned structures were founded on fill

consisting of gravel, sand, silt, some masonry fragments, and organic

matter. In general, it was placed by dumping although some was placed

hydrodynamically by dredging from the harbor bottom. The disastrous

damage to structures retaining this material was largely due to

liquefaction as a result of earthquake motion.

Figure 1.15 shows distortion of the Isla Teja bridge in Valdivia

(MMI 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 liquefaction,

but solely to the added inertia from the shaking.
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FIGURE 1.9 - FROM (I I)
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FIGURE 1.10- FAILURE OF QUAY WALL AT PUERTO MONTT - FROM (55)

Concrete
and Soil
Cai••on

~

Rubble

Conc:rete and
Soil Cai..on

Rubble

8.1m

15.5 METER QUAY WALL
(after Chile Dept. of Ports) 12.4m

...

AIIsumed
Support Level

STEEL SHEET PILE SEA WALL

18.5 ;,IETER QUAY WALL
(after Chile Dept. of Ports)

FIGURE 1.1 I - PUERTO MONTT ,WATERFRONT WALLS,DESIGN FEATURES - FROM (I I)
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Reproduced from
best available copy.

FIGURE 1.12 - FAILURE OF GRAVITY WALL AT PUERTO MONTT - FROM (I I)

•
FIGURE 1.13 - PUERTO MONTT,GRAVITY WALL FAILURE - FROM (I I)
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FIGURE 1.14 - FAILURE OF SHEET-PILE SEA WALL AT PUERTO MONTT - FROM (I I)

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 Frutillar (MAil VIII) where dry material was encountered

(Fig. 1.16).

1.4.2. Alaska

Ross. Seed. and Migliaccio [45] report on extensive bridge damage

due to the 8.4 magnitude Alaska earthquake of 1964. Most of the bridges

which suffered damage were 50 to 80 miles 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 Alaska

Department of Highways.

Most of the bridges were founded on alluvial deposits composed of

granular materials which ranged anywhere from coarse gravels to fine

sands and silts depending on location. The deposits ranged in depth

from 50 to 150 ft and were generally underlain by clays or bedrock. A

few bridges were founded on bedrock.

Damage 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 concentrations

of severe damage occurred in regions characterized by thick deposits of

saturated cohesionless soils. There was ample evidence of liquefaction

of these materials during the earthquake. This phenomenon probably

played a major role in the development of foundation 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. [45])

114 Bridges Classified

IClassifica tion
Severe

Moderate

Description
Abutments moved streamward and/or

Imarkedly subsided; piers shifted. tilted.
lor settled; substructure rendered
lunsalvageable
I
I
Distinct and measurable net displacements
as in previous category. but to a lesser
degree. so that substructure
could perhaps be repaired and used to
support a new superstructure

Percentage
28

22

18Evidence of foundation movements
(such as cracked backwalls. split piles.
closed expansion devices). but net
displacements small and substructure
serviceable.

Minor

I
I
I
I

JI- N_1_"I --lI-N_O_e_v_i_d_e_n_c_e_o_f_f_o_un_d_a_t_i_o_n_d_i_s....::p:....l_a_c_e_m_e_n_t_s__.........__3_2 _

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 virtually no damage. However. severe to moderate

displacements were reported for bridges founded partly on bedrock and

partly in soils.
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Reproduced from
best available copy.

FIGURE I. I 8 - SUPERSTRUCTURE BUCKLING OF SNOW RIVER BRIDGE 605 - FROM (45)
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FIGURE 1.19 - SUPERSTRUCTURE BUCKLING OF SNOW RIVER BRIDGE 604 - FROM (45)

FIGURE 1.20 - SUPERSTRUCTURE DRIVEN THROUGH ABUTMENT

BACKWl.LL.COPPER RIVER BRIDGE 345 - FROM (45)
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1.4.3. Niigata, Japan

The 7.5 magnitude, 1964 Niigata, Japan earthquake caused severe

damage to waterfront structures and virtually paralyzed operations at

the port of Niigata, one of Japan's most important. Accounts of the

damage are given by Hayashi, Kubo, and Nakase [14], and by Kawasumi

[22].

The total length of waterfront structures including jetties and

dikes at the port of Niigata was 10.25 miles. About 76% of this length

was composed of earth retaining structures. Sixty-nine percent of these

were steel sheetpile bulkheads, 8% were concrete sheetpile walls and 6%

were concrete gravity walls. The severity of damage to harbor

structures is outlined in Table 1.2.

TABLE 1.2

(from Hayashi, et al. [14])

Description

INo damage

Complete failure of
'whole structure
, Failure in main part
I of structure

9.4
(7.6)

14.5
(5.0)

0.7
(0.3 )

52.8
(57.1)
22.6

(30.0)

I Proportion to
, the Overall

Length· (%)

0.97
(0.59)

3.98
(0.39)

5.43
(4.43)

0.07
(0.02)

2.32
(2.32)

I Total Length·

I (mi. )

,Failure in sub-part
I of structure

',APpreCiable Deformation
I to main part of structure

IGrade of
Damage

-I
4

3I
I
I 2

I

-I
1

J 0

•Figures in parentheses refer to earth retaining structures only.
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It should be noted that due to the failure of earth retaining

structures. 61 warehouses and sheds. 676. 600 ft2 in total area. fell

down completely. and 92. 691. 500 f~. were seriously damaged (Figs.

1.21. 1.22).

Most of the sheet pile structures in Niigata Harbor underwent

damage and a large number were completely destroyed or submerged. A

common feature of the damage was a 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 concentration created by the

tie rods. The sheetpile bulkheads were designed employing a

Mononobe-Okabe Analysis and a seismic coefficient of 0.10. Actual

horizontal ground accelerations were around 0.2g amplitude.

The brand new Yamanoshita wharf (completed 1963) which had been

Mononobe-Okabe designed 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 part of the water

front. were completely destroyed by the earthquake.

The gravity retaining walls were generally composed of several

concrete blocks stacked up on top of each other and then assumed to act

as a monolithic structure. A seismic coefficient of 0.10 was used in

design. but it was later found that when the seismic coefficient reaches
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FIGURE 1.2 I - SHEET-PILE BULKHEAD FAILURE,NIIGATA - FROM (14)

FIGURE 1.22 - WAREHOUSE COLLAPSE DUE TO SHEET-PILE

BULKHEAD FAILURE,NIIGATA - FROM (14)
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0.12 or 0.13 the structure cannot any longer be assumed to act mono

lithically. As a result, damage was characterized by blocks falling

forward, slippage, and sinking of blocks, and general inclination and

sliding of the structures. Damage was severe.

The general soil profile of the Niigata area consists of a layer of

sand about 130 ft deep underlain by clays and containing pockets of fine

silty soil in the top 60 ft. The soil was generally saturated and much

of the damage was due to the occurrence of liquefaction. Before the

earthquake the top 30 ft of soil was characterized by an average

blowcount of from 4 to 8 using the Standard Penetration Test. Between

30 and 60 feet, it varied linearly from about 8 at 30 ft to about 30 at

60 ft. These figures were reduced by one third after the earthquake.

In general, the deeper the structure was embedded in the soil the less

severe the damage.

Based on the damage caused by the 1964 earthquakes, replacement

structures have been designed and built based on a seismic coefficient

of 0.2.

1.4.4. San Fernando. California

The 1971 San Fernando, California, earthquake, which had a

magnitude of 6.2, severely damaged, in some cases, earth retaining

structures including flood control channels, bridge abutments, and

underground water storage tanks and tunnels.

Murphy [32], 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 Control Channels and to the Lopez Canyon

Diversion Channel which were located in an area where transient lateral

accelerations may have been as high as 50%g.

The Wilson Canyon Channel is partially an open. rectangular.

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 partially a

covered. rectangular. box section with widths varying from 15 to 22 feet

and wall heights ranging from 105 to 16 feet; it is about 3 miles long.

The Lopez Canyon Diversion Channel is an open, rectangular

reinforced concrete channel about 1.8 miles long. with widths varying

from 12 to 16 feet and wall heights ranging from 7 to 12 feet.

All the above-mentioned structures were built in the early 1960's

by the Corps of Engineers in accordance with the Chief of Engineers'

design criteria with no seismic consideration. Allowable design

stresses were f ' = 1.05 ksi for concrete and f = 20 ksi for steel.c s

The channels were designed as L-type retaining walls where the wall

heights were less than half the channel width. and as U-type channel

sections otherwise.

No significant ground displacements seem to have occurred in the

vicinity of the damaged sections of the Wilson Canyon and Mansfield

Street Channels so the damage can be attributed to an increase in the

lateral earth pressure due to ground shaking. There were some inward

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 underground box sec-

tions varied from hair! ine cracks to maj or shear and moment failures in
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i
FIGURE 1.24 - WILSON CANYON CHANNEL:WALL TOP DISPLACED 4" WITH RESPECT

TO THE BRIDGE ABUTMENT AT LEFT - FROM (67)

FIGURE 1.25 - WILSON CANYON CHANNEL:CRACKING IN SOIL AS A

RESULT OF WALL DISPLACEMENT - FROM (67)
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walls. Inward 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 a surface expression of the

faulting associated with the earthquake and probably permanent ground

displacements contributed significantly to the damage.

It should be noted that the failure of the flood control structures

did not create any danger to human life and since in the Los Angeles

area these carry only infrequent flood flows, a need for seismic

consideration in design and construction might not be economically

warranted except for replacement costs.

1.4.5. Friuli, Italy

Similar in magnitude to the San Fernando Earthquake were the 1976

Friuli, Italy earthquakes. The May main shock had a magnitude of about

6.5 while two September aftershocks had magnitudes around 6.0. There

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

and sand gushing and evidence of severe cracking in the backfill

indicating that liquefaction had occurred. After the September shocks

water and sand gushing occurred 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 observed



- 43 -

FIGURE 1.26 - WEIR ON THE LEORA RIVER:OAMAGEO RETAINING WALL - FROM (10)

----ttl

FIGURE 1.27 - WEIR ON THE LEORA RIVER:OAMAGEO RETAINING WALL - FROM (10)
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(Figs. 1.28, 1.29). This is where the highway runs between a canal and

a mountainside. On the canal side the embankment is retained by a 33 ft

high wall built on piles. Figure 1.30 illustrating a normal section of

the road axis shows the relative positions of the canal, the retaining

wall, and road embankment, with a rough representation of the supporting

soil profile.

Perhaps the fact that the entire embankment was underlain by an

inclined rock formation contributed to the slipping of the retaining

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.S inches while horizontal movements were between

9.1 and 19.3 inches.

As a consequence of the September aftershocks the damage described

above increased.

In addition, there was also some severe damage of several auto

strada (freeway) bridges in the area, but these were due mainly to

impact from the moving bridge superstructures as opposed to failure due

to increase in lateral earth pressure.

1.4.6. Tangshan, China

Yuxian [70] reports bridge failure during the 1976 Tangshan

(People's Republic of China) earthquake which had a Richter magnitude of

7.8. The failure came from falling of superstructures to the river, or

more usually, from sliding and tilting of the abutments. Lateral move

ment of abutments is blamed for buckling in bridge decks which would
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FIGURE 1.29 - DAMAGE TO EMBANKMENT RETAIN,ING WALL AND

CANAL,UDINE-CARNIA-TARVISIO HIGHWAY - FROM (10)
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have otherwise remained standing. No details were given on design

criteria or construction methods.

1.4.7. Miyagi-Ken-Oki, Japan

The 7.4 magnitude Miyagi-Ken-Oki, Japan earthquake of 1978 caused

failures in several sites where earth retaining structures were in place

due mainly to soil liquefaction (Yanev [6] and Ellingwood [12]). A dike

along the Natori River was contained by a concrete retaining wall.

A section of wall several hundred yards long moved about one foot toward

the river (Figure 1.31). Longitudinal fissures opened in the dike

behind the wall and in some concrete pavement along 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 65 feet of sand.

In the port of Ishinomaki, a fine-sand fill liquefied, causing

severe damage to anchored sheet-pile bulkheads. The fill material had

been dredged from the seafloor and placed hydraulically with no compac

tion. It was placed next to old beach deposits, and the boundary of the

liquefaction damage followed the contact very closely; the beach

deposits were not involved in the liquefaction.

In addition, there were reports of cracking and settle~ents of

bridge abutments. A comparison was made between the Japanese 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 Association of State
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FIGURE 1.3 I - REPAIRED PORTION OF DIKE,NATORI RIVER - FROM (12)
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Highway and Transportation Officials (AASHTO) criteria, which is an

adaptation of the criteria developed by the California Department of

Transportation in 1973, does not. From the earthquake damage descrip

tions above, it seems clear that even the seismic design criteria for

earth retaining structures are inadequate. No country, whether wealthy

or poor, where there is seismic activity seems to be immune from this

type of damage.
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CHAPTER II

CENlRIFUGE MODEL TESTING

In recent years. the centrifuge has become a more accepted and use

ful tool in the modelling of soil mechanics problems. Most soil

properties are generally dependent on continuum stresses which are

generally gravity-induced. Thus. it is very difficult and inconvenient.

if not impossible. to find a model material which will exhibit correctly

scaled properties if a test is to be performed at the same gravitational

acceleration as the prototype. It would be convenient to use prototype

material. but as demonstrated in Chapter I. it would obviously not

behave in an appropriate manner at the reduced confining stresses in the

model. In such a model. in order to develop the same stresses as in the

prototype, it is necessary to increase the gravitational acceleration by

the lineal scale factor. Thus, if a l/SOth scale model, made of the

same material as the prototype is subjected to a gravitational accelera

tion SO times that of the prototype, the confining stresses, and thus

the properties and behavior of the model are the same as in the

prototype (an analytical description of scaling relations is found in

Appendix 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 ratio of the accelerations in

model and prototype structures is inversely proportional to the ratio of

their lineal dimensions. If the ratio of linear prototype dimensions to
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those of the centrifuge model is N, then the ratio of area is ~ and

volumes~. The scaling relations indicate that the forces in the

prototype are N2 times those in the model and moments N3 times while the

stresses (force per unit area) are unchanged. Deformation in the

prototype is N times larger than in the model, but strains (deformation

per unit length) are the same. Thus, the pressure of the same material

in both prototype and model results in identical stresses and strains at

homologous points.

In the experiments, it was necessary to model the reinforced

concrete walls by means of aluminum due to the difficulty in properly

scaling down both the reinforcement bars and concrete to a small scale

(see Chapter 3). Therefore, the model wall was designed to a similar

stiffness per unit width. EI with the stiffness in the prototype being

N3 times that in the model.

Where dynamic problems are involved, it turns out that the

prototype time scale is N times that in the model. As a consequence,

model frequencies are higher by the factor N. Table 2.1 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, and the model

acceleration employed was 50 times normal terrestrial gravity. It was

also considered desirable to subject the retaining wall and associated
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TABLE 2.1

Scaling Relations

N

1

N

1

1

1

I/Nl

I/NJ

I

I

1

1

1

1

1

1

1

1

1

I Full Scale Centrifugal
I Parameter (Prototype) Model at Ng' s
ll--------~------"'"--

IAcceleration
I
IVeloci ty
I
ILinear Dimension
I
IArea
I
IVolume
I
IStress
I
IStrain
I
IForce
I
IMass
I
IMass Density

IWeight Density (Unit Weight)

Time (dynam ic )

Time (consolidation)

1

1

lIN

I/N2

Frequency 1 N

Unit stiffness, EI 1 1/~

soil mass as a passive system to essentially random, earthquake-like

excitations at levels equivalent to strong earthquake motions.

As previously described by Scott [52], the attractiveness of the

centrifugal method is that the stresses and strains 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 nonlinear behavior. The disadvantages are

associated with performing the tests on models which are rotating at

rates of 100 to SOO rpm in a centrifuge. 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 recording

transducer output. The noise comes from ambient sources, the electric

motor driving the centrifuge, as well as mundane sources such as local

radio stations. Most noise can be effectively taken care of by proper

amplification and filtering of output signals as well as numerical

smoothing of the digitized data.

In initiating a program of centrifuge testing several questions

must be asked concerning the proof or the accuracy of the technique.

How well does a 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 continuum constitutive laws to both model and prototype

soils breaks down. For very fine grained soils, such as clays, there

will be many particles per unit width in both model and prototype

retaining wall; on the other hand, in a coarse sand, with grains one

twentieth of an inch or so in diameter, there will be relatively few

grains per model retaining wall unit width. It is likely that gravity

scaling will apply to the constitutive laws, but not to the grain dimen

sions in the first example. In the second example, it seems possible

that the stress-strain relations of model and prototype may not be the
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relevant factors, but that the individual grains in the model represent

the behavior of boulders in the prototype. Thus, a model retaining wall

in coarse sand may not represent the behavior of a prototype retaining

wall in the same coarse sand, but that of a retaining 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 mining

problems. The use of a soil mechanics centrifuge was also reported in

the Soviet Union around the same time [52]. The use of the centrifuge

technique, however, has not been extensively practiced since then,

although in the past 15 or 20 years it has been gaining in popularity.

At present, a number of centrifuges have been built and used for

soil testing. There are three in the United Kingdom, two at Cambridge

and one at Manchester, with radii up to 16 ft and acceleration

capabilities up 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 geotechnical

research in Sweden, Denmark, France, and Japan. Surprisingly, in the

United States, where the technique originated, there are only a handful

of small centrifuges currently in use. There is one at Princeton, one

at Colorado, and one is being developed at the Ames Research Center by

the University of California at Davis, in addition to the one at

Caltech. The reasons 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 books.

With the number of centrifuges built and operational, and the

number of tests performed, it might well be thought that the questions

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

quantitative sense, although a fair number of studies show qualitatively

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 known, no precedent.
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CHAPTER III

EQUIPMENT AND INSTRUMENTATION

3.1. The Centrifuge

The centrifuge (Figure 3.1) used is a Model Al030 Genisco

G-accelerator". which consists of an 80-inch diameter aluminum-alloy arm

which rotates in the horizontal plane and is rated at 10.000 g-pounds

payload capacity. At each end of the arm is located an 18 X 22 inch

magnesium mounting frame (Figure 3.2) capable of carrying a 200-pound

payload to 50g or 60 pounds to 175g. The acceleration range at the

approximately 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 Regenerative Static D.C.

Drive with a 5 BP. 1725 rpm, 230v, 3-phase. constant torque, double

ended electric drive motor. For accurate determination of the rota

tional speed. there is located on the main drive shaft a 600 tooth gear

wheel, which via a magnetic pickoff produces 600 pulses per revolution.

The pulses are read by an electronic counter 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 an

extruded aluminum enclosure, with all the controls and instrumentation.

in the interests of safety. located remotely.
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Electrical power and signals to and from the rotating arm or frame

are conducted through 44 sliprings of various capacities in the 10 to 30

amp range. Hydraulic pressure is externally generated with a Haskell

Engineering and Supply Co. Model DEN.PRS1 pump unit with a line capacity

of 3000 psi and is transmitted through either two or four lines by means

of rotary unions (hydraulic sliprings). Operations on the centrifuge

can be observed 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.

3.2. The "Earthquake GeneratJJlg" Meghanism

As mentioned previously the centrifuge is rated at 10,000 g-pounds

payload capacity. The load ("payload") of model structure. soil. and

containment that it can sustain is limited to 200 Ibs (taken up to SOg).

Consequently, the need for a method of creating an earthquake-like

motion in the centrifuge without taking up a substantial amount of the

payload was imperative and was developed with the aid of John Lee.

The "earthquake-generating" mechanism (Figures 3.3. 3.4) consists

of a 14.6" X 11.6'')( 10" reinforced aluminum 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 a perforated teflon sheet which allowed equal spac

ing between them and thus an even pressure distribution throughout (Fig

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 constant = 7S kips/in) (Figure 3.6). At the other end is a tog

gle mechanism connected to a hydraulic piston (Figures 3.7,3.8). Under

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. When the toggle goes over center, it snaps through, driven

by the sudden energy release of the spring, and the soil container snaps

back until it hits, stops and rebounds. This happens a number of times

for one model "earthquake" event. The bucket thus moves back and forth

for a couple of tenths of a second in a relatively random motion which

resembles that of a short but intense earthquake. The comparison of the

model earthquakes with that of one component of a record of the 1966

Parkfield, California earthquake is done in Section 5.2. Because of the

simplicity of the "earthquake generating" mechanism, the motion attained

resembles that which would occur near a short fault rupture. The

production of prolonged earthquake motions typical of sites at

intermediate distances from a long fault rupture (a "great" earthquake)

would require another (probably more complicated and thus heavier)

mechanism.

3.3. Model Retaining Walls

Ideally, a 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 Rei~fQrced Concrete Des~ [64] would

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

sketch (Figure 3.9) of a prototype, it would be very difficult to scale
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FIGURE 3.7 - PISTON.TOGGLE.AND BUMPER (FRONT VIEW)

FIGURE 3.8 - PISTON.TOGGLE.AND BUMPER (TOP VIEW)
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down all the components of the wall to 1/S0th the size shown. Because

of the ease of modelling, it was decided to design a retaining wall made

of aluminum instead, and then scale it down. The procedure is similar

to the procedure used in the design of a regular reinforced concrete

cantilever retaining wall.

3.3.1. Design of the Retaining Walls

It is required to design a prototype, aluminum cantilever retain-

ing wall to support a backfill of earth 16 ft high above the final level

of earth at the toe of the wall. The backfill is to be level. A

lateral earthquake acceleration of 0.25g is expected for design purposes

(in actuality, it doesn't occur though). The following data is given

for design:

soil density r = 92 pcf (Nevada 120 sand @ medium density)

Elastic Strength of 6061-T6 Aluminum fA = 48,000 psi

Elastic Modulus EA = 10 X 106 psi

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

state of equilibrium. A Mononobe-Okabe analysis (see Section 1.1) with

~ = 0.25 will be used.

The Mononobe-Okabe parameters are:

-1 140 & = 00

9 = tan (0.25) =

r = 0.092kcf i = 00

d = 35 0
~ = 00
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Therefore:

and the total force PAE is thus

or

PAE = (1/2) (0.092)(18.3)2(0.43) = 6.6kips/ft.

This is the total lateral force acting on the wall. As

(3.1 )

recommended by Seed and Whitman [55]. the force increment on the wall.

APAE • 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 PA and

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

From the Rankine static lateral earth pressure theory PA is given

by:

where:

I-sind
l+sind (3.3 )

For the soil involved KA = 0.27 so:

PA = (1/2) (0.092) <18.3)2(0.27) = 4.2kips/ft.
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which acts at h/3 above the base of the wall. Thus:

APAE = PAE - PA = 6.6-4.2 = 2.4kips/ft

which acts at 0.6 h above the base.

The weight of the backfill, W, is:

W = rHx = (0.092)(18)X = 1.6xkips/ft.

Summing moments about point B. ( [~ = 0 )

Consequently:

Therefore:

~ =
2

(18.3)[(1/3)(4.2) + (0.6)(2.4)]

x = [(2)(18.3)[(1/3)(4.2) + (0.6)(2.4)]]1/2 =
1.6 8.1 ft.

The entire base length is recommended by Wang and Salmon to be

approximately:

Base length 1.5x = (1.5)(8.1) = 12.2ft.

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 an extra 25% or so of
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length for safety. A check must now be made for safety against over-

turning. Recalling that the design base length is 15.25 ft, the design

x (Figure 3.10) is thus 2/3 of this or 10.2 ft. (10 ft,2 in). Thus the

weight Wof the backfill is, from above:

W = 1.6x = (1.6)(10.2) 16 .3kipsl ft.

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

the wall, the resisting moment is:

(10.2)(16.3)

The overturning moment is:

166.3 ft klft

Thus:

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

Therefore. the factor of safety against overturning is:

F. S. =
~
M

o
= 166.3

52.0 = 3.2

which is greater than the traditional value of 2.0. This factor of

safety does not even include the weight of the wall itself which would

provide additional resistance to overturning.
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The stem of the wall must now be designed to resist the bending

moment M given by:

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. ~E' for a Mononobe-

Okabe analysis is given by

~E =

and:

Therefore:

Therefore:

Thus:

2
cos (d-6+6)

COS6COS2~COS(~-&-9)(1_ sin(d + &)Sin(d-9+i»)2
cos(~-&-9)cos(~-i)

PPE (1/2) (0.092)(4)(3.18) = 0.6 kips

(3.5)

M 18[(1/3)(4.2) + (0.6)(2.4)] - (1/3)(0.6)(2) = 50.7 ft k/ft

With a bending factor of safety of 1.7. the design moment is:

Mn = 86.1 ft k/ft
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The thickness of the stem is determined by the use of the bending

formula for a beam:

a = MIS

Where:

a = stress of the material

S = unit section modulus of cross section

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

S =

(3.6)

(3.7)

Where d is the thickness of the section. Taking the elastic strength of

the aluminum fA as a, the stem thickness is determined:

d = = [ ( 6)(4886.1)] 1/2 = 3.28 in.

This corresponds to a thickness 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 Nuys. CA. The base of both

walls is made of 0.063 inch plate while the stems are 0.063 inches thick

in wall No.1 and 0.050 in wall No.2. The thicknesses stated are

standard aluminum plate sizes. The 0.063 inch thickness of wall No.1

is approximately the correct size for the design conditions imposed with

the appropriate 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 calculated acting moment of 52.0 ft-k/ft).
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It should be noted that it is generally agreed upon in practice that the

Mononabe-Okabe method gives a conservative design (i.e., calls for

larger walls than "necessary"), and in most cases is not even used (nor

is any other method) when a seismic design is in order.

3.3.2. Determination of Actual EI of Walls

In order to determine the true stiffness (EI) of the retaining

walls, the Young's Modulus E of the aluminum used had to be measured.

To do this a rectangular piece of the same 0.063" 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. Weights of 0, 0.220, 0.441, 0.661 and 0.772 lbs (0, 100, 200,

300, and 350 grams) were then hung from the free end. The end deflec-

tion was measured with a Federal dial gage accurate to 0.0001 inches.

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

with an end point load is:

Pl3

3EI (3.8)

where P is the load, I the beam length, and I the bending moment of

inertia it follows that:

E =
(3.9)

The average E then determined from the measurements was found to

be 9.699 X 106 psi.
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Recalling that the moment of inertia per unit width I of a

.~rectangular cross section 1S 12' where h is the section depth, for

retaining wall No.1 (RWl) the EI was determined as 202.1 Ib in2/in and

for (RW2) as 101.0 lb in2 / in.

3.3.3. Deter~ination of the Fundamental Frequency of the Wall-Soil
System

The fundamental frequency of the wall-soil system was determined

by an examination of the Fourier Amplitude Spectra of the accelerograms

recorded at the top and bottom of the wall (in prototype scale) from

tests lCNOOOl,* lCN0002, and lCNI003 for RWl, and from test 2CNOOIl for

RW2 using the FORTRAN program I~~IN described in Section 4.2. The

accelerograms at the top of the wall indicate the output response of the

system while those at the bottom are a measure of the input excitation

to the system. Taking the corresponding pairs of Fourier Spectra for

each test and finding where the ratio of output (top) to input (bottom)

amplitude is a maximum provides an accurate determination of the

system's natural frequencies.

Upon examination of the Fourier spectra (Figures 3.12 through

3.19), it was determined that the fundamental frequencies were 2.3 Hz

for lCNOOOl, 2.7 Hz for lCN0002, and 2.7 Hz for lCN1003. There was

* The following nomenclature was chosen for test numbering:

abc d e
Te st 1" CN 00 01

a = wall number; b = type of wall; c type of sand; d = backfill
angle (in degrees); e = test number; C = cantilever; N = Nevada 120.
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very little relative difference between the frequencies determined from

these tests, leading to the conclusion that there is little sensitivity

in the system with regard to backfill slope or soil density differences

for RW1. The fundamental frequency of the tests where RW1 was used was

then taken to be the average of these tests, 2.6 Hz (129 Hz model).

Similarly from the spectra for 2CN0011, the fundamental frequency of RW2

was taken to be 2.5 Hz (123 Hz model). This is also very close to the

frequencies of tests using RW1, 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 a significant contribution to the response of the systems

by only one frequency. the fundamental. This is confirmed upon examina

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 parameters since

they are a characteristic of each system.

3.4. Soil

The type of soil used was Nevada 120 Silica. This sand is a

uniformly-graded. fine grained soil. A grain size distribution is shown

in Figure 3.20. The soil was dry in all of the tests. It has a density

range of from about 85 pcf in its loosest state to 99 pcf in its most

dense. For the tests the density ranged from 91 to 99 pcf. For the

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

desirable when doing centrifuge work# as already mentioned in Chapter 2.

3.5. lnstr~e~tation

A cross section of the retaining walls indicating the location of

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 measure the curvature# M/El.

Retaining wall No. 1 (RW1) is instrumented with seven pairs of

Micromeasurements Model CEA-13-062UW-350 strain gages located at

distances 1.50", 2.25"# 275", 3.15", 3.50", 3.75" and 4.00" from the top

of the wall, and down the centerline, one strain gage of each pair on

the front and one on the back at each location. Retaining wall No.2

(RW2) is likewise instrumented with four pairs at distances from the top

of 1.50", 2.75" # 3 .50" and 4 .00" (Figure 3 .22). The type of strain gage

used is a universal general-purpose strain gage. These gages are

polymide-encapsulated Constantan ('A' Alloy) gages featuring large#

integral# copper-coated terminals. This construction 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 350 ± 0.3% 0 with a strain range of ± 3%.
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The gages are bonded to the wall surface according to ~Line

Accessories Instruction Bulletin B-13O-6 (8/77) with ~Bond 600 epoxy

resin adhesive. Soldered to each gage are two lengths of Belden AWG32

magnet wire. The leads were laid on the faces of the wall and coated

with a flexible, impermeable protective coating (BLH Barrier J) •

The strain gage circuit is arranged as a Chevron Wheatstone bridge

circuit as shown in Figure 3.23. This configuration minimizes the

number of balancing resistors used as well as the number of sliprings

taken up since all the pairs of strain gages have but one common ground.

The excitation voltage is 5V DC.

The location of the Soil Mechanics Centrifuge at Cal tech is on the

roof of Thomas Laboratory in close proximity to air conditioning units

and elevator drive motors which make for a very noisy electrical

environment. In order to minimize this noise, the signals 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 SO. The amplified signals then pass through the sliprings to the

control room where they are recorded on a Honeywell Model 1858 CRT

Visicorder which allows inertialess recording from DC to 5 kHz. The

analog signals are recorded on Kodak Type UV 1920-80330Y Visicorder

Recording Paper at an amplitude of 200 mY/division (1 division =

2.5 em). In the dynamic portions of the test, the recording takes
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SLiPRINGS

HONEYWELL
VISICORDER

SG PAIR ~ I ~ ---;

+
0-7V

FIGURE 3.23 - STRAIN GAGE CIRCUIT
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place at a rate of from 50 to 80 inches per second of recording paper

depending on the particular test.

3.5.2. Accelerometers

At the top and bottom of the centerline of the face of each

retaining wall is mounted an Entran Devices Inc. Model EGA-125F-500D

miniature accelerometer. In 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

consisting 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" force. the force on the cantilever is

created by the g effect on the mass (F = ma). The accelerated mass

creates 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 applied voltage. this unbalance

produces a millivolt deviation at the bridge output. 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 only 0.02 oz.

The accelerometer unit is 0.270" long by 0.145" wide by 0.105" (unit

weight of 525 Ib/ft3) high and is mounted on a 0.270" 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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SEMICONDUCTOR STRAIN GAGES
(2 ON TOP AND 2 ON BOTTOM)

HOUSING

FIGURE 3.26 - ACCELEROMETER CUTAWAY (FROM ENTRAN DEVICES)

I
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FIGURE 3.27 - ACCELEROMETER DIMENSIONS (FROM ENTRAN DEVICES)
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two 0-80 hex screws. The model of accelerometer used has a range of

: 500g with a nominal sensitivity of about 0.5 mV/g (varies slightly

from this with each particular unit), an input impedance of about 1150

0, an output impedance of about 550 0, and a resonant frequency of 3000

Hz. In addition, the unit is damped to 0.7 of critical using a viscous

fluid medium. This helps to eliminate resonance and allows a useful

frequency range of DC to 1000 Hz. The excitation voltage is 15 V DC.

Similarly, as with the strain gages, the output signals were

suitably amplified and filtered to minimize the high frequency noise

inherent with centrifuge testing. The accelerometer circuit is shown in

Figure 3.28. The gain on the amplifiers was set at 10, and the analog

signals recorded on the Honeywell Visicorder at an amplitude of 200

mY/division. The accelerometer signals were recorded directly alongside

those of the strain gages on the recording paper.

3.5.3. Pressure T~ansducers'

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 that the shear Q is:

aM
Q = ax (3.10)
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where M is the moment distribution. The load (pressure) distribution P

is:

P = =
(3.11)

Unfortunately, because 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 explained in Section 5.3) shows how

inaccurate the use of moment differentiation 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 differentiation) to obtain the shear distributions.

Except for test lCNOOOl, four miniature, low profile pressure

transducers were placed at various locations (depending on the particu-

lar test) along the centerline of the back of the walls. In tests

lCN0002, 1CNI003, and 1CN0004, the pressure transducers were located

1.68",2.78", 3.59", and 4.17" from the top of the wall; in tests

lCN150S, 1CN0006 at 1.79", 2.75", 3 .60", 4 .16", in tests lCN0007,

lCNOS08, 1CNI009, lCN1510 at 1.86",2.77",3.59", 4.21", and in tests

2CN0011, 2CNOOI2, 2CN1013, 2CN1S14 at 1.83",2.92", 3.36", 3.91".

The pressure transducers used are Entran Devices Inc. Model EPF-

200-50 Flatline Pressure Transducers. The transducer consists of a

semiconductor strain gaged circular diaphragm less than 0.2" in diameter

constructed of 17-4 PH stainless steel. This is a piezo resistive
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pressure transducer with a fully active semiconductor bridge.

Similarly, as with the accelerometer, a load on the diaphragm will

create a strain (proportional to the pressure) which results in a bridge

unbalance. With an applied voltage, this unbalance produces a millivolt

deviation at the bridge output, which is proportional to the pressure.

The transducer is very small (Figure 3.30) and thin being only

0.040 w thick. It has a range of 0 to 50 psis with a nominal sensitivity

of abont 2.5 mV/psi (varies slightly from this with each particular

unit), an input impedance of about 750 0, an output impedance of about

250 0 and a resonant frequency of 50 kHz. The excitation voltage is 6 V

DC.

As previously described with the other types of transducers, the

output signal is suitably amplified 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 transducers on the Honeywell

Visicorder at an amplitude of 200 mV/div.

3.5.4. Displacement Transducers-ia-beamsl

In order to determine the relative displacements of the retaining

walls with respect to the centrifuge bucket, 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 a simple beam:

-M
EI (3.12)

it follows that the deflected shape y is given by:

y = Mdxdx + Ax + B.
(3.13)

where 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 deduced by integrating the accelerometer records twice

with respect to time. This, however, requires the determination of two

additional constants of integration dependent on time-imposed condi-

tions. At each location if the initial (static), and final (static,

after shaking is over) displacements are known at each of the locations,

the pair of time imposed constants of integration 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 displacements at the top and bottom of the walls

are measured by means of a pair of cantilever beams (called A-beams for

simplicity) which are attached to the front of the bucket and connected

by means of a very thin wire to the accelerometer locations on the face

of the wall. These A-beams are very thin (0.015" thick) strips 2.25"
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long. 1.00w 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-beam circuit is similar to that of the pressure transducers

(Figure 3.28). Since the frequency response is very low. the transducer

signals are only recorded on the Visicorder during the static portions

of the test. The circuit excitation is 5 V. the gain 25, and 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 routed through

those terminals, amplifier channels, filters. sliprings, and Visicorder

channels which they would use during the actual testing. The excita

tions, gains. and recording amplitudes used in calibration were likewise

the same as in the tests. The outputs recorded on the Visicorder were

converted directly to parameter (moment, displacement, acceleration,

etc.) measurements without the use of instrument factors. All trans

ducers are linear and therefore require two calibration factors (slope.

intercept) for each. These factors were determined using the linear

least-squares function on a Hewlett-Packard 55 pocket calculator.

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 inch of width of

recording paper and 792.0 du/inch of length. The calibration slopes
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were thus in units of par~eter per digitizer unit and the intercepts in

units of par~eter. Data reduction of the tests will be discussed in

Section 4.2.

3.6.1. Strain Gages

The strain gages are calibrated to measure moments directly. To

accomplish this, the base of the model retaining walls is rigidly

secured to the bottom of the centrifuge magnesium fr~e which was

rotated 90 0 so that the stem forms as horizontal cantilever beam. Two

lW thick (each) Plexiglas be~s were then cl~ped in sandwich fashion to

the free end of the stem and weights hung from the center. The calibra

tion arrangement is shown in Figure 3.32. The Plexiglas beams

distribute the load evenly across the width of the wall. This creates

in effect a cantilever be~ with a concentrated load at the end, moments

of which can be readily determined. Weights of O,l,2,3,4,5,6,and 8

po"ands were hung and the output recorded at the Visicorder at the other

end of the system.

3.6.2. Accelerometers

In order to calibrate the accelerometers, they were placed with

the sensitive axis facing downward on the upper lip of the centrifuge

bucket which is at a radius of 30.5 inches from the centrifuge axis.

Readings were recorded on the Visicorder with this arrangement, i.e.,

the accelerometers reading Ig. The centrifuge was then taken up to

accelerations of 10, 20, 30, 40, 50, 60, and 70g respectively. It was
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assumed that an amplitude of 0 du on the Visicorder was 19. The cali

brations were then determined in relation to this.

3.6.3. Pressure Tr~nsducers

The pressure transducers were calibrated by placing them on the

bottom of the centrifuge bucket at a radius of 40.5 inches from the

centrifuge axis, and placing 4.90" of Nevada 120 sand at a density of

93.3 pcf on top of them. Measurements were then taken with the

centrifuge stationary (at 19) and spinning at 10,20,30,40, and 50g. The

increase in g-acceleration to N g's causes an increase in the soil unit

weight by N (see Table 2.11 and thus an increase in pressure, the pres

sure simply being the weight density of the soil (at the particular

acceleration level) times the depth (4.90"). Thus pressures of 38,381,

762, 1143, 1524, and 1905 psf corresponded to each g level used in the

calibration.

3.6.4. A-beams

The A-beams were calibrated by fixing them to a vice and measuring

displacements with the aid of a Federal 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).



- 107 -

CHAPrER IV

4.1. The Experiment

In every test performed', the following sequence of experimental

procedures was carried out.

To begin with, sand was placed on the centrifuge bucket to a depth

of about 4 inches (Figure 4.1). If looser conditions were desired, it

was just dumped in; if denser. it was tamped and/or vibrated after being

placed in one to two inch lifts. Following this. one of the walls.

along with all its instrumentation, was placed approximately 6 inches

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 on

both sides of the wall following the procedure for looser 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 8 inch 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 SOg'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 4.3

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

on the front of the walls was removed to the design height (Figure 4.4).

Table 4.1 Soil Dens i tie s

I
I Test Density @ 19 Density @) 50g Test Density @) 19 Density @) 50g

I (pcf) (pcf) (pcf) (pcf)

I 1CNOO01 92.6 4630 1CN0508 95.9 4797

I 1CNOO02 91.2 4561 1CN1009 97.0 4849
1CN1003 92.0 4597 1CN1510 95.3 4764

I 1CNOO04 93.9 4695 2CNOOll 98.8 4941

I 1CN1505 92.4 4621 2CN0012 95.8 4790

I 1CNOO06 94.5 4726 2CN1013 97.3 4865

J
1CNOO07 98.1 4906 2CN1S14 97.7 4886

The system was next taken back up to 50g's where all the static

outputs were recorded on the Visicorder. The channels which carried the

signals of the A-beams were then turned off since, due to the poor

frequency response of the A-beams, they were inadequate for dynamic

measurements. After this, the container was subjected to the

"earthquake" shaking described in Sections 3.2 and 5.2. The output sig-

nals were recorded on the Visicorder at a recording paper rate of 50 to

80 inches per second depending on the particular test. Usually there

were 4 strain gage, 3 accelerometer and 4 pressure transducer outputs

(11 traces total) being recorded on paper only 8 inches wide. Needless

to say, there was some overlapping of traces, and a high density of ana-

log data, but the recordings were usually clear and easy to follow when

digitizing subsequently.
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Figure 4.5 is an example of the traces recorded on the Visicorder

during part of the dynamic portion of a typical test (2CN0012 in this

case) •

Following the shaking. the two A-beam channels were turned back

on. and their outputs taken along with those from the other transducers

now static once more. The system was then brought back to rest which

concluded the actual experiment itself. Data reduction of the

Visicorder output followed.

4.2. Data Reduction

The digitizing was performed on a Benson-Lehner 099D data reducer

unit and the following procedure used. The cross hairs are manually set

to successive x-y coordinates on each record trace. The coordinates are

converted to digital position figures by means of a magnetic readout

head. and are stored in a 6-digit accumulator system from which they are

automatically read out to an IBM 29 card punch. The resolution of the

system is 792.0 du/inch in the x and 790.8 du/inch in the y directions.

The Visicorder paper is placed on the 24" X 16" digitizing table with

the horizontal axis lined up by eye to an estimated zero axis. The lin

ing up of the paper need not be too 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 all. a baseline. which will be used to make corrections

for deviation from the horizontal. is digitized. Each trace on the

Visicorder paper is then digitized individually as follows. The zero
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point of the trace is first digitized. This is the point at SOg 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 centrifuge is at rest.

Next the static point at SOg (normal experiment, backfill sand only) is

digitized followed by the digitization of the dynamic part of the test.

The records are digitized on an unequal time basis since this leads to

the best definition of the trace for a given number of data points. All

significant peaks, points of inflection, etc., are picked, along with as

many intermediate points as are needed for an accurate definition of

shape.

The digitized data are directly punched on cards which are then

read into magnetic disks on a VAX 11 Wordprocessing system. Program

PICHECK (Trifunac, Lee [63]) reads the data and checks whether the time

coordinates monotonically increase. It also searches for possible

disproportionate jumps of the amplitude data. If any error is found,

the program prints out the message. Small errors are corrected

immediately. The data are then plotted to the same 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 replotted until the final plot agrees well with

the digitized record.

The corrected digitized data is now fed into the data processing

program WALL which will be described below and which is listed in

Appendix B. WALL prints out static, maximum 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

distributions at the location of each maximum response at equal time

steps; accelerometer, velocity and displacement vs. time records for

each of the three accelerometer locations, as well as other data per

taining to the test, namely, centrifuge operation data, material

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 to location and time

are also made. This provides a very descriptive and compact representa

tion of the entire test.

It was sometimes desired to obtain characteristics of the motion

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

accelerogram characteristics of real earthquakes. 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 PICHECK, P2SCALE, and P3TAPE form

Volume I of data in which the raw data is converted into uncorrected,

scaled, accelerogram data. Program IIMAIN creates Volume II which con

tains corrected accelerogram, velocity, and displacement data. Volume

III, which gives the response spectra of the record, is created using

program IIIMAIN. Program IVMAIN creates Volume IV containing the

Fourier Spectra. From this volume, the fundamental frequency of the

system is determined (see Section 3.3.3). As will be seen in the

results, it is the only frequency which contributes significantly to the
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response. The 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

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

After the raw digitized data is checked by program PICHECK, the

corrected data from the transducers is fed into WALL, along with other

experimental data, namely centrifuge speed, distance from centrifuge

axis to top of wall, wall/soil properties, order of polynomial desired

for least-squares fit (see below), type. number. and location of trans

ducers used. and calibration factors.

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

line to avoid errors due to the slight slope which all the records

inherently have because of positioning on the digitizer table. This is

particularly important in the accelerometer records since double

integrations can introduce errors proportional to the square of the run

ning time with just a small initial slope present.

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

calibration factors.

Since all the separate traces are digitized individually, it is

necessary to correlate them to specific. discrete time steps. This is

done by smoothing the individual trace data point 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 tf1 to express time. t is the real
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STANDARD ACCELEROGRAM PROCESSING

RAW DATA

VOL. I PROCESSING:

1. SCALED DATA
2. VOL. I TAPE

~--~~~ VOL. I REPORT

CONTAINING:

1) PLOTS OF SCALED DATA
2) PRINTOUT OF SCALED

DATA

VOL. II PROCESSING:

1. CORRECTED DATA Io---t::-:i> VOL. II REPORT
2. VOL. II TAPE CONTAINING:

1) PLOTS OF ACCELERATION
VELOCITY I AND DISPLACf'
MENT

2) PRI NTOUT OF ACCELERATION

,
VOL. III PROCESSING:

1. RESPONSE SPECTRA
2. VOL. III TAPE
3. VOL. V TAPE

VOL. III REPORT

CONTAINING:

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

2) LINEAR PLOT OF TRUE
VELOCITY RESPONSE
AND FOURIER SPECTRA

3) PRINTOUT OF ACCEL
ERATION. VELOCITY.!
DISPLACEMENT I ANu
PSEUDO-VELOCITY
RESPONSE VALUES

VOL. IV PROCESSING:

1. FOURiER SPECTRA
2. VOL. IV TAPE

•
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 f 1 is the real prototype (or model) funda

mental frequency of the system. tf1 is the same for both model and

prototype. The discrete time steps are chosen at 150 per tf1 for the

first six tf1 and 75 per tf1 thereafter. Because of the nature of the

experimental shaking, most of the critical (maximum and high frequency)

response occurs when 0 ~ tf1 ~ 6.0.

The moments are determined from the scaled strain gage data. It

is intended to use a quintic (fifth order) spline fit to the data points

at each time step. The spline fitting, however, requires six boundary

conditions, the moment and the first and second derivatives of the

moment. at the top and base of the wall. At the top of the wall, these

are known. The moment and shear (first derivative) are zero since this

is the free end of a cantilever beam. The pressure (second derivative)

is also zero (no load). Since the bottom-most strain gage is located at

some distance from the base of the wall (Section 3.5.1), the boundary

conditions at this location are thus not known. In order to estimate

these a polynomial least-square fit is made of the data points at each

time step. A third or fourth order fit is done and the base boundary

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

spline is fitted to the data points and the moment distribution

determined from this fit at each time step.

If no pressure transducers are used. the moment distributions are

numerically differentiated with a fourth order finite difference scheme,

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

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

instabilities of numerical differentiation, it was determined that first

derivatives were marginally satisfactory and second derivatives 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 one) at each time step, the pressure transducer data points were

polynomial fitted and a cubic spline fitted in a manner similar to the

moments. An advantage of the cubic spline is that it requires no

boundary conditions to be specified. The pressure distribution at each

time step is thus read directly from the spline. The location of the

resultants is then determined by finding the centroids of the pressure

distributions. The shear distributions are obtained by direct

trapezoidal rule integration of the pressure distributions. Numerical

integration, as opposed to differentiation, is stable and accurate.

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 to tie in the initial

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

initial and final displacements are assumed to be zero). The displace

ment distributions along the wall are then determined by integrating the

moments twice and using the end displacements to find the two constants

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

accelerometer locations are also calculated in this process.
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After each parameter distribution was determined. the correspond

ing printing and plotting described in the previous section was done.

The data processing procedure is outlined in the flow chart of

program WALL in Figure 4.7.



- 120 -

FLOWCHART FOR PROGRAM "WALL"
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CHAPTER V

RESULTS

5.1. Dimensionless Groups

Henceforth, for convenience, all parameters will be discussed as

dimensionless groups. This will make the discussion indifferent as to

model or prototype.

The principles of dimensional analysis (reference [3] and

Appendix A) are used to determine the dimensionless groups. From the

tests, the following parameters are involved in influencing the results:

TABLE 5.1

Parameters Involved in Tests

x vertical location
H height of wall
EI stiffness of wall*
M wall moment.
Q wall shear force·
y lateral displacement of wall
P - lateral earth pressure
r density of soil
d angle of internal friction of soil
e soil void ratio
g gravitational acceleration
a lateral acceleration
v lateral velocity
t time
f1 fundamental frequency of system

•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 imply the soil is

elastic, and are items that can only be assumed, not measured.

Table 5.1 giv~s a total number of parameters n of 14. From the

Buckingham n theorem, the total number of independent dimensionless

groups k that can be derived is n minus the rank r of the dimensional

mat2~ix:

k = n - r (5.1)

For the parameters listed the dimensional matrix is shown as Table

5.2.

TABLE 5.2

Dimensional Matrix of Test Parameters

1parameter Force (F) Length (L) Time (T)

I x 0 1 0
I H 0 1 0
I EI 1 1 0
I M 1 0 0
I Q 1 -1 0
I y 0 1 0
I P 1 -2 0
I y 1 -3 0
I rJ 0 0 0
I e 0 0 0

g 0 1 -2
a 0 1 -2
t 0 0 1

f1 0 0 1

v 0 1 -1
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The rank of the above matrix is 3. From equation (5.1), therefore, 12

independent dimensionless groups can be determined. They were chosen as

follows:

TABLE 5.3

Dimensionless Parameters
Parameter Symbol Dimensionless Group

y/H

a/g

P/rH

MH/EI

t

a

P

y

v

Q

M

M

Location x x/H
I
ITime
I
'Moment (bending),
IMoment (overturning),
/Shear force
I
IPressure,
IDisPlacement

IVelocity

IAcceleration,
Friction angle

Void ratio e e

In addition, the ratio of bending to overturning moment gives the

non-independent dimensionless grouping rn4/6EI which can be used as an

indication of the relative stiffness of the wall-soil system.

In the following sections, unless otherwise noted, a reference to

Pressure (P) will imply its dimensionless group (P/rH). reference to
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time (t) will imply tfll and so forth. This will avoid any

model/prototype confusion l and will also simplify the discussion.

5.2. The Experimental "Earthquake"

Although the "earthquake generating" mechanism employed in the

experiment was quite simple l the recorded motions are such that they are

within the realm of strong earthquake ground motions which have been

recorded in reality.

The accelerograms reporded at the top and bottom of the wall l as

well as the free field (i.e. 1 in the backfill some distance behind the

wall) during various experiments l are displayed in Figures 5.la through

5.40a. Their corresponding velocities and displacements are shown in

Figures 5.lb through 5.40b and 5.lc through 5.40c respectively.

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 earthquake are greater than 1/2% of the

wall height which indicates a state of plastic equilibrium behind the

wall l and thus the development of full active pressure.

From the accelerograms it can be seen that the general pattern of

shaking is such as one would expect from the motion-generating mechanism

involved l namely that of a decaying sinusoid. However l due to the

inherent complexity of the experimental system l this basic pattern is

enhanced by some extra acceleration noise probably generated from

reverberations, collisions, nonlinearities l etc., of the
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centrifuge-frame-bucket-toggle-spring-bumper-wall-soil system. 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 range from about 0.25 to 0.70 depending on

the test, and the duration of shaking 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. The "earthquakes" can be generally categorized as short

but severe.

The shaking exhibited in the experiments is not unlike that which

has been recorded very near a ruptured fault. For example, used for

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 quite quickly.

Although the maximum recorded ground acceleration was 50% of gravity,

there was little damage to nearby structures presumably because of the

narrowness of the acceleration spikes {low energy content} and because

of the short duration of the severe shaking [8,16].

From an engineering standpoint. the response spectrum is very

important since it gives an indication of how the response of a

structure to an earthquake will be. Comparing the response spectra of

the centrifuge accelerograms of tests lCN0001. lCN0002. lCN0003. and



PA
RK

FI
EL

D
,

CA
LI

FO
RN

IA
ER

RT
HQ

UR
KE

JU
NE

27
,

19
66

-
20

26
PS

T
11

80
33

66
.0

01
.0

CH
DL

AM
E.

SH
AN

OD
N,

CA
LI

fD
RN

IA
AR

RA
Y

N
O

.2
CD

M
P

N6
5E

~
PE

AK
V

A
LU

ES
:

AC
CE

L
=

-4
79

.6
CM

/S
EC

/S
EC

VE
LD

CI
TY

=
-7

7.
9

CM
/S

EC
D

1S
PL

=
26

.3
CM

..... 0
\

0
\

45
40

35
30

I
_

L
_

_
L

I
I

I

I
I

20
25

TI
M

E
-

SE
W

N
O

S
15

10

-5
00

Ia
z °
u

......
.

w
f
-
(
f
)

0
:
,

0
t
r
.u

w
w

--
-J

(f
)

w
i:

U
u

U 0
:

50
0

-8
0

lb
>- t
-

u
.....

.
w

0
U

(f
)

0
"
-

--
-J

:J
:

W
u

>

80 -3
0

Ie
f- z W :L W

0
U

:J
:

O
:
U

---
J

0
-

(
f) .....
..

0

30
0

5

fIG
UR

E
5.

tH



- 167 -

RESPONSE SPECTRUM
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RESPONSE SPECTRUM
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RESPONSE SPECTRUM
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RESPONSE SPECTRUM
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RESPONSE SPECTRUM

TEST lCN0002 CENTRIFUGE EARTHQUAKE 3- ll-81

IIXX0200 81.002.0 SOIL MECHANICS CENTRIFUGE - FREE FIELD ACCELEROMETER COHP HOR

OAHPII'G VRLUES RAE O. 2. S. 10 FIll 20 PEfUNT OF CRITICFl.

4

200C

~--,.f-~ 1000

-+-~""*""-'oo'---i800

~,..r---r--+~-l600

I0 -+-~+--r-~ 10

8~-+-:'"<--¥-*--+--~PV---\Wi~,*"-+~-¥--"'k--+~-¥----b~~'-+"",,,,~~'--+--'7'~'-1:r'--l8

-T-,,.L-l 6

1000 f---->,of-->~..,.

800 F-'--+-"~~~+

600 f--""*"~~""*"~'

2000

200 200

u
Q)
VI

"':-100 100
c: 80 80

>- 60 60
I--
U 40 400
.-J
W
>

20 20

PERIOD (sees)

FIGURE 5.ij6



- 172 -

RESPONSE SPECTRUM
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RESPONSE SPECTRUM
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RESPONSE SPECTRUM
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RESPONSE SPECTRUM

TEST 2CNOOll CENTRIFUGE EARTHQURKE 2-25-82

IIXXOIOO 82.011.0- SOIL MECHANICS CENTRIFUGE-BOTTOH ~ WALL ACCELEROMETER COHP HOR

DA/'1PI~ VALUES RAE O. 2. 5. 10 AND 20 PE~NT OF CRITICAl..

4

2000

~-,;-->,;~ 1000

-+-:-fiI£~-40-----1800

~cr--r--+.r---l600

.04 .06 .08 .1

I 0 -+-~"7"-'?!'-¥-l Ia
8t=-"---t---:~4xL....:>f-+l-~~l---j,.L-~C-j~-4J~~+-~'Jo.'--b-"--~-t-->~-b<:"W7-+-r...,..,--t>'<---18

~~6

I000 f---''wf--""","""-f'(,--

800 F--+-->'~~~+-

60 0 ~"""""'>'--i'-::-"""""'~ ~

2000

200 200

u
~
(J)

':-100 100
c:

80:..=. 80

r 60 60
~-
U

~O 40
0
......J
W
>

20 20

PERIOD (sees)

fIGURE 5.50



- 176 -

RESPONSE SPECTRUM
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RESPONSE SPECTRUM
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2CNOOll (Figures 5.42 through 5.51) with that of the stronger horizontal

component of Parkfield (Figure 5.52), it can be seen that they are all

very similar. They have peaks for periods between 0.4 and 1.5 seconds

(prototype) which are at similar levels for similar dampings. The main

difference lies in the observation that the centrifuge shaking lacks the

longer () 2.0 sec) period components which the Parkfield motion con

tains. The above 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 motions

which have realistic characteristics and thus can be used to provide

some real insight into the problem at hand. Longer duration shaking

would primarily affect walls retaining saturated backfill in which pore

pressure effects might be important.

5.3. Parameter Diagrams

Figures 5.53 through 5.107 show the moment, pressure, shear force,

and lateral displacement distributions obtained 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 to the interpretation of the figures.
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TABLE 5.4
Key To Figures 5.53 Through 5.107

Frame a - Contour map of the parameter distribution with respect to
location and time.

Frame b - Parameter distribution with respect to time at location where
maximum occurs (Section A-A of contour map).

Frame c - Parameter distribution with respect to location-static.
maximum dynamic (section B-B of the contour map). and final
static after motion ceases.

+ Location of strain gages

x Location of pressure transducers

o Maximum

A Data point

On Frame c of pressure distribution plots. the following symbols

appear. [Along (P/pg H) axis]:

o Location of static resultant

o Location of maximum resultant

<> Location of final static resultant

Rankine/Coulomb (static) and Mononobe-Okabe (maximum dynamic) pressure

distributions are also shown in this frame.

Except for tests 1CN0001. 1CN0002. 1CN1003. 1CN0004. and 1CN1505.

the time (tf1 ) scales (on Frames a and b) are set up so that the first

20% of the record is displayed over the first 50% of the graph 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 Static Results

Although the main emphasis of the research project was the study of

the dynamic behavior of retaining walls. some interesting results were

obtained from a static point of view as well. An important inaication

that an accurate model has been used is to examine how it behaves stati-

cally and compare the results with the accepted Rankine and Coulomb.

static lateral earth pressure theories.

The Rankine lateral earth pressure theory gives the resultant

active force PA/(1/2r~) acting on the retaining wall as:

1/2rr = =
(1 sind)
(1 + sind)

(5.2)

The coefficient KA is referred to as the active earth pressure

coefficient. The assumptions under which this theory is formulated are

very approximately fulfilled by the model tests which have a horizontal

backfill, namely:

The wall is rigid and vertical.

The backfill is horizontal.

There is no friction between soil and wall.

There is active pressure (wall displaces more than 1/2% of its

height).

The Coulomb lateral earth pressure theory (of which the Rankine is

only a special case) follows the same assumptions as the Mononobe-Okabe

theory (Section 5.5). with the exception that there are no lateral or
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vertical acceleration coefficients ~ or kv (i.e. 9 = 0 0
). The

resultant force acting on the wall is expressed as:

(
....s """in::....;{~d:..;+&~)--=:,.s"""in::....;{~!'---=i7) ) 1/2 ] -2

+ cos (&+P) cos (1-P) (5.3)

For the previously mentioned assumptions. with the exception that

the backfill can be sloping. equation (5.3) can be reduced to:

= 2 d [ 1 + (sin d si~ (d-O )1/2 -2
cos COS1 (S.4)

This equation will be used as a comparison basis for the tests with

sloping backfills.

In the Rankine and Coulomb theories. under the assumptions listed.

the resultant acts at one third of the height above the wall base since

the pressure distribution is assumed triangular. Therefore. the over-

turning moment 6M/ru3 from the Rankine/Coulomb theory is:

The maximum bending moment is:

=
(5.5)

MAH
EI = (5.6)

Table 5.5 gives a comparison of the maximum measured static parame-

ters from the tests with the Rankine/Coulomb theories. recalling that

the friction angle of the soil used is 35°.

The lateral earth pressure theories (both static and dynamic)

unfortunately only estimate the resultant force and its point of appli-

cation based on the assumption of a triangular pressure distribution.
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Therefore, the most accurate comparison that can be made is that of the

resultant forces.

Comparing the Rankine/Coulomb resultant forces with the maximum

shear forces (which are an integration of the pressure distribution

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

between theory and experiment in this respect, the maximum difference

being of the order of 25% between the two. The sole exceptions are

tests lCN1505 and especially lCN0006 where the pressure distributions

show a small magnitude in the upper 60% or so of the height and then

increase rapidly below that (Figures 5.69c and 5.73c). This then con

tains a smaller area under the curve, although the maximum pressures (at

the bottom of the wall) are comparable to those of similar tests.

From frames c of the pressure distribution figures, it can be

observed that the static pressure distributions are not linear. as the

Rankine/Coulomb theories assume, although for the most part, the

centroid of the distribution (location of the resultant force) is at

around 1/3 of the wall height above the base as a triangular distribu

tion would indicate. It should be noted that. for RW2, the more flexi

ble wall. this centroid does generally creep up to about 40% of the wall

height above the base. The maximum pressures (at the bottom of the

wall) are much greater in all cases, except 2CNOOll (Figure 5.93c), than

those predicted by the Rankine/Coulomb assumption. The maximum static

pressures recorded are on an average on the order of 60% higher than

those than the Rankine/Coulomb theories would give. From these figures
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it can, however, be seen that the traditional theories do seem to

predict a correct average pressure distribution.

Since the traditional lateral earth pressure theories are based on

the assumption that the wall holding back the soil is rigid, one can

only make a qualitative overturning/ bending moment comparison with the

test results which are those of two flexible walls. The Rankine/Coulomb

overturning moment is assumed to be the resultant force times the moment

arm which is 1/3 of the height above the base. The bending (reaction)

moments recorded in the tests are generally greater 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 are designed as bending

beams, the actual factor of safety could thus actually be much less than

the usual 1.7. For a 35% underestimation, the actual safety factor

(static) would then only be 1.25.

Looking at the parameters that do not involve the wall stiffness

El, namely, 6M/y~, P/yH, and Q/(1/2yHt}, it can be seen that there is

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

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

system stiffness has little or no effect on the static response. The

stiffness of RW1 is about twice that of RW2, but its moments MU/EI are

about half. Thus the dimensional moments would be correspondingly

similar also demonstrating the independence of wall flexibility on the

response.
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As far as is known. nobody has ever measured actual moments. static

or otherwise. in a cantilever retaining wall. or has ever considered it

to be a flexible bending beam. which it obviously is. Thus the moments

shown in frames c of the moment distribution figures provide a first

insight into actual moments in cantilever walls due to lateral earth

pressures.

The measurement of lateral displacements seems also to be

unprecedented. The static displacements for all the tests indicate that

the wall has initially displaced laterally atl¢ast 1/2% of its height

and thus a state of plastic equilibrium in the traditional sense can be

assumed to exist behind the wall. and thus comparisons with the tradi

tional theories (which use this assumption) can be considered valid.

The maximum static displacements are of the order of 3% to 4% in RW1 and

4% to 6% in the less stiff RW2. and. as expected. always occur at the

top of the wall. On some of the displacement curves (frames c). one may

note a small outward "curl" near the bottom of the wall. This is prob

ably due to slight faults in the measurements of the boundary conditions

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

to the maximum dynamic and final static curves.

5 .5. Dynamic Results

One can compare the maximum dynamic parameters obtained from the

tests with those which would be estimated from the Mononobe-Okabe Theory

(discussed in detail in Section 1.1) for similar circumstances. The

envelopes (upper bounds) of the various parameters with respect to the
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strong-motion characteristics are illustrated in Figures S.108 through

5 .:L22. How these envelopes were determined will be explained below. In

addition, Mononobe-Okabe distributions with respect to the lateral

acceleration coefficients ~ for an average test soil density are shown

in Figures S.108, 5.111, 5.114 and 5.117.

For a flat backfill under the test assumptions (see Section 5.4),

tho total resultant active force PAE/(1/2Y~), given by Mononobe-Okabe,

reduces from equations (1.1) and (1.2) to:

(g~) [ + (sin g sin (g~) ) 1/2 ]-2
2 I cos G

cos G (5.8)

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

PAE = K
AE

= cos
2 ~4~) [ 1 + (Sin g sin (g~-i) ) 1/2 ]-2

1/2yH2 cos G cos G cos 1 (5.9)

These equations form the basis for comparison with the maximum

dynamic results obtained from the tests.

In the Mononobe-Okabe theory, the resultant force is assumed to act

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

overturning moment 6MAE/y~ from the Mononobe-Okabe theory is:

The maximum bending moment is:

(5.10)

MAEH
EI = :at

6EI KAE (5.11)
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On the basis of previous studies (up to 1970), Seed and Whitman

[55] 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:

(5.12)

where:

= (5.13)

Likewise, the bending moment is:

MAEH = ut ( )EI 6EI KA + 1.8AKAE = (5.14)

This suggestion is also used in the moment comparisons with the

experiments, and is shown (for an average test soil density) in Figures

5.108 and 5 ~111.

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

RAE =
yH KAE (5.15)

One should keep in mind that the Mononobe-Okabe Theory is based on

the assumption that the coefficient of lateral earth pressure ~ 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 experiment how-

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

for inertia effects, and the retaining walls were flexible.
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From equation (5.9) it can be seen that the Mononobe-Okabe equation

goes singular when (d - &-i) is less than zero since the term under the

radical goes negative. For d = 35 0 and a flat backfill (i = 00
) this

means that & has to be less than or equal to 350 or ~ ~ 0.70. Like-

wise, for a SO backfill slope e ~ 300 or ~ ~ 0.58, for a 100 backfill

slope e ~ 25 0 or ~ ~ 0.47 and for a 150 backfill slope, e ~ 20° or

kn ~ 0.36. From the lateral acceleration values (comparable to ~)

listed in Table 5.6, it can be seen that the upper limits just mentioned

are exceeded, or very nearly exceeded, in some of the tests, especially

in those where sloping backfills were used. From a Mononobe-Okabe

analysis one would then have expected a complete collapse of the walls.

In fact, there was never a complete collapse in any of the tests

although lateral displacements were in some cases quite high (about 10%

of the wall height in tests 1CNOS08, 2CN1013, and 2CN1S14). Complete

collapse would probably have occurred if the lateral acceleration was

constant and inertialess as assumed by Mononobe-Okabe. The level of

maximum acceleration was only achieved momentarily, however, being

followed by changes in acceleration which in time would lead to a res

toring force holding the wall back. There might have been a momentary

collapse of the system in some cases, which was quickly arrested. It

should 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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"pushed" back into the backfill (i.e., while the system is being

restrained from collapse).

The envelopes of the various parameters with respect to the strong

motion characteristics were arrived at in the following manner:

As mentioned in Section 5.2, the ground motion of the centrifuge

earthquakes has the shape mainly of a decaying sinusoid with some addi

tional noise added (see the bottom-of-wall accelerograms). In most of

the tests there is an initial acceleration spike (positive acceleration)

followed by a trough (negative acceleration), then a smaller spike, then

a smaller trough, and thereafter low amplitude accelerations. The

corresponding velocity diagrams, which, as one would expect, have their

extreme values when the acceleration curves cross the zero axis, give

the total area under the acceleration curves. The velocity changes from

one extreme velocity to the other thus give the area 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 earthquake. 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 diagrams

(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

crossed the zero axis (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 at the top

of the walls was also observed.

The peaks and troughs of the parameter distributions were then

plotted with respect to their corresponding accelerations. velocities.

and velocity changes (which are the areas under individual acceleration

spikes) in Figures 5.108 through 5.122. These values are also tabulated

in Table 5.6. It should be noted that static values were not included

as peaks or troughs in the analysis. as they are probably 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 zero. the velocity might not be. and vice-versa. so the inclu

sion of static values in the envelope analysis would not have been

appropriate to the other dynamic points. Only dynamic values were

included.

It should also be noted that the Mononobe-Okabe analysis reduces to

the static Rankine/Coulomb analysis for no lateral acceleration which

does not seem accurate from a dynamic motion point of view.
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The extreme points seem to follow~ with the exception of the dis

placement~ a general trend; that is~ the higher the lateral accelera

tion~ velocity or change in velocity~ the higher the extreme. It was

decided to fit least-squares straight lines through each of the sets of

points one for each backfill slope; Oo~ 100~ 150• The maximum 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 tangents to

the individual sets of points. From the linear correlation coefficients

of the least-squares fits~ it was determined that the best fits were the

maximum moment vs. change in velocity (Figures 5.110 and 5.113)~ the

maximum pressure vs. velocity (Figure 5.115) and~ the maximum shear vs.

acceleration (Figure 5.117). No conclusions could be drawn from the

displacement curves (Figures 5.120 through 5.122).

The best fits would indicate that moment and pressure are more

momentum- or energy-governed parameters since they are better related to

velocity effects. Similarly~ the shear force is more a force-governed

parameter (which is logical) since it is better related to acceleration.

The envelopes presented thus provide an upper bound for the various

parameters with respect to actual dynamic strong motion characteristics

for at least a range of system stiffnesses (yu4/6EI) between about 0.75

and 1.75 which the experiments encompassed (for d: 35 0
).

As in the static case~ the various parameters 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 would hold for
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rigid walls. or very flexible walls. since the actual walls tested

appeared quite flexible as indicated by the deflection shapes.

The only logical comparisons that can be made are those between the

envelopes obtained'and the corresponding Mononobe-Okabe 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. In addition. Figures 5.108

an.d 5.111 show the values for moments suggested by Seed and Whitman

which were previously discussed. No comparisons with previous investi

gators can be made in terms of the envelopes involving the velocity

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

ing the envelopes with respect to accelerations. velocity and change in

velocity should. however. help in better understanding the problem at

hand.

Since the Mononobe-Okabe curves and Seed and Whitman curves (in the

moment diagrams) generally intersect at one point and at relatively

steep angles to each other. it appears that the traditional methods

underestimate the actual values of maximum moments below the point of

in'tersection and overestimate them above. It appears that going even a

small distance above or below the intersection points leads to large

differences between the actual experimental maximum values and those

predicted by the theory. For example. from Figure 5.111. for a flat

backfill and a lateral acceleration of 0.25g the Mononobe-Okabe method

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

envelope. Seed and Whitman indicate one about 80% as large. For 0.50g.
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however. Mononobe-Okabe predicts a maximum moment about as large as the

envelope while Seed and Whitman shows one 1.5 times larger. Similar

comparisons can readily be made for the other parameters as well by eXa

mining the respective diagrams. The designer would observe. therefore.

that the envelopes obtained from the experiments generally give what

appear to be conservative values for lateral accelerations less than

about 0.50g (which is probably the practical extreme for the use of the

Mononobe-Okabe theory in any case). It should also be noted that the

envelopes do not seem to be as sensitive to backfill slope as the

Mononobe-Okabe theory is.

From the parameter diagrams (Figures 5.53 through 5.107) it can be

observed that the maximum moments recorded ranged from about 40% to

about 100% higher than the maxima recorded statically (with the excep

tion of test 1CN0007 which had a relatively very low static maximum

moment). As mentioned previously. this ratio is more dependent on the

energy input into the system (represented by the velocity) than on the

peak accelerations. The moment distributions with respect to the loca

tion (frames c and vertical cuts of frames a) seem to be smooth curves

which could possibly be approximated using low order polynomials. for

example. quadratic functions.

The maximum dynamic pressures ranged anywhere from 1 to 2-1/2 times

the maximum static ones and like the moments this ratio was more

dependent on the velocities recorded. Although the pressure distribu

tions are by no means linear (as assumed by the Mononobe-Okabe theory).

their centroids (locations of resultants) generally appear to be at or
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very near the location of the static centroids, that is, somewhere

between 30% to 40% above the wall base. As with the static pressure

distributions, this indicates that the distributions are like an

"average" of a linear pressure distribution although they are generally

difficult to relate to a Mononobe-Okabe distribution. In any case, the

dynamic centroid appears 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 Section 1.3).

The maximum shear forces recorded in the tests are generally 50% to

100% higher than the maximum recorded statically for the range of

maximum test accelerations. It appears that the percentage is more

closely associated with the acceleration than the velocity levels. One

should keep in mind that shear requirements are usually amply met if a

beILding design is used unless the beam is short with respect to its

thickness (behaving like a shear beam). For reinforced concrete beams,

shear is important, however, and some shear reinforcement is usually

required by design.

As can be seen from Figures 5.120 through 5.122 no clear trend

could be determined between the maximum displacements (at the top of the

wall) and the strong motion characteristics.

Richards and Elms [43] performed some tests on a gravity retaining

wall on a (1g) shaking table which was subjected to a scaled El Centro,

California (1940) earthquake record. They measured the displacements on

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

backfill and continued to move outward until the shaking ceased. By
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contrast, barring the author's prejudice toward 19 shaking table tests

(Section 1.2), in the cantilever retaining wall tests of this investiga

tion, the walls were observed to displace both outwardly and inwardly

with respect to the backfill. The maximum displacements were observed

to be not necessarily the final ones although in some tests they were.

This is as it should be. At 19, the soil grains are under low stresses

and are rigid, so the only displacements are due to grain slipping which

is all irreversible. In the centrifuge, the soil behavior is properly

elastic/plastic so dynamic to and fro movements are observed. In addi

tion to the sliding and- rotation of the base, there is also the flexing

of the stem (and base) so the elastic wall can rebound somewhat as well.

The maximum deflections ranged from 5% to 9% of the wall height for RWl

and from 7% to 11% for the more flexible RW2. 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 c and vertical sec

tions through frames a of the parameter diagrams) it can be seen that

the wall motion is basically in the first mode with apparently little or

no contribution from other modes. This is also confirmed by the Fourier

Spectra discussed in Section 3.3.3.

5.6. Final Static (Residual) Results

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

walls can be observed from Figures 5.123 (Test 1CN0007), 5.124 (Test
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FIGURE 5.124 - TEST I CN I 009,POST TEST VIEW (AT I G)

... ~".. :i#:i

FIGURE 5.125 - TEST 2CNOO I I ,POST TEST VIEW (AT I G)
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1CN1009), and 5.125 (Test 2CN0011). Although the photographs were taken

after the centrifuge was brought back down to rest, one can see that

there was a large amount of motion of the backfill and wall. There was,

of course, an amount of "rebounding" of the system as the artificial

gravitational field decreased. One can observe that the backfill, which

was originally flush with the lip of the wall, has displaced downward

1/4 to 1/2 of an inch. These kinds of displacements are quite sizeable

and it can be safe to speculate that. if colored sand. or slightly

moistened sand (with some apparent cohesion) had been used, some cracks

in the backfill would have been observed.

Not apparent from the photographs is a "mounding" of the sand

observed at the base of the wall. This was obviously produced by the

outward movement of the wall during the tests.

An important observation related to the downward sliding of the

backfill and the "mounding" at the base is that these features were

uniform across the width of the wall and there was no apparent change

near the edges. This can be taken as a good indication that the system

behaved in a plane strain fashion (as assumed) and that the edge effects

(if any) were minimal.

Seed and Whitman [55J mention the fact that after a retaining

structure with granular backfill has been subjected to a base excita

tion, a residual 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 excita

tion. This statement is'quantitatively demonstrated by the experiments.

The maximum residual parameters are listed in Table 5.7 and their

ratios to maximum static and maximum dynamic values in Table 5.8.

One can observe that, although the maximum residual pressure is

always somewhat lower than the maximum static pressure (5% to 25%), and

considerably lower than the maximum dynamic (25% to 60% lower), the

resultant (shear) forces (i.e., the areas under the pressure distribu

tions) are in accordance with the Seed and'Whitman observation. The

residual resultants can be up to 60% higher than the static! This

appears to be random with respect to the slope. From frames c of the

pressure distribution diagrams, it can also be observed that the final

residual resultant is usually located some 20% to 40% above the static

and dynamic resultants indicating that a triangular (or "average

triangular") pressure distribution no longer exists.

The residual moments are also substantially higher than the static

and are only a few percent lower than the maximum. This, again,

develops regardless of the magnitude of the shaking the wall was

subjected to. This could indicate that a retaining wall which has

survived 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 under an even mild event. It should be noted that

in Test 1CN1505 the centrifuge was left running for 3 hours after the

shaking occurred. This is the equivalent of 150 hours (over 6 days) in

prototype time, and in this period, no rebounding or relaxation was
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observed in either the strain gage (moment) or pressure transducer read-

ings.

As mentioned in Section 5.5 the walls displaced out and in with

respect to the backfill and then generally crept out toward some final

di.splacement which in some tests was the maximum observed. The final

di.splacements were found to be much greater than the static ones in any

case. This then gives rise to the question of whether or not such large

displacements can be tolerated from a safety or aesthetic point of view

although the retaining wall survived the earthquake.
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

The purpose of this investigation was to observe the natural

behavior of an 18 ft high cantilever retaining wall when subjected to

only a gravity body force with a dynamic lateral earthquake excitation.

The retaining walls were properly modelled and were subjected to some

earthquake-like motions which were considered to be in a realistic

range. Moment, pressure, shear, and displacement distributions (static,

dYnamic, and residual) were obtained. It was also novel that the

retaining walls were considered flexible (as they are in real life) as

opposed to rigid, which seems to be the norm in 19 model retaining wall

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

obtained directly from transducers and indirectly from simple mathemati

cal manipulations of transducer data and was presented in as 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 acquired from the tests, the following

conclusions and recommendations can be made.

6.1. Conclusions

1. The simple "earthquake generating" mechanism employed was found to

give realistic characteristics and could thus be employed in the
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studies of other earthquake-related problems in geotechnics in the

centrifuge.

2. The static earth pressure distributions obtained were not

triangular as the Rankine/Coulomb lateral earth pressures assume.

The experimental centroids were generally located at about 1/3 the

height above the base of the wall. The resultant forces (areas

under the pressure curves) were in reasonable agreement with the

Rankine/Coulomb theory. This indicates that the Rankine/Coulomb
\

theory estimates an "average" pressure distribution which is taken

as triangular.

3. The static moments measured were generally higher than those which

would be obtained using a Rankine/Coulomb resultant force with a

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

the properly designed wall might have a safety factor lower than

estimated.

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

full active pressure behind the wall.

5. Static and dynamic reaction parameters (moments, pressures, etc.)

appear to be independent of wall stiffness, at least for the range

of experimental system stiffnesses (0.75 ~ yH4 /6EI ~ 1.75, d : 35 0
)

6a. The only significant dynamic response of the system is in the fun-

damental mode.

6b. The two walls had fundamental frequencies of 2.6 Hz and 2.5 Hz with

the soils employed.



- 277 -

7. The dynamic response of the system is not only dependent on lateral

acce1erations~ as the Mononobe-Okabe theory assumes~ but also on

the energy content of the earthquake indicated by the velocities.

Maximum moments were found to be more closely associated with the

areas under the individual acceleration spikes (changes in

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

(resultant) forces with the accelerations~ although there is a

general dependence on all the strong motion characteristics. There

is a strong correlation between maximum and minimum (maximum

negative) accelerations, velocities, and changes in velocities; and

peaks and troughs in the maximum response curves.

8. The experimental envelopes presented in Chapter V provide an upper

bound for the various parameters with respect to actual dynamic

strong motion characteristics for at least the system stiffness

range (0.75 ~ rH4/6EI ~ 1.7S~ d : 35 0
) which was studied. These

envelopes can be used as a design aid (Section 6.2).

9. The Mononobe-Okabe theory underestimates responses (in some cases

severely) below certain lateral acceleration levels for each

individual case (Figures 5.108, S.111~ 5.114, and 5.117) and

overestimates them above that acceleration when compared to the

experimental envelopes. This is due to the steep slope of.

intersection (at only one point) between the recorded parameter

envelopes and the Mononobe-Okabe curves. This makes the envelopes

appear conservative for ~ values less than 0.5g, but they are not,

because they came from tests.
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10. The experimental envelopes are not as sensitive to backfill slope

as the Mononobe-Okabe theory is.

11. Dynamic moment distributions with respect to wall location are

generally smooth. monotonic curves which resemble some low order

polynomial. possibly quadratic.

12. As in the static cases. the dynamic pressures were not triangular

as the Mononobe-Okabe theory assumes. although the centroids did

remain at about 1/3 the height above the base. contradicting other

investigators which state that it rises to between 1/2 and 2/3 of

the height. The dynamic pressure distributions could thus be

considered an "average" of a linear distribution. although they

could not generally be related to Mononobe-Okabe.

13. The walls displaced both outwardly and inwardly with respect to the

backfills during the severe parts of the shaking and crept out

wardly during the milder shaking towards the end. Maximum deflec

tions could be considered excessive in some cases even though the

structure survived the event intact. Deflected shapes gave an

indication of first mode (only) flexible bending beam behavior.

14. The fact was confirmed that. after a retaining structure with a

granular backfill undergoes severe dynamic excitation. a residual

pressure acts on it which is substantially greater than the initial

pressure before excitation. and is a substantial portion of the

maximum pressure developed during the excitation. This also

applies to moments. shears. and displacements.
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15. No noticeable experimental "edge effects" were observed, and a

plane strain condition for the tests could be assumed to hold.

16. Elastic solutions for retaining wall problems should be avoided.

This includes the use of elastic finite elements (Appendix D).

6.2. Recommendations

Based on the concluded investigation, it is highly recommended

that some type of dynamic analysis in the design of large retaining

structures be employed, as the dynamic responses generated can be

considerably greater than the static ones. There should be extreme cau

tion in accepting the following quote from Seed and Whitman [55]:

"Thus many walls adequately designed for static earth pressures

will automatically have the capacity to withstand earthquake ground

motions of substantial magnitudes and in many cases, special seismic

earth pressure provisions need not be required".

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 a 20 ft high cantilever retaining wall

with a flat, granular backfill with d = 35°. The wall is to be

subjected to a scaled down Parkfield Earthquake (Figure 5.41a) to one

half the magnitude shown.

Since the wall/soil description is similar to that of the experi

ments, the fundamental frequency can be assumed to be about 2.5 Hz.

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

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



- 280 -

the critical response. The peak design acceleration is then 215

cm/sec2 • the corresponding velocity 39 em/sec (which occurs at about 4.6

sec) and the area under the acceleration spike is 49 em/sec (which is

the peak-trough difference on the velocity curve). Based on test

experience, the peak response of the wall should then occur sometime

between the 4 and 5 second mark.

For a = 215 cm/sec2 • a/g = 0.22. Therefore. from Figure 5.111

6M = 0 58. .
'Y~

For v = 39 em/sec, (f1 = 2.5 Hz).

Th.erefore. from Figure 5.112,

6M = 0 55.
'Y~

For Av = 49 em/sec. (f1 = 2.5 Hz).

Av = 0 032
f

••
1H

Therefore. from Figure 5.113,

6M = 0 57.
'Y~

= 0.026.

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

values obtained from the envelopes. therefore

= 0.57.
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Having this value, the stem could then be designed as a regular

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

simplicity and having all the design requirements (as was done in

Section 3.3.1).

It should be noted that had a Mononobe-Okabe analysis been

performed, using the maximum scaled Parkfield acceleration of

240 cm/sec2 and equation (5.10), the maximum moment would have been:

= 0.42

which is 35% below the one obtained from the other analysis. It was

based on one dynamic parameter (the peak acceleration) whereas, the

other was based on three. If a standard factor of safety of 1.7 is

used, it would in actuality only be 1.25 when compared to the previous

analysis.

One could also use a similar analysis to investigate the pressures

and shears and perhaps refine the design.

Future research could be done using identical types of tests with

different wall heights, stiffnesses, different soils and longer

earthquake durations.

The data analysis should concentrate more on the highlights

(peaks, troughs, etc.) of the dynamic characteristics related to the

system responses instead of the detailed, time-consuming, expensive, and

tedious data analysis which was performed in this investigation.
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Sheetpile walls. channel sections. and other types of bending beam

retaining walls should also be studied.

Retaining wall problems with wet or saturated soils should also be

examined with the centrifuge. although there could be some problems with

retaining the water in the backfill as well as having two time scales

(dynamic and consolidation -- see Appendix A).

The centrifuge would also be an ideal tool for studying static and

dynamic retaining wall behavior with clays.

It would be desirable to develop a better shaker which could be

implemented into a centrifuge. There is also a need for some full-scale

testing of bending beam retaining structures. Sinusoidal shakers could

be used on actual retaining structures to determine some natural

frequencies and modes of vibration and perhaps test some to failure.

An actual retaining wall should also be instrumented with two

strong motion accelerographs (one at the base and one at the top) and

with at least some kind of pressure transducers which could record pres

sures during an actual earthquake. The recording devices could be

triggered by the accelerographs.
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APPENDIX A

SCALING RELATIONS (Hoek [IS])

Every quantity of physics and mechanics has a dimension which can be

expressed as a function of the fundamental dimensions:

M - mass

L - length

T - time

or

F force (F = ML~2)

L length

T - time

If a formula is dimensionally correct. it is valid in all systems

of units.

By the method of dimensional analysis ([3].[15]) relations between

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

upon the following factors:

1.) The geometry of the structure. The behavior of a point defined by

the coordinates x. y. z can be described by a typical length dimen

sion L and set of dimensionless ratios LR relating all other

lengths to L.

2.) Material properties: For example. for a linearly elastic isotropic

material.
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mass density of the material.

Young's modulus of the material.

Poisson's ratio of the material (dimensionless).

Other material properties can be related to P and E by sets of

dimensionless ratios PR' ~.

3. ) Applied stress conditions:

P = externally applied load.

Q = externally applied stress.

u = externally induced displacement.
0

a = internal stress.o

g acceleration of gravity.

a = externally applied acceleration.

Other stress conditions are related to P, Q, uo ' ao' a by sets of

dimensionless ratios PR, ~, UOR' aOR' aRe

The behavior of a point x,y,z in the structure at time t is defined

by a resulting stress a and a resulting displacement u and depend upon

the abovementioned parameters and dimensionless ratios.

The quantities a, u, x, y, z, t, L, p, E, ~, P, Q, ao' uo' g, a are

all derived from the three fundamental units of force F, length L, and

time T. The Poisson's ratio ~ is already dimensionless.

The dimensions of the listed parameters are given in Table A.I.
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TABLE A.1

-2

I
I 1
I

I a

I 0

g

o

1

I ao I U o
I I1 0I I
I 2 I 1I - I

I P I Q

11 I 1
I I

I0 1-2

I
I 0
I

I E
I 1
I

1-2

I LIp

10 I 1
I
I 0
I

I y I z

I 0 I 0
I I
11 11I I

I I
I 1 I 1
I I

I I

IL 1-2

The table consists of a matrix of rank 3. According to

Buckingham's first theorem, one may obtain 16-3 = 13 dimensionless

independent groups of parameters from those listed. Hoek chooses the

following:

2a:2. u ]; y ~ t 2 a EC ~ a oi: U o aoL
P , 'E' L' L' L' L' p' p , \), g' P' L' P

It should be noted that other combinations than those listed above

are possible. For this particular set, however, all other groups would

be combinations of those listed.

Buckingham's second theorem (Buckingham's II Theorem) states that a

dimensionally homogeneous equation (one which does not depend on the

units of measurement) can be reduced to a relationship between a

complete set of dimensionless products.

From Buckingham's II Theorem then the displacement u, and the

stress a at a point (x,y,z) can be expressed by the following dimension-

less equations
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,Y; = F (X ~ A t 2 a EXt. JUIt \)# a w.:
L L# L# L# L # P # P # g# P #

2
Uo aoL

LR# ~# PR# ~# uOR# PR# a OR# aR)L# P
,

fIll = (X ~ #••• # aR )P G L# L'

(A.I)

(A.2)

in which F and G are undetermined functions. The parwmeter t is the

dynwmic time scale.

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

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

following conditions of similitude are established.

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

respectively.

1.) Model similitude related to natural properties: Since Poisson's

ratio is dimensionless, the model and prototype must have the same

Poisson's ratio:

\)m = \}p (A.3 )

Combining the remaining natural properties E and pby dimensionless

grouping:

JUIt
P

• .& •
a = p g L

E (A.4)
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Therefore:

or

=
(A.5)

~
L

m (A.6)

If the model material is identical to the prototype material

(Em = Epi Pm = Ppi ~m = ~p) and the model is subjected to an arti-

ficial acceleration N • g (N is the scale factor) then:

~ =
L m

N
(A.7)

It can be thus seen that by use of the centrifuge. scale

models manufactured of the prototype material are suitable.

2.) Model similitude in relation to applied stresses: Applied stresses

are defined by the parameters p. Q. ao' uo and a and appear in the

dimensionless groups:

Taking the grouping:

.Q
E =

(A.8)
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Therefore:

~ =
Em

Qp Ep

also:

~ = ~ or
Pm

=
EmL;

E L2 E L2 P
E L2

mm p p p p p

From the grouping:

(A.9)

(A.lO)

Therefore:

0'0 =
E

O'om
0'op

2
O'oL • ..1....

P EL2

Em
= E

P

(A.1l)

(A.l2 )

Displacements are scaled directly by:

uom Lm=u Lop P (A.13)

Inertia and gravity forces in the model and the prototype are

3
characterized by the dimensionless groups~ and i which were

already used in deriving expression (A.4).

Finally, dynamic or inertial forces involve a time scale which

can be derived from the grouping:

t
2 a • _P_ • mt
L paL3 p (A.l4)



- 29S -

Therefore:

= (Pm ~) 1/2 ~m
Pp m p (A.1S)

Using a centrifuge model made of the same material as the

prototype (E = E ; P = P ; ~ = ~ ) and subjecting it to them p m p m p

centrifuge artificial gravitational acceleration N • g (A.7).

(A.9) reduces to:

(A.I0) reduces to:

(A.12) reduces to:

(A.13) reduces to:

(A.IS) reduces to:

Q
m = ~

Pm
= ..L

P Nl·p

(J = (Jopom

uop = Nuom

~ = Nt m

(A.16)

(A.17)

(A.IS)

(A.19)

(A.20)

One can clearly see the convenience of centrifuge modelling.

From (A.16), (A.IS) and the fact that E = E can also note that
p m

the strains in the model and prototype are identical. In the event

that the soil behavior exhibits its usual nonlinearity, the same

considerations hold, if prototype and model soils are the same.

In the experiments, it was necessary to model reinforced

concrete walls by means of aluminum. The stiffness of the wall EI

is modelled as follows. The dimensions of EI are FL (actually

FL2L-1). It has been shown, by equation (A.17) that force scales

as Nt, and length of course, scales as N, so that the EI of the
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model must be equal to l/~ the EI of the prototype. For a given.

but arbitrary design of a prototype reinforced concrete wall. the

EI can be calculated~ In the model. the E of the aluminum is

known. and the wall thickness can therefore be selected to produce

the appropriate. scaled value of EI.

The yield characteristics of the wall itself were not

modelled. In the prototype. yield would be indicated by the crea-

tion of a plastic hinge at the point of maximum moment. i.e •• at

the base of the stem. In order to model this. a notch or groove

would have to be cut along the base of the model to a point so that

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

plastic hinge.

Consolidation time scale (Rowe [46]):

In the study of liquefaction. the time rate of flow of water

from the soil is considered in comparison with the rate at which

pore pressures are generated. The consolidation process thus

requires consolidation time scaling.

The time factor T of consolidation is defined by:

T =
(A.21)
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where

c is the coefficient of consolidationv

t is consol idation timec

H is the height of the stratum to be drained

n is the number of drainage boundaries (1 or 2)

It is required that Tm = Tp ' If the soil materials

are identical then:

=

(A.22)

since

Hm !.
H Np

then

which establishes the consolidation time scale.

(A.23 )
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APPENDIX B

WALL PROGRAM LISTING

Following is a listing of the data processing program WALL

described in Section 4.2. The following subroutines were developed:

MAIN(program) DIGIT PAPRNT

ALGEQN INTEG PRESS

APLOT MAP QUINT

BASCOR MAXARR SHEAR

BIGMAX MOMENT SPLINE

CRUNCH PAGE SUBU

DERIV PAPLOT YDISP

The following called subroutines are system subroutines of the

IBM 370/3032 system at the Booth Computing Center of Caltech.

EQSOV System of equations solving routine.

LSQUAR - Polynomial least-squares fitting routine.

SYSSYM* - Symbol plotting routine.

VLABEL* - Axis/axis label plotting routine.

XYPLOT* - Line plotting routine.

XYPLT* - Point Plotting routine.

*Calcomp plotter.
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~1"S2)=I"T~

I\H4hl\S~

I\Fl<=l\r:R+l
)lFlll:C.C
)FII\FI<I=I-Tfo'

<: c. It.
lie. 17
(;U&
CtiC;
lC~C

lC~l

l\(j22

C
( ·0 EGA
C !C
C
C u,.
C ~H

C fl/t
C CAI'''A
C I\HLY
C
l ~S;.i4

C.
C II I " 1
C
C t-np~

c
C
C >I II
C l'\~

C )P( 1 )
C.

= FF,. AT R~IC~ C[l\T~IFUCE CPEFATES
= ~ISlA~CE F~C" AXIS Cf CE"TR[fUC~· ~CTAT[(~ TC Tep Uf ~~aEl

1\ ALL II" I
= EI C.F "lCEL illlL ILE-ll\U2l1l\'

~EI(MT Cf ~C:EL ~ALl II~'

= fv~CA~E~TAL F~E'uf""C~ CF MCCEl ~All IrZ)
: l~[T ~[[G~T Cf F~CTCTYPf (JI\C McceLI SCll AT IG (PCfJ
= C~CEK Gf FCL'r""C~IAL CE~J~tu fCR LEA~T-S'LA~ES FIT CF CATA

~lST E: GE.3 tl\r L€.Il\S~4+11

= ~L~et~ CF ST~AIl\ GAtE LCCAT1Cl\S ~T TtE CE~TEk CF ~lOEL

~ALL (VERT1{~L ~~ISI

= ~L~EcR ef CESI~EC I~TEQ~AlS FeR ~~[Cr ~ESULTS ARE ~A~TEC

ALOe. TH .AlL
= THE cr IolHL

I\T'Fc=n CAl'\TILE~ER .ALl
Nl~PE=l ~rEET FILE pALL

= LC(tTIC~S Cf STRA[l\ CAGES F~(~ Tef TC eCTT(¥
= "~~EcR CF ?~ESS~~E l~Al'\!CUCE~S

= LtCtTIC~S (F f~ESSURE TPANSC~CEPS f~e~ lrp Te dC1Tt~

C
C
C.

LE1E~~Il\E G~tVllATICl\AL ACCELE~Al1(l\ lAGS)

f=SO+(1-1"/Z.OI
AGS=D.COCC2d;S4.R.(C~ECA··2J
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~-
24
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C
C

Cl,,,~

t:C 2e
CC47
(l\,a
fl)"Cj
C(::C
(.e;; 1
r'=;2
t:r ?;
H:<t
LC1!l
"C;t
C~;7

lC' :: c
~,,3c,

CC4C

\,(41
(,(.1.2

t (J I, ::

(,CI."
(,t ... ~
tl4e

C(l.e
('( 4'>
(( :c
(",:: 1

L(:"
(.e ~ j

CC:<t
(1 (~ :

l'" ~t
lC! i
C(:I:
(:,;..;
Cl CI:
CC t ..

ttt2
ceo
tiel ..

( c. 5
oCt t
(.(t7
( tt:
Let. ..
CC71;
elil

c

c
c

c

c
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'~INTaFLCATC~I~TJ

""'f1TJ11' A" I"T
A1\ INT -A" 1NT+ 1. 0
"IU=U"T+l+3
A)llJ-C.C
I:C 10 I-~.NINT

10 ')Cl'-AXCI-l'.~

.co 11 I=I.rocI"T
11 EXClt--!\X(U'hTM

EI-EIM*AGS··3
h1a'11l'!*AGS
n-nli" AGS
GA~~A"·CA""A·4GS

'~~~A=GAM~A'172e.a

GA~"A~=G41i'''A~/172B.1

OLL CIGIT

fI: I " TT =1Il I 1\ T- 3
GA~~Al=G4~~A~·1728.0

GA"Y,A2=GAw-A*17ze.o
P"I~T ,,00 .
HI'"T ZO 1,11 Tl El •Tin EZ
PIC INT 202 ,CMEGA. SO,R ,AGS ,HH' ,HT. EI~, EI ,f U' ,Fl, GA"'~Al, "AM~A2,

XI\PCLY,NINTT,NA,NSR4,NQ
PI< I p.. T Z14, IT flI

If(NA.~Q.OIGC TO 21
OC 20 I-I,nli'
CC 21' J-l,NA

Zu '(I.Jt=-AC1.JJ*3S6.22

DC ZZ I-I ,NS~
lllIt=XUJlHflI
Ifl~A.EC.C)GC TC 24
PR l~T 20::
CC 23 1"'1.1\4
PRINT Z04,I,lCALJll,~J,J=I,21

F;"I~T 205
CC 25 1"'1,I\Sh
I(=I+"'A
La 1+1
P~I~T Z06,I,lCAL1(j(,JJ.J-l.2J.XCL'
CC 26 l-l,"SR4A
XCII=XCII.toTM

IFIN,.NE.OIGC TC tl
If(~t.E'.OIGC TC 29
FIHNT Z07
CC 28 I: I.NC
IC"'H+I+~'
PIlINT Z04,l.ICALlIK.J •• J=l,2)
PR INT ;:08, TeAL I

1=2 T [ME



·c
<.
(

c
i]( i 41

C
(

CCi;
(Ci4
ens

c.
C~7e

C
C
C
C.

d ;7
I.e 76
cue;
(( cC
\." tl
(U4:
CCE3
eCc4
CU:
eccc
C( t7
C( Ct:
etc';
l (S C
I. CS I
(l <;2

'l~:
CCS4
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lH TC.C a '11",e pur eCCE
IFLICC a C fiRST 20~ Ct 11",e FlCl IS ~"'FLlfl£t

l~lTCC .: 1 "EGUl~K ll~E~R 11~E Plcr

RE~J lU~,C~I~111,C"'~Xlll,t"'I~121,C~AXIZ),IFlltt

(Hl H"'E~l

IFI~,.~E.OIGC 1e 70
(Hl SHtli
C~ll FF<E~S

:u IF(~A.E~.aIGC TC 31

FI~~ CI~FL~CE~E~l~ fV l~TeGR~TING ACCElEFC"'ETEF IiECC"CS
Ttt~~ IS A t~~Ell~E CC~P.ECTI(' CF T~E AC.CElE~<'GRAP~S

CI~I11.11:101

Cl~lC2tll=TCFF

CI~l(l.Z):ecl[

LUll41.Z'=EllF
CIHll,;'=J.O
CI~IIZ,31=O.C

CC :1 J:l.~"

:1 (tll E~SCCFlwl

C( 34 01=1,1\"
CC;21:I,ll'"

:2 tllII':~(I.JJ

(ALL It-He Ill" ,T ,Al,AZ,OI
(All I~TEGll1~,T,A2.Al,rl

«CC=(LISlIZ,JI-CISlI1,JI+Alll)-tlllT"'II/IT(I1~I-T(1I)

CLLC=DISlll'vl-Allll-CCC.C*Tlll
CC 33 I:I.n",

~7 CI~II,JI=Allll+<'CC(*T(II+=CCC

;4 C.OTIM.E

ltC;~

,.eSe
C(<;7
(CH
U,SC;

ell· tJ

C Ie 1
('1(4:
I) Iv 3
, 1C~

C1<. ~
Ol~t

C lC7

CHE
r,lCS
C llC

C

C

c

c
c
(

IFIl\A.t\l.lllC TC !~

CC ?~ J=2,:
CC 3: l=l,lHr

3~ CI~( [,,J'=C.C
:t cr nlHE

If (I\A.H.iJIH TC 3C;
CC :;E ["l,IH
CC 3P. J:: 1,I\A
t( I.J)=AII,JJ/(~GS.;Ec.2ZI

3E CIS(I.jJ:JIS(J.JJ/~T~

:;s C( 40 1=1,1Tr-
40 l( l) =T( Utf H

FtCT A~C P~I~T C~T "(CflE~CuPAPr ANC CI~PLJCE~E~T RECGR~S

J~It\A.f,.OIGC TC 47
(ALL AFLCT
CC 4t ~=l,;O
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CIII
ell?
(111 :~

C 114
\i 11!)
C11(:
011"1
aIle
I: 11 c,
u121)
f11~1

Cl;i.
ul~3

0124
C12!
tl2c:
Uld

Cl~e

U~ ..
~ 1 :"~
Cl~1

C132
1.1:':;
lll':lo
')1~~

Cl?c
tilE7

(
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PI<II',T ZC'O
FF 11\1 no
L""'*St'l
cc 45 J"l,~C

I- Cl-50 J.J
IfCl.GT.ll~JGC lC 47
If INA.Et .1IGC lC 44
IfC~A.E'.ZJ't TC 43
Ff' IN T 211, I , T( I J ,A II ,1 J , CIS I I , 11 ,A I I ,2 ) • CIS I 1,2 ) ,,. I I ,3 J. CIS I [ .3)
GC TC 4~

43 FIOI'" ZlZ,I,lIU,'fl,1J,CISII.lJ,AII.2J.LISfI,£)
GC TC 45

44 HI!',' H:,I.lllJ,'f[,lJ,CISfI,lJ
45 co TI 1\ I.E
'of CC/'TII'\I.E
47 COTI~l.E

CC TC 77

tl CC flo 1=1,~H

t4 )f1[)=)lFUII"T~

HI1I1 zoe;
C( H l'=l.~,,;.

~=[+IIT

L: 1+1
tf F~IIIT 20f.[.ICAlII~,v).J=I,2),XPfL)

CC t7 1= 1.I\H
t7 )FIII ..XF(I).~T~

GC Te 27

Cl':!!
(1':<'
tj14tj
01 "'l

C143
C144
Clio:
u1 .. c
t 147

V148
C14<;

C
7( '-ttL HESS

(ALL Slot,,,
CAL L "CHIIT
CiC TC :0

c
71 ((II T1I\l.£

C
101 FCF~tT(18A4/18A4)

102 fCf~"TltFl~.C,4151

10: FO~AT(EFIC.CI

1':' .. fUMAT([SI
1e 5 fU"Al(4flC.O, lSI

C
2('1 fOf"AT( It-!)
2ul fL~~AT( e;).laA4,1.c;x,lEA4,1.e;~.'.*.*••*·.·.··.*·.·.·*·**··*···****

~ •••••••• •••••··.·.**·*.·.·.*•••*.*.*·*·I
202 f(f~tTfll,lX,'CEIIT~lfU(f~F"=',31x,FE.Z.

)/,lx.'CISTAI\C~ F~e" CEI\T~IfUGE AXIS TC TeF LF .All='.F9.2.1X.
X' II\CJ-ES'.
X/,lX.'ClSTAIICE F~(~ CE~TRIFU(E AXIS TC MIetLE CF ~ALL=',F6.~,lx,

)'lIlCHS',
X/.IX."~A~lTATIC~Al '(CElE~A'ICN AT ~ICUlE Of ~AlL=·,f9.Z,I).

)l'G-S·,/I.
1l/.lX •• ~CtEL ~ALl ~EIG~l=.,fl~.Z,lX.'I~C~ES'.l~X.'FRCT(TYFE~~lL ~E

XIGrT=',f19.2,lX.'I~C"ES·,

X/.lx,'~t[EL ~ALL EI=·,f2~.Z.lx,'LE-[I\•• 2/1~· •.lOx,·PRCTOTYPE ftAlL E
1l1=',f23.Z.1X,'LB-I"'·*2/I/1',



t'151

l.'l~ 4
f, 15~

(1':t.
li 157

Cl~C;

CHI:
(j 1tl
lJlt.,

c
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)/.l.,·~(C£l fU~CA~E~lAl f~e'LE~c~.·,FC;.2,l),'~l~lZ',l~X"PPCllT~FE

) fl~LA~E~TAL FRE'UE~C¥··,F9.Z,IX,·~E~TZ',

)/,lx,'tE~Sll' CF ~(CEL SCll.·,Fl~.2,lX,'F(~',18X, 'CE~SllY (~ PRel
xCT~PE SCIla',flS.2~lJ,'PCf'.II,

)',lX,'Cr.CL~ Cf P(L~~(~IAl I~ lEAST-S'~'~tS FITa',15X,IZ,
X/.lx,'~l~at~ Of FCI~TS AT .~IC~ CATA E~AlUA11(~ TAKES PlACc=',14,
XIII,lX,'~~~~ER Cf '(CELE~C~E1ERS-',13,

X/,lx,'~~~eE~ Of STRAl~ GAGES-',IS,
Xi,].,'~L~~fR Cf PRESS~~E GAGES-',I3)

203 F(~~lT(II,lX.'CAllERATIC~FAC1CRS (F l~A~~CU(ERS',

X/,lx,'~··*·····················•••••••·.',I,
)',IX.'ACt~lEFCMElek',11),'SLC~E'rC;x,'~-1~1~RCEP1',

)/,IX,'-------------'.11x,'-----, ".,'-----------'1
~v4 fL~~AT(t),1~.2x,2E2~.3)

20: F(~~AT(/,lX.'ST~.I~ (AGE'.13X,'SlCPE'.C;X,'~-I~lE~CrPT.,

1I12),'LCCAlIC'" ,
) ',lx,·-----------',13),'-----·,c;x,·-----------'.
x12)1" ,--------, I

~c£ fCF~Al(t).12,2x,~E2C.3)

2elfL " ~ AT(/ , LX .' CELT A eu I' • ,13 II , • SLCP E ' , C; X, • 'r- I~1 H CEPl' ,
x 't lA,·' ----------" 13ll. ,-----, • C;X,' -----------, )

2tE fLF~ATt/.lx,·ll/lE CALIE~Al1(" SCALE=',EIO.~)

,u'i 'fOlilAl(/,IX,'''RESSURE (;,l(£',ID. 'SlCPE',IjX,'Y-II\THCEPT',
)112), 'LeCAl Ie,. f.
X I. 1X,'-------------'.11),'-----·,SX,,-----------'.
) 12)1, ,--------, I

~lJ FCF~Al( ~IX,'A(CELEF(N:IEF ~G.1 (leF Cf .tlL)',
x ~x,'~CCELE~CNETER ~C.2 (PASE CF ~All)',

)I 7X,'AC(ElE~CWETEF ~C.3 (fREE FIEtt)·,I.
x ~lx,' ••••••••**.* ••••••••••*••••••••• ',
x ~x,' •••••••*••••• ~ ••••••••••••••••••• ',
) 7X.'·················***·······*···'.I.
xIX,'11~E·. 'O~E"slc"less·.3).'cIMel\SlCI\LE5S'.tx.'CI/lEI\Slt~LESS'

) ,cx,'CII'E"SIC"lESS·.6J,·DIME"SI("lESS'.tX.·:1~E"SICNLESS'

) .t).'CI~E"SIC"lESS·.I.IX,'SlEF',IX,'lI~E (T.FI)'.
X2X,'ACCElE~ATIC~ (AlGI ClSFLACE~ENl (¥/H)',
~lX.'ACC~LE"AlIC" (l/~l ClSPLACEMEI\T (Y/HI',
)l),'ACCElE~ATIC~ (llGI ClSFLACE~E~T (V/HI',I,
)lx.'---- ------------ ------------------ ------------------ -----
x------------',IX. ,------------------ ------------------ -----x------------, )

~11 fCF~AT(1),I4,El;.3,te1c;.31

~12 FtF~Al(lx.14,E13.3,4El~.3J

213 fCF~AT(1x.l~,El~.3,2Elc;.!)

~14 f(~~Al(I),'''L/leER (f Tl~E STEFS='.17,/I

SHP
EH



cen

cc.c::
(((4
ce. r 5
ccrt
,en
ern
(( cc;
I.V li.
e(.11
«, 1~

l C13
(·l14
vCl5
(C 1t
Ie 17
I,V 1,
( II <;
re~lJ
(~. 1

I t:. ~
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c
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c
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ALGHf\

SLfRCU1If\c C#LLEC If\ SFLIN£

lC1.~):atCl.2)

Lt l,:!)=Atl,::J
\(l)-EtlJ
CL 2:! 1=2. f\
Il= 1-1
[(1.2'''1.·1
1.( I ,:J=A (I,:'
t I 1,1 J. Afl,l JlU ( n. 2 )
lll."=AII,2'-CII,11*LIJI,3J
IfIAeSILII,~".lT.l.~E-C<;)GClC :5

2J C( t-l It-LE
23 "III=EIII-CII,11.~1111

~ I ,. , ='r I r-. ilL (f\ ,2'
1="

~~ 11= 1-1
,,( !l ) .. (" ( I I)-I. ( 11.; I ,..,( I I tiLl 11. H
1=1-1
If I I .El. .1.IGC TC ; 1
GC 1t ~ 5

::l,l-[lLIO,..
;~ Hlt\l 1t1

Hi f(f¥ATIII,).·f IS A I'tTkIJr. 101-10· 1lE:;,;uIRE PI\ClIMi (.R IS SIr".:iLilAt{'1

Hll;H
He



cen

CIJ"~
C(C4
eef:
U.c.e

el U:
,,~(;.,

lCll'
':C 11
L; 12
uo~

l. ~114
rei:
("lIt·
e{17
('Cli:
t C1<,
l I. ~ 1.1

I.":" 1
( l:~ Z

lC';::
L~2t.

I I.';: 7

(C2i::
\ ,.;: <;

n..:~u

C/C:: 1

CI:::2
CC:::
((34

cc:::
<.rC::t::
CU7

c
c
c

c
C
(

C

C

(

c.

c
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APlCl

SUE~C~Tl~E Tt PtCT ACCELERCGRAP~S ANO CO~RESPC~Cl~C OIS~LAC[YE~TS

C(~~C~/~EC/A(1~G2,12),1(15C2),AXI112),BJ(112),(AlJ(15,2),X(I~),

x T(ALI,IT~,~T,~A,~PCLY,~S2,hINl,~,EI~,~1~,AGS,GA~~A~,

) ~lYPE,Fl~,~"XF(S)

(C~~C~/cL:C~/OIS(l~QZ,;)

(t~~(~/FI~K/IlI1~r.ZI,A';:{15~2)

Ct~~(~/G~A'/111lElllel,111lEZ(131

Cl~E~SIC~ ~ACZI,Fe(Z),CCC(;),A~X)(3J,CM~)(;I,MA))(!I.~)XX(31.

) AIIIII,eeelll

A"l~"'-AttAX

"'Ih-''''X

t C 1.1 !: .. =1 , ro.l
CC 111 4 1=1, n",
tlIII-=ACI, .. )

(1)4 A2CII=CISCI,JI
(ILL elG"lXltl,ll~,A~x)CJI,~AXXCJ))

1(: (ALL elG~A)IAZ,IT,.,C~X)IJI,"CxxCJ)J

(I~Tl=IAESIT"AX-l~I~))/e.~

CI~TA=(AESIA"AX-~"1~11/2,5

CI~T'=IAES(Y~AX-YMI~1112.:

lH=-1.1:*Clf-TT
lfw)=1;.Z:*CI~11

tH=-~.2:*Cl"TA

AI")= 3.75*ClI11A
"'''f-=-2.7~*CI''1Y

'''')1= 7.25*O",n

CC 12: 1=1,::
1<:: (((111=0. 1)

II =11>
t( It:' 1=1,"1
(ALL ~lAeELll.7~,l.:,T"I"~lMl),d.O,II,'ll'E IT*fl)'.12,J,'lt4.11',

)41
ttlL S~SS~~I.;:.7~,4.2j5,C.l.11TLE1,72,CeO)

CALL S~SSYl"12.7~,4.125,O.l,lllLE2,72,n.~)

IHI.M.IIG( lC 1~1

'tLL VL~fElll.75,5.0,T~IN,TM~x,8.n.K,'ACCElERC"(lE~~(.1 llep GF
~"AtL)' t3~,C,' If4.1P ,4)

1::1 COTIM.f
IfII.~E.Z)GC IC 132
CALL VlAEEl(I.75.:.C.T~I~,T~A~,8.Y'~t'ACCElE~(~E1EP "C.2 Ce:TT~'

XCF ... AlL) ',3c,O,' IFit.lI'.it)
l::~ ((/IllI'oLE

If ( 1.~E.:: JGC, TO 133
(tLl ~lAeELIl.75,5.0,T"I~,T'A.,8.0,K,'ALCElERC~E1EF~(.:: (F~E~ fI

)ELLI ',::Z,O,"IFit.lI' ,41
133 (( H H.l.E
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(\C'1
UltZ
CC.43
1,\:44
(,r4~

1
0

' Itt.
vi: 47
C',:4 E::
(I.e,

t.~,~ ~1.1

I t ~ 1
(·e ~2

C'r~;

Ll~"
t:.i:~5

I ":~t

CC~i

I,C5E::
t.(~S

(lCte
tCH
«Ct;:
Ut~ t.:!

C.U: ..
OCt 5
rCt(.
CCd
\Jed: t:
'(tC;
fliC
cc it
CliZ
tC73
(:(i4

CC/:.
(.e 71;

'~j7

(C 7E
CCili

c

C

(

c
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AHCT

(All ~LA~ELll.75,1.5,~~[~,~~AX,2.~,2,'C1SP «~/~)',11,1,

"·(f~.2),,s)

tAll ~LAetLll.75.5.C,A~I~,A~AX.Z.5.4,'Al'El lA/GIG,12.1,
X'lFIt.1P.1t1

CAll FAGE
LHaO
U(l)=1.i5
jAIZJ=«i.B
EE IlJa2.75
Ef(ZJ=Z.iS
CALL X~FLCll~,A4.eE.C.C.15.C,O.~.lO.O.CC(,LAtJ

E!:U)=4.C
HIZl a 4.C
CALL X~FlCll~,4A,ef,Q.C.lS.ry.a.O,10.0,CL{.lAfJ

I:Hll=t.2S
tE(2)=t.~~

CtlL X~FLCll~,tA,iE,L.C.15.C,O.1,lO.O,CG{.LA~J

HIlJ=7.5
I: t 12 )= i • 5
(t II X~FLCl (2 .AA .EE ,(J.e. 1'3 .IJ.tl.'),I·J.n,CLC.• LAI::)
H(1)=C;.iS
£t I 1)=1.5
EtI21=4.C
(All X'FlCl(~.A~.eE.C.C.15.Q.n.Q.IC.C.C~C.lAdl
EEIl)=5 ••)
EH21=1.5
(All X~?lCll~,4A.ee.~.C.15.0,O.~.10.C.Ct(.LA~1

CC 13t J=l.Il~~

AllJI=A(Jd)
l:t t2(..;)=([SIJtl)

tHe 1I=4~» e 11
hEe lI=T(~Altll{III
(ALL X~FlTll.~eE.Att.T~~.T~x,t~~.t'X.CCC.LAe.l)

AAA(IJ=J~»(II

2£((lJ:T(,C.OIIIJ
CALL X~Fllll.EEE.tAA.T~~.T,x,~,~,Y'X.ccc,l~e,11

(~lL X~Fl(l(IT~.T.Al.T~~.l~x.A~~.A~x,CCt.LA~l

lAt=-1
lAlL )'FLtl([Tw.l.A2.T~~.T~~.~~~.Y~X.CCC,lte)

1e'ol ((" T1~ l. E

~7~ fCr~ATltflQ.CI

H1UH
E~r;



C(;C~

CLC4
(Cl~

I.CLt

u.n
cel.e.
1.1" ,: c;
i \. 1·'
I .J 1 1
IflJ 12
(; l 1':

, ... 1'f

(Cl i
Ul!:

(

C
(

c.

c
c.

c
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HSCCJ;

~lE~(~T[~E EtSCC~(Jt

(t~~t~/~Et/t(1~02,12),l(1502J,A~(112),e~(112J,tAll(1~,zt,x(lnl,

~ T'All,[T~,~T.~A,~PCLY,~S2,~[NT.~,E[~.~T~,AGS.GA~~A~,
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Cl (:(~ 1=1,3
Hll'=u."

h';
H4

tl.!:

tCo
C

L:(S

c.

[ l e =c: 'I =1.I 11O!
cc. f5C<; J=l,/I,[t\T
HdJI=lll(l.JI
(Ill InH II\P,T,Ax.H,TS."J
1~(2)=H(2t1

1"1?I=TSI471
1"141=lSISSI
t"151=TSlf!:1

( C( 6')7 J=2 .I~S 1
C ~C7 l"IJ)=III.J+~t-l'

tC ~lO J=2,I\FT
CtHll._-ll=)l(JI

llC CA1A(2.J-l'=I~(J)

~Fl=I\PT-l

c

le::1
C':;: 2
'"c;;
\.(;:4

h: 1"
c,\, 1~
eel ..
tCl~

l;U c
t\, 1,
L(.lh
(' ( 1',
t· (£ I.

(iij~i

(( £"

I,e 111
11;:'11

(, Ii 23
(.,~ ..
cC,:
CCZt
lCd
l,C2c
(.(2.,

rc,::c

c.

(

lC3f:
CC 37
COt:

Hl=~F1+1

[,( tlt J=4.b
tIc) HIJI=(J.1l

Reproduced from
best available copy.



uu:<.i
ICJ,CI
.'C I, 1
Ctl,Z
<.c .. :
U,"I,"

tC"5
l:( 4e
I,C47
r'''e
( Cite;
(,t~t
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ce· 617 J=I,NSZ
tl7 t"IJ)=(;.C

cc 6le J=<:,"-S2
CC tie Icz I,l\F

tIe '~tJJ=A~(JI.CI~).XIJI*.(K-l)

IfINl~PE.e'.lIA~II\SZJ=C.C

C
C (~lCLLA1E eCL~Ct~' CCI\[ITllI\S ~~ eeTTe, CF T~E ~~Ll

t
tC tZ( J=l,I\F
fCI~J=eCI41+C(Jr·XII\S2)··(J-lt

fCISl=eCI:)+fLCAT(J-1IC(IJI*XINSc)··,J-2)
t2~ ElIQ)=EC(~)+FLCAT(J-ZJ.flCA1IJ-IJ.CIJJ*X(I\SZI•• (J-!)

Ifll\l~FE.l\t.l)GC Te tZl,
£( .. 1=(.0

c
e (AlCLlAll 'C"El\lS ~Il~ 'LIl\lIC SFLll\f
C

t\SC=f\S 1-1
[;( eS8 1=1. ,I\SI)

t5e f"flJ=-Jl(L+1J/Hl"
CC 000 I=l,~

totC c({(I)=C.O
LAE=O
CI~TX=I~ES(("AX(1)-C'It«1'1)/2.5

eI~TC=(AeS(C"AX-C"II\JJIZ.5

~"II\=-4.C~ C1/\ IX

{:,,:2
CC!:
C( :'t

L(:5
L( :t.
Cl51
I.l:~

(( : ..
Let .1
L Ct 1
(;(t2
«((j

I.C t ..
cet:
CCtt
u"t7
(( tot

C(t~

':lie
COl
(;(n

(.(.3
(,e;4
U is
COt:
,,( i 7

(

.. - &:
".: -
t,l

Ct:u~

c.
toee.;
(.

(,

CoOZC
CtU:
C

c

c

(C tZ~ .:=l,I\II\T
»II,J/=lSIJr*z.c
CU111\\..E
LC t:~2~ l=l,IT~ Ccccccccceec
cc ~IG~ J=I,~lI\T C
HIJ/=XJIlIl,J) C
(ALL l~lE~ll\l~T,AX,T~,lS,OIC

cc t:a2~ J=I,l\l~l C
)I)l(I, .. I=lSIJ) C
le~lll\LE ((ectCcccecc(CCCCCC

.. F ITtUl)H
El\CfllE. ~l

PU./I\C 21
Ou.. (Hr., ...

cc t: ~ 2 1= 1 , 11 ,..
C( t:Z J=l,t<ll\l
»«(,JI=>xll,Jl· ... l~/EI~
CC t:55 1=1,1\11\1
>1 I L /=)11 f I J*/-T"/EI"
)~ (I )=)l~ II '.H"/EI"
);(I)=)l3(1)·~T'/EI~

)"(1)=)I~ll'*'"T'/EI,.

I:C 650 1=1.,11M
11~1):lT(11*... T~/EI,.
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HH~T

0-:7b .,,. AX= t.0"Clr.1)(
COS )~I~a-7.5·Cl~TC.C~Ir.

ctEC X"AXa 1.S.Clt.TC+C"1r.
( CC 670 J z l.3
C (it TC (Cf1.H3,~65J,J

C Hl CC H2 l=l.l'\Su
C ttZ 1~(IJ·2.0.t(1,1+~A)·~T"/EI~

C Gt It tel
t: H~ C( Hit l·l."~ll

~ ct.4 '''(IJ·2.0·'lIT~A~.I+r.AJ.~T''/El''

c Cl Tt te7
c H~ tc H~ I"l.N~,)

C tt.t: t" II )=2. ';·H ( IT ~, (.1\ AJHi"/[ r ~

C ee 1 CALL XYFLll"so,A~.e".x"1".)"AX,Y"IN.V~AX,C(C,lAE,2)

( ~n (C." TIN\, E
C

(C~l CC 67C; J= 1,~

lC t2 H. Tt l~tl,ct3,(f~).J

I.i.E; eel HI U=)(1120
~le .. ,,.IZ)=>lllt1)
ceES '''(3)=XlIS'i)
ecce t,.(4)=)I11H)
Cd.? ((. TC ~f;7

~(H to t"ll)=llZIZt:J
((EO; H(21=1l2141)
l;;SO ,,.(3) .. )l2l~;J

C'l: Ii 1 H(4)=llZIt.:J
",,<;2 Gt Te tt7
r~~3 tt.; Hll)=)I;IUJ
lC~4 t~ IZ'=)31111)
I:C': 5 H(3)=)(31~C;'

(l':c; It- (4) =>3lte'
liC~1 HI (ALL )IV~lrl~Su,A,..E".)I"I".)~Ax,Y"Il'\,Y"~x.crC,l~e,Z'

(( ': E t7J (OTI~l.E

C
(CC;c; CALL FAPHHll
l;U I, (Al L PAFLCTlSI.S2,lS.C"I~.C~A)l)

C
Lilt: I Ct esc l=l.£l,v
I' If 2 Cl 61:''' J=I.I\I1\T
\.lC: He »ll,J,=)xII.J)·EI"/~T"

C
CIC4 70 1 f 0" tT 12 F1'1.0 )

C.
CIC: HlLH.
UICe HI:
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0001

OOUl

0003
0004
0005
0006
1)001
0008
oooe;
0010
U011
DOll
0013
0014
0015
0016
0017
00t8
001/l

OOzO
0021

c
C
t

C

c
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P4GE

SUBROUTINE PAGE

SUaROUTIN~ TO SET UP PLOTTING ON 4N 8-1/2 X 11 INCH AQEA

DIMENSICN A(2) ,B(21 ,CCC(31

DC 120 1-1,3
120 eec( ['-0.0

LAB-O
Ul1-0.0
A(21-11.0
B(1)-0.0
B(21-0.0
CAll XYPlCTCZ,A,8,0.O.15.0.0.0,lO.O,COC,L~BI

AC 1 '·11.0
8(21-8.5
C~LL XYPLCT(2,A,5,O.0,15.0,O.O,10.0,OCt,L~Bl

A(lI=O.O
A(ll-O.O
CALL rYPLCT(1,A,e,o.o,15.0,O.O,lO.O,OCC.LABI
lCll-11.0
8<1 J-S. 5
CALL XYPLCTt2.A,B,0.O,15.0,O.O,lO.O,OOC.LA81

~ETURN

EII.O



0001

0002

000:

000..
0005
0006

0007

0009
0009
0010
0011
0012

0013
0014
OC'15
0016
0017
0018
OOlq
0020
0021
0022
00Z3
0024
0025
OOZE:
0027
0028
0079
0030
0031
003?
0033
003 ..
0035
0036
00;7
0038
0039

0041')
0041
0"42
0043

C
C
C
C
C

c

c

C
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PAPleT

SUBROUTINE PAPLOT(Sl,SZjLS.D~IN.OMAX)

S~BROUTINE TO PLCT CUT,C~ A SINGLE 8-1/2 X 11 PAGE A CONTCJ~ ~AP CF
A PARAMETER ALONG WITH PLOTS O~ STATIC INITIAL AND fiNAL VALUES AS
WELL AS MAXI"UM DYNA~[C VALUES

CCMMON/ReO/A(1502,12t,T(1~02t,AX(112),8X(112),~ALI(15,Z),XlIOJ,

X TCALI,tTM,~T,NA,NPCly,NS2,NINT,H,e[M,HT~,~GS,G~~M4M,

X NTYDE,Fl~,~g,XP(9J

COM~ON/8lUE/Xl(11Zl,X2l112J,X3111Z1,TTl1502J,XX(1502,1lZJ,~M(ll,

X YM(l),TMlIJ,lT~~X.IX~AX

ce~~CN/GREE~/CM4Xl2J,CMI~(2J,JPlTCO

CC~MCN/~PAY/TITLElllSJ,TITLE2(lBI

~I~ENSICN SI(lJ,SZlll,LSllt,OOCl31,AAlZ),BBlZl,Tlt.I,TZI31,T3l11t
X LTl41,CXlIOI,CYlI01,CZlIOJ,PXIII,PY(II,TOllI

DATA Tl/'lOC~','TICN',' (X','/~I'I,TZI'TIM~',' (T','.FII'I,
X T3/·X/H'/,T_I'T.Fl'I,LT/15,12~J,~/,TD/' 'I

DC 101 la 1,3
701 ceClltmO.O

DC 70Z 1-1, lT~
702 TlllsTtll*FlM

Nlt\T:NINT-3

CUL P4GE
LA8=0
CALL VlABELll.5,Z.O,CMAXlll,CMIN(I',5.0,5,TI,lTll"l,'IF3.1t',31
CALL VL~BEL(7.S.1.5.C~AXlll,CMlNI1),Z.5,2,T3.LT(3I,l,·1~3.1)',3t

CALL VLA6EL(7.5,l.5.C~IN,C~AX.Z.5,l,S2,LS(2J.a,'(F5.ZI'.51

CALL VLAeEL(7.5,5.0,CMI~.O~AX,2.5,2,SZ,lS(2',I,·(F5.21·.5)

START=1.5+«5.0-(FL04TtLSll'I*5.0/12.0)/Z.OJ
CAll SYSSY~(START,7.25,O.5,Sl,LS(lt,O.OI

CALL SVSSY~ll.0,l.15,O.l,TITLEl,72,O.01

C~LL SYSSY~ll.O.I.O,O.l,TITLEZ,7Z,O.Ot

IF(lPlICD.~C.OIGC 10 70~

C.1 LL Vl A!! Ell I. 5. Z • 0, C14 IN l Z I , C~ux (2 I , 5.0. r; , T2 ,LT( 2 I ,() " IF 4. 11 • ,41
CALL VLAeEL(7.5,5.0,C~INI2J,C~AXlZ,,2.5.2,T~,LT(~t,O,·(F~.lJ',~)

GC TO 704
703 CALL VLAREL(1.5,~.a,C~IN(2),C~AXI2},2.5,I,T4,LTt4),O,·(F4.1)',4)

CALL VLAeFL(1.5,Z.O,C~INlZI,CMAXt2),5.0,l,T2,lTI2),O,'(F4.l1 ' , .. 1
CC-C~AxlZI-C~I~(lJ

o~=O.Z.CC+CMIN(Zl

pe=O.8.CC+C~INI21

PC=O.05*CC+CMINI1)
PO:O.15*CC+C~It\l21

pe=0.I·CC+C~lN(21

PF=0.6*CC+CMIN(Z)
CALL VlABeLl4.0,2.0,PA,PB,I.875,3,TU, ..,0,·(F~.II·,~)
CALL VlABEl(Z.lZ5,Z.O,PC,PD,l.25,2,TD,4,O,'(F4.1)',41
CAll VlABELlS.IZ5,5.0,PE,PF,l.Z5.1,TD,4,O,'CF4.1)·,4)
CALL VLA8EL(8.75,5.0,PA,PF,O.6Z5,I,TO,4.0,'(F •• l",~J

704 HI1I=1.5
A4(11=6.5
8Btll=7.0
BIH 1 )=7.0



0044
00.. 5
004~

0047
OC~8

0049
00150
0051
00S2
0053
0054
0055
0056
0057
005!!
oesc;
0060
0061
0062
0063

0064
0065
0066
OOH
0068
OC69
0070
/)071
0072
oon
0074

0015
0076
OQ77
0018
0079
0080
/)081

on82
0083
0084
0085
0086
0087

008e
00e9
00';0
0091
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P4PlCT ..
CALL XVPlOTC 2. U, 8B.O.O. 15.0.0.0.10. O,OOC ,LAS I
,UU·I-6ooS
88Cl)·2.0
CALL lCYPLCTC2,AA,BB.O.O,15.0.0.0.10.0,OOC,lABI
U( 11-1.5
BI! (l 184.0
AA121-10.0
88121-4.0
CUL XYPlCT( 2, A.\.BB .0.0.15.0. O.O.lO.O.OOC.LAS I
UC 11"10.0
BBCll-1.5
C4LL XYPlOTC2,4~.8B.O.O,15.0,O.O.lO.O.ooc.L~e)

un 1-1.5
BBCll-7.5
~4C21"'lO.O

B!!fZI-1.5
CALL )(YPLCTC2.AA.8B.O.O.15.0,O.O,lO.O.~oc,L~el

AAC 1 1=1/).0
BBCU-5.0
CALL XYPLCT(2.A4.BB,O.O~lS.OtO.O.l0.0.DOc.l~BI

C
IF(IPLTCD.NE.OIGC TO 71Z
C~·C"(2.0.CP4-C~IN(Z)tj

ce7(1.0-CAI·C~IN(ZI

OA·CC/12.0.(C~A)((ZI-P.\)1

oe·(CMAX(z,+c~r~C21)/2.0J-(OA.P~1

DC 110 J-I • Jl"
IF(T(II.lT.PAIGO TC 70B
TCII·CTCt)·OA'+~8

GC TC no
roa T(JI=CT{I'.CAI+CB
710 CCNTINUE

712 N9-NT-NA
DC 714 1"'l,NB
CX(ll--XCI+l'/HT'

714 cve I '=0.0
IF(N~.E~.O)GC TO 118
DC 717 I:I.Ne:

717 Clt Ila-XP(I+l "HT~
c
C SCALE PAPA~ETERS fOR CCNTCUR PLOTTING
C

118 CINT.(ABS(C~AXC1'-C~INC1"1/5.0

XMIN=-7.0*CINT
X!"4lt= 3.0*C!NT
CINT-CA8SIC-4XCZI-CMJN(ZIII/S.O
T~IN=-I.5*CINT

T~AX·13.?CINT
C
C PleT CONTOURS
C

IFINQ.EO.OIGC TO 720
CAll XYPLT(N~.CYtCZ.T~I~tTMAX.XMINtXMAX.CCC.LA8t41

7Z0 CALL XYPlTINB.Cy.CX.T~rN.T~AX.X~rN.XMAX.OOC.lA8,~1

AA n I -C" I t\ I 2 I



0092
oOln
0094
00«;5
0096
0097
0098
OCqc;l
0100
0101
0102
0103
0104

0105
0106
0101
0106
Oloe;
0110
0111
0112
0113
OIH
0115
0116
0111
Olle
011e;
0120
0121
0122
0123
0124
0125
0126
0127
0128
0129
0130
0131
0132
0133
01~4

0135
0136
0131
0138
01311
0140

0141
0142
0143

C
C
C

C

~ .-------------------,-- '_.._._-_._--_._-.__ .,._--_.-•.~--_._----.- -_._- ._-_.._....
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PVLOT

se (lJ-eX·llX'oCAX J
AA(2JaC~A:r(1J

88(Z,-eX( IX"IAXJ
CALL XYPLCT(2.AA.Be.T~IN.T"AX.XMIN.XMAX.COC.lA8.

Ul H-T(1 THUJ
BiH 1 ."'-ClIIINt 1 I
AA(21-TlITMAXJ

-8BlZI--C"AleClI
·CALL XYPLCT{2.A4,Be.T~IN.T~AX.XMI~.XMAX.OOC.lA81

·PX(UanITMAXJ
py( 11-8)( lXMUJ
CALL XYPLTll.PX.PY.TMl~.TMAX.XMlN.X~AX.DOC.LA8.1J

CALL MAP(T.BX.XX.TMAX.TMIN.XMA~.XMl~.OM~X.DMIN.lTM.NINT.2ll

PLOT INITIAL AND FINAL STATIC PARAMETERS AS WELL AS "'AXIMU~ OYNA~lC C~~S

CI~TX-lAaSICMAXl1J-CMIN(1'JJ/2.5

CINTT·lABS(CMAXl2)-C~IN(2))J/2.5

CINTC-(A~5(O"AX-C~INJ)/2.5

Y"lIN=-4.0*C I/1iTX
YflIAX. 6.0.(I~TX

X~IN=-7.5·CINTO~OMIN

XflIAX= 7.5.CINTC.C~IN

CALL XYPLT(l.XM.Yfll.XMIN.X~AX.YMIN.YMAX.DOC.LAR.lJ

IF(~C.EQ.O)GC TO 722
C~LL XY~LTINC.CY.CZ.XMIN.XMAX.YMIN.Y"AX.OOC.LA6.~J

122 CALL XYPLTI~R.Cy.CX.X~IN.X~AX.VMIN.VMAX.OOC.lAR.3)

~A( u-o.o
U(21-0.t'
B!H 1) --CMAX ( 11
68(21=-(MIIII(1)
CALL XYPLCT(2.AA.e8.xuIN.XMAX.YMIN.YMA~.ooc,lAeJ

CALL XYPlC1ININT.X1.BX.X~11ll,X~~X.YMIN.YM~~.OCC.lA61

CALL XYPLCTtNINT.X2.ex,X~IN.X~AX.YMIN.YM~X.DOC,LA8)

CAll XYPLGT(NINT.x;.ex.X~lNtX~AX.YMIN.YMAX.DCC.LA61

Y~IN=-5.0·CINTO+OMIN

Y~AX= 5.0.CINTO+C~11ll

XMI N--7.5*( IIIlTT
XflIAX= 7.5.CINTT
IF(IPLTCD.N~.O)GC TO 72&
If(T~(l).LT.PAIGC TO 125
T~lll=(T~(11·CA).C6

GC TC 726
725 T~(l).(T"'(lJ*C41.C8

72& CALL XYPLT(l,TM.Xfll.XM(N.X~AX.Y~IN.Y~AX.DCC.LAB.l)

Be (1)=0.0
8e(21-0·.0
AA(I).-:Clo411\(2)
AAI21=CP'AX(21
CALL XYPlOT(2.AA.BB.XMIN.X"4X.Y~IIIl.Y~AX.ry0C.LA6J

LAB--l
CALL XyPLCT(IT~.TtTT.X~IN.X~AX.Y~IN.YMAX.COC,LA81

IFlIPLTCO.NE.OIGC Te 734
PG-(CMAX(2J+CMI~12)J/2.0

OC 729 I:l.n..



0144
01095
0146
0147
0148
0149
OISO
0151
01';2

Oi5~

01.54
01')5

0156
0157

c

c
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P4PLCT

IFCTCIJ.1 T .PGJGO TO 728
T(IJ-(lCtl-C81/JA
GC TO 72q

7281CIJ-CTCIJ-C8J/CA
129 CCNTINUE

IFCT~CIJ.LT.PG)GC TO 132
T~Cl)c(TM(lJ-C8)/OA

-GC 1C 7~4

132·T~C11·CT~Cl)-CBI/CA

734 DC 135 1"1.11:01
135 T( 1 JaT( [J IFlM

t.;INT='NI~T+3

PfTUPN
END

/



0001

OOOZ

0003

000:.
OOOS
0006
0007
0009
oeoc;
0010
llO 11
001Z
001;
0014
1)015
0016
0017
0018
0019
OOZO
OOZl
0022
0023
00:24
0025
0026

0027
OO?"
on79
0030
0031
0032
0033
003:.
O£'3 S
0036
0£'37
0038
0039
0040
0041
00 ..2
004~

0044
OO.. S
0046
0047
00+8

c
c
c

c

c

- 327 -

PAPRI'\T

SUBRourrNE PAPRNTCIPARM)

SUBROUTINE TO PRI~T CUT PARAMETERS

CC~~ON/REO/A(1502,12),TC1502),AX(112)f8XCl12J,CALIC15,2J,XCIO),

X TCALlfITM,NT.NA,NPOLy,NS2,NINT.H.EI~,HTM,AGS,GA~MAM.

X NTYPE,FIM.N~.XP(9)

·CC~~CN/BlUE/X1(112).XZ(112).X3(112J.TT(1;021.XXI1502.112).X~(1'.

X Y~(1J,T!4(1J,ITNAX,Ix".u

NINT-NI"T-~

T,,-rc 11*F 1M
TB"T( ITfl(AXI*fl~

TezY( ITIolI*FI/4
"C 61 "-1,3
pqlNT 200
GC TCl51.52.53.54),IPARM

SlPAINT 21)1
GC TC 57

52 pOINT 202
GC TI: 57

53 PRINT ZO;
GO TO 57

54 PAIN1 204
57 PRINT 220,TA,T8,TC

l=N*SO
DC 60 J=1.50
laCl-SOJ+J
IFII.GT.NINTJGC TO 62
rx..-BX I I J

&0 PRINT 221.I,XIIII.XZIII.X31[I,TX
61 CCI'\TINUf
62 CCNTrNUE

"C 81 N-l.15
PQINT 200
GC Tcr71,72.73.741,IPA~~

11 P~INT Z01
GO TC 77

72 PRINT 202
GC TC 77

73 P~["'T 20?
GC TC 77

74 PRINT 2t'4
17 TlCa-BXIIX"AX)

PR I '"T 222, TX • Tx
l:o:N*50
DO 80 ',j-l.50
1"(l-501+J
Kr.[+CN-ll*50
I(K=1(+50
IFIKK.GT.ITMIGO TO 82
TY--T I K1*F1M
naT( KK J*FlM

80 PRINT 223.K,TTIK).TY,KI(,TT(KKI.TZ
91 CCNTINUE



00:.9
0050
0051
0052
0053
01154
0055
0056
0057

C
0058
OOSe;)

0060

0061

0062

006=

001:4
006'5

01066
0061

c
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PAPRf\r

82 CCNTJNUe
NSa(Z*N-l'*50
TFCK.!Q.NSJGC TO 86
DC 85 I-I<."S
naTC IJ*FIM
IF(I.GT.IT~JGO TC 86

85 PRINT ZZ~.I.TTII),TY

86.CCNTINUE
. NINT-NIp,jT'-3

200 FCRMATI1Hl)
201 FCRNAT(31~,' ',

X 1,31X.'. MC~eNT (~"H/eIJ .',
X 1.31X.' 'J

20Z FC~~ATCZ5X,' ',
X I.Z5X.·. SHEAR CQ/CO.5.RO*G.CH**2111 ••
X 1,25X.' • ............ • '1

203 FCRMATC25X.' '.
X I.Z5X.'. EARTH PRESSURE (P/(RC.G.HJ' .t.
X 1.25X.' • ............. * 'J

ZO~ FCRMAT(29X,· 't
X I,Z9X.'. DISPLACEMENT (V/H, .',
X 1.29X,' 1'

220 FaR~ATC17X.'STATIC·,lOx.·MAXIMUMOYNAMIC'.6XI I FINAl STATIC',6~,

X' LCC~T ION I. 1.12X, ,« T.FlJ.' ,E 10.3, 3X. 1« T*FlI-' ,E 10.3, 3X. ' (T*F 1 J'" •
XEIO.3.5X.'CX/HI'.1.12X. I

x_ I J
221 FCR~~TI6X.I4.E19.3.ZEZO.~.FIO.3J

222 FOR~'TCIOX.'MAXl~UM OYNAMIC·.8X.·Tl~E',1~X.·MAXIMU~ DYNA~IC',8X.

X'11~EI,I.12X.'IX/HI.',F5.3.qx.'CT"Fll',15X,·(X/HI.·.F5.3,9X.·
X·C~.fl'·,I.lOX.' _____
X fJ

ZZ3 FCR~ATC6X.r4.ZE15.3,7X.14,2E15.3J

224 FrR~ATC6X.14.2E15.3)

RETURN
Er-;n
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PRESS

0001

0002

0003

0004
0005
0006
0007

0009

0009

0010
0011
0012
0013
0014
001'5

C
C
C
C
C

C

c

s~aRCUTINE PRESS

SU8ROUTIN~ TO DERIVE E~RT~ PRF.SSURFS BY S~~AR DIFFERENTIATla~

O~ BY QUINTIC SPLINE FITS CF PRESSURE nANSDUCER CAU AS O'J!'IlE
IN SUBROUTINE HOMENT

CC~~ON/RED/AC1502,121,T(1502),AXCI1ZJ,BXCIIZI,CALIC15,21,X(10),

X TCAll,(TM,NT,NA,NPCLV,NS2,NtNT,H,eIH,HTH,'GS,G4~MA~,

X NTVPE,FIM,NC,XP(9) .
·CCMMON/BLUE/XICl121,XZ(11ZI,X3Cl121,TTC15021,XX(l502,1121,x~tlt,

X YMCll,TMCll,IT~~x,lx~~X

C[·~CN/GREEN/C~AXC21,C~INC2"IPLTCD

CC~~CN/YELLOh/TR(11ZI,TS(112t

RE\l*~ STCRCll,251
DI~E~SIC~ Sll2J,S2C31,LSCZt,REt1502t,OOC(3),AAClt,BBCl),AMClO),

X B~(lQJ,OATAt3,lOt,CCll),XPlClOltA~lC10)

DAT~ Sl/'PP~S'.'SURF'I,S2/'P/IR','O*G.t,·HI'I,LS/8,101

NI"'NINT-4
IFC~~.NE.OIGO TQ 900
oe 825 IaItlTM
DC 909 J-I.NII\T

809 TR t J ),. XXI I , J )
call OERIVCNINT,H,TR.TSI

l>016
0017
001'3
OC19
0010
OOZI
0022
0023
0024
0025
0026

0027

002~

0079
0030
U031
0032
003~

003"+
003'5
0036
OC"."7
0036

0039

c
C FIND LCCLTION CF PRESSU~E RES~LTANT CRECI"
C

AIl-O.O
YA.. O.O
nc 815 J=l.Nl
oa=O.S*IAXCJ+l)-AXIJI'*CTS(J+l'+TSCJ)}
Y=C4XIJ+l'+AXCJ')/2.0
AIl=~Il+DA

815 YAsY hV*OA
~EII)=YA/AR

DC 820 J=I,NINT
820 XXCI,JI=TSIJ)
925 CCNTINUF

c
621 C.ALL CRUI'\CH

C
rye 830 I=l,IT~

00 830 J.l,IIII~T

930 XXII.JI·xX(I,JJ/IGAMM~~·~TM)

DC 835 j"'l,NINT
XICl'·XltIJ/CGA~~A~*HT~'

X2tlt·X2II)/CGA~~A~.MT~)

835 X3(1'·X3(II/(GAM~A~.~T~)

X~CIJ=X~CIJ/(GA~MA~*~T~J

I"C 836 1-1,ITM
RECI'·-CRECIt/HT~1

836 TT(I)·TTtIJ/(GAM~A~.HTMI

C
DC 840 1=1.3
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PRESS

00..0 alto oceill-O.O
0041 LA8-0
0042 CINTx-IABSIC"AXIII-CMINIII)J/2.5
00'.3 CINTO·(A8SI0MAX-O~IN'J/Z.5

0044 Y~IN·-4.0*C.INTX

0045 Y"~X'" 6.0*C.INTX
0046 X~IN--l.5·CI~TD.D~IN

0041 ·X~AX- 1.5*CINTD.C~IN

0048 -UI11-0.0
004<; ·BBU.-REIl)
O()~O CALL XYPLTI1,AA,8B,X~lN,X"~X~YMIN,YH4X,~OC,LAB,11

0051 8611 J-Ret n"4AX'
0052 c.aLL XYPLT(I,AA,Be,X"I~,X~AX,YMI~,YMAX,OOC,LA8,OJ

0()53 eBIU-RFI IT"')
OlJ54 CALL XYPLT(I,AA,ee,X~IN,X"'AX,y ...t~,Y"'AX,OOC,LA8,5.

c
0055 IF(N~.ec.n)GO TO Q40
OM6 /l,SO-I\;W-2
0051 00 858 lal,NSO
005'1 859 B~II)·-xP(r.lI/HT~

005Q DC·860 1=1,3
OO~O a60 ece I 11-0.0
I)O~1 LAe-o
oe62 Cl"TX·IAeSIC~AXll)-C~I"(1))/2.5

006: CINTD-CABS(OMAX-OMINI)/2.5
OOli4 Y"tN=-4.0>fClfIlTX
0065 Y~AX- 6.0*C INTX
0066 X~tN·-7.5·C!NTD+~~IN

0067 X~A~= 7.S*CINTO.O~lN

0068 DC 870 J-l,3
006Cl GC TC (~61,863,8c5),J

0070 861 DC 862 [-l,NSO
0011 l!62 AMlr)=A(l,I.NTJ/IGA"'~A~*HTMJ

0072 GC TC 867
Clon 863 DC 864 r-l,NSO
0014 l!64 AM(I)=A(lTMAX,I.NT)/lGA~~A~*HTM'

0015 GC TC 867
()O76 865 OC 866 l=l,NSO
0017 866 A~(It=A(ITM,l+NT'/(GAM~~~*HTMJ

0078 867 CAll X¥PLT(NSO,A~,B~,~~[N,X~AX,Y~IN,Y~AX,COC,lAS,2)

0079 870 CCIIITINl,;E
OORO GC .,.c Q40

C
0081 900 NPP-NPCLY+l
0082 NPT=NQ+l
oae3 N"r.NPT+l
0084 A~nl·O~O
0085 I)C Q05 I=I,NPT
0086 905 OATA(3.['=1.0
0087 eHISQ=o.O

C
0088 DC 930 l=l,n..
0089 DO 907 J=2,NPT
OOqO CJ07 A~CJI=A(I,J.NT-l)

OOQl DC 910 J=2,NPT
0092 DATACl,J-lJ=XP(JJ



0095

00C;6
0091
0098
0099
0100
0101
0102
0103
0104
0100;

0106

0107
0108
0109
0110
0111
0112
0113
0114
0115
0116
0117
0118

0119
0120

0121
0122
0123

0124

0125
0126

c

c

c
c
c

C
C
C

c

c

c

C
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PRESS

910 OA1A(Z.J-l)-AMIJJ
NP1-NP1-l

NP1-=NPT+l
DC 917 J-l.N"

917.4"( J '-0.0
'00 918 J-Z.N..
.OC 918 K-l.NPP

918 A~(JIr.~~IJI+C(K).XP(JI•• (K-lJ
N_I-NW-l
DC 922 J-l.N"1
XPIIJI=xJS(JI

922 A~1tJJ-A~IJ'

CALCULATE PRESSU~ES .ITH CU81C SPLINE

FINO lCCATIGN OF PRESSURE AESULTANTIREII})

.\R"O.O
YA.-O.O
DC 925 J-l.NI
n4=O.5*eAXIJ+IJ-6XIJJJ*(TS(J+ll+TSIJII
y-eAXeJ+11+AXIJJI12.0
AR-4!l+CA

925 VA-YA+V*OA
R~ eI) - VAl AR
DC 927 J"l.NINT

927 XX([.JI=TS(JI
9?0 CCNTINUF

GC TO 827

940 CALL PAP~NT(3)

C~ll. PAPLO.TISl.Ci2.LS.DMI~.D"'~XI

DC 943 1"1.1T"
DC 943 J=l.NINT

9~3 Xl(I.J'~XX(I.JI.(GA~~AM.~T~1

991 FCRM4T(2flO.OJ

RETURN
ENO
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QUINT

C
C •••• S~B~OUTINE TO FIT A CUINTIC SPLINE TO 4 SET OF ~4T~ POINTS IX.Y)
C BC ARE BOUNCARY CONDITIONS
C 8C(l'.YIl);BC(2)~Y'(1);eCI3'aY"(11,

C BC(4)-YINN1;BCIS1-Y'INNI;8CI61-V"INNJ
C

0002
0003
0004

OOOS
OO<l6
0007
OOOlJ
0009
0010
0<'11
0012
001?
0014
0015
0016
0017

0016
0019
0020
0021
0022
0023

0024
0025
002~

0027
002!!
OC2Q
0030
OO?l
0032
0033
0034
0035
0036
0037
0038
003C;

0040
0041
0042
0043
0044
0045

C

c

C

C

c

OIME~SICN 8CI61
DIMENSION XI11.Y(1),SI1),TI1),H(SOOl,4IS0,501,B(SO',UI6,61,C(6,7'
CCIlIlMON/PUPPLE/JWANT,fIRISOOI,SECISOOI

IFINN.GT.501'GO TO 99
N=NN-l
NI"l-N-l
"C 5 I-l,N
~ll)-Xll.ll-XII'

S CCNTlNUE
N6-,..·6
DC 15 I s l,N6
BI 1'''0
nc 15 J-l,N6

15 AIJ,I ...O.O
DC 25 1"1,3

25 A1 I , 1 , .. 1.0

Be useell' .
BI 2 '=BClZ'
B (3' -8C(3)
BIN6-2'saCI4)
8C"'6-1)=8CI5 ,
8IN61-eC(6)

CC 40 1"'1,N--l
814+11-11*6I s YII+11
Ilb'4+·1 1-1 )*6
Ie-6·(+1
AIIR,ICI=l.O
lC-IC-1
DC 35 J"I,5

35 AII~+J,lC+J'.-l.O

'RG.... I I)
IR-3+ll-1)*o
ICal 1-1 I*l:
CAll SUBUIARG,UI
DC 37 JC-l,6
DC 37 JR=1,~

37 A(tR+JR.IC.JClsUIJR~JC)

40 CCNTINUe

CAll SUBUIH(NI,UJ
IR-N6-3
IC s N6-6
DC 50 JC=1,6
DO 50 JR=1,6

50 4IIR+JR,IC+JCI-U(JR+l,JCJ
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~UINT

C •••• ECSOV IS A SYSTEM SUBQOUTINE
C

0046 CAll ECSOVIN6,A,B,lO,1.OE-4,t,IT,O)
0047 DC 60 lel,M
00_8 IFISll).lT.Xll» GC TO 53
0049 DC 52 J-l,N
0050 IFISIY).LE.XCJ+l)' GO TO 55
0051 52 CONTINUE

~CcctCcCCCCCCCCCCCCC

0052 GC rc 55
CCCCCCCCttttCCtCtCCC

0053 53 PRINT 106,1
oa5~ GC TO 60
0055 55 CCNTINUE
0056 SX-SII,-XCJ'
0057 TII)-CCl,JJ+SX*ICC2,JI+CSX/2.J*CCI!,JI+{SX/1 •• *lt(4,JI+(SXf4.)$

xltr5,JJ+(SX/5.)*CI6.J.'JIJ
0058 IFIJ.A~T.EC.OI GC TC 60
0059 SECIII-C(3,JI+SX*IC(4,JI+CSX/2.I*CCIS.JI+CSX/1.I*cr6,JI))
0060 60 CCNTINUE
0061 P.E~URN

0062

0063

0064

0065
OO~6

c

C

c

99 P~INT 107

106 FeRMATr,,' THE'.15,'TH ElE~E~T OF THE ARRAY S IS CUT Of RA~GE~,,~

X' ERPCR MESSAGE FPOM ~Ul~T',/J

107 feRMATr/,' N IS LARGER T~AN SOl'".
X' ERROR MESSAGE FRC~ tUrNT'.,)



712
714
120
725

C

C
C
C

727

ns

736

0001

0002

Oon3

0004
0005
000&

0007

ooes
OOQq
0010
0011
(1)12
0013
0014
0015
0016
0"17

001a

OC1 (il

OOZ:,
0021
0012
0023
(\C'z~

0025
0026
0027
OOZA

0031
003Z
0033

0034

OO~5

0036

c
c
c
c

c

C

c

c

c

C
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SHEAP

SU8~CUTIN~ s~eAQ

SU8QCUTINE TO DERIVE ShEAFS 8v ~C~ENT CIFFeRE~Tl'TION O~

PRESSURE OISTRIBUTION INTEGRATION

CCM~ON/peD/A(1502,12J,T(1502I,AX(112J,eXI1121,CALIr15,Z"xrlD),

X TCALI,IT~,NT,NA.NPOly.~S2,NI~T,H.EI~.HT~.AGS,GA~~A~.

X ~TYPE,FIM.N"XPlql

CCMMON/BlUE/XlI112I,X2(112),X3(11Z),TTI150ZI,XXI1502,l12J.~M(1),

X y~rl),T~(ll.IT~AX,IX~AX

CCMMCN/YElLC~/TPrllZ),TSlllZ)

DI~E~SIC~ Sl(Z),SZ(1),LSrZ)
DATA Sl/'SHEA','R·I,S2/·"rp·,·Ae/K·,·AE)'~,LS/5.111

DC 125 IaJ,IT'"
"e 70q J:ol,NJNT

709 T~rJI·xxrI.J)

IF(~C.~E.OIGO 10 i12
C~lL OE~tvr~tNT,H,TR.TS)

GC TC 1H
CALL t~TEGlNtNT,Ax,TP,TS,OI

.,e 720 J=l.P.lINT
XXlI,J) ..TSIJI
CCNTt/'\UE

CALL CRUNCH

DC 127 I=l,tTM
I)C 727 J*I,NI~T

XXlI,JlaXX(I,JI/(O.5.GA~~A~·l~T~••2»)
DC 735 I:al,~INT

~1Ir)r.XlrY)/(O.5·GA~~~Y.(HT~··21)

XZ(II:aXZ(II/(O.5·GAY~A~·IHT~··2})

X3([I:ax311)/(O.5·G~M~~~.(HT~·*2»

X~ll)=X~(1)/(0.5.GA~~A~.(HT~··2JI

DC 73~ 1=1, nl'
TTlII:aTTltJIlO.5·GAM"'~"'.(HT"'''2))

CAll PAPR~T(2)

C~Ll P4PLOTlSl.S2.L5,DMIN,DM4X)

DC 144 t:at ,I T",
nco 144 J-l.NINT

7•• XX(I.J)=XXII,JI.(O.S.GA~~A~*IHT~••2IJ

801 FCR~AT(2FI0.0)

RETURN
EI\"
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CCM~CN/k~ITE/J.4NT.DER(15001

OI~ENSIC~ XllltYlll.SI11.T(1).A(1500,3't~(150~I,P(1500ItH(15001

C
IF(~N.GT.1501)GO TO 90
N-NN-l
NM1-N-l
"C 5 Is 1. t.

5 HIII-X(I+I)-XII.
00 15 1-1,N'41
4(I.l)=~II)/HII+11

AII.ZI-2.0*IH((+II+HIIII/HIX+I)
AI (.3)-1.0

15 IH 11=6.0*11 VI J.2 I-V I 1.1 I 111-1 I (+11-1 YI 1+11 -y I I I) 1104 IIIl/H IT +1)
U1,1I=0
41""'1.3)"0
CALL ALGECN(~~1,At8,P)

DC 45 (:1.'"
IFISIJ,.lT.xll.,GC Te 26
OC 25 Jal.N
IFISIII.Le.XIJ.ll)GO TO 28

20; CCNTINUE
C ccccecee

GC TO 28
C eeecccce

26 PRINT 106.1
GC TO 45

29 fFIJ.EQ.IIGO TO 30
JFIJ.EC.NlCO TO 40
Tlll-IPIJ-1'*IXIJ+I)-SIII)**3+

XP(Jl*(S(I)-XfJll**3+(6.0*Y(J+l'-H(JI*.Z*O(JII*(SIII-XIJll+
X16.0*YfJI-HIJI·*Z*P(J-IJ)*IXIJ+1)-SIII))/t6.0*HCJ))

GC TC 45
30 TlIJ=CPIJ.*ISIII-X(JJJ**3+16.0*Y(J+II-H(JI**Z*PIJJI*CSlll-XCJI)~

X6.0*YlJI*(XIJ+ll-SCII))/t6.0*HIJI)
GC TC! 45

40 T(II=IPCJ-Il*IXIJ+11-SC111**~+6.0*Y(J+11*ISII)-XfJ)I+

XI6.0*YIJl-HtJI**Z*PfJ-l11*IXCJ.11-SIIllJ/16.0*HIJII
45 CCNUNue

IFII_ANT.E'.OI~ETURN

DC 80 l s 1,14
IFISIII.LT.X(lJIGC TO 52
00 50 J-l.N
IFtSIII.lE.XIJ+IIIGO TC 5~

50 CC~TlNUe

52 .P~INT 106.1
GC TO 80

54 IF(J.EQ.l'GO TC 60
IFfJ.EQ.NJGO TC 70
OER(II=13.0*(PlJJ*ISIIJ-X(J'I**2-PfJ-ll*fXlJ+l'-SIIJJ**Zl+

X6.0*(YfJ+IJ-Y(J»)-HIJJ**Z*fPIJ.-PCJ-I.JJ/lo.O*H(JI)
GC TO eo

60 OER(II-C3.0*P(Jl*(SII)-xtJ)**Z+6.0*(YIJ+11-YIJIJ-H(JI **Z*O(J)11

0001

OOOZ
0003

0004
0005
0006
0007
0008
0009
0010
0011
0012
OOD
0014
0015
0016
0017
00IS!
OCIc;
OOZO

. 0021

00Z2

0023
OOZft
0025
002&
0021

0029
002~

0030
1)031

0032
0033
0034
0035
0036
0037
003e
0039
0040
0041
0042
0043

01)44
0045

C
C
C

SUBROUTINE SPlJNEIN~.X.Y.MtStTI

SUBROUTINE TO FIT A CUBIC SPLINE TO A SET OF NN POINTS IX.Y)



0046
00147

0(148
004Q
On50

C
0051

0052
C

0053
0054
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SPll~E

Xl6.0*HlJU
Gt: TO 80

70 OER« I). l-3.0*P l J- U.U( J+ lI-lil 111••2+60 O*(Y( J+1I -VI J»)+
XHlJt·.Z*P(J-IJI'(6.0*H(J»

80 CCNTtNue
RETURN

90 PClINT 107

106 FCR~~Tl'O THE '.15.·lM eLr~ENT Of ARR~Y S IS OUT OF R~NG= ----
~EctROR MESSAGE FctO~ SPLINE')

101 FCR~AT ('0 N IS LActGER lH~~ 1501, SC~RV'I

RETURN
ENO



c
C •••• S~BROUTINE CALLEe IN ~UI~T

C

onol .

OOOZ
0003
0004
0005
0006
0007
0008
OOOq
0010
0011
0012
0013
0014
0015
0016
0011
OOle
001Q

0020
0021

c
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SUBU

S~8ROUTiNe SUBU(X.UJ

DI~!~SICN Uf6,6J
DC 5 1-1.6
DC 5 J-l,6

5. Uf I,JJ-O.o
• DC 15 1-2,6

15. un,I)-.
DC 25 1-1.5

25 U(I+l. n-l.O
UtZ,3)-0.S*X*X
UC3.4J-U(Z,31
U(4,51-UCZ,31
UI5."J-UI2,3J
Ut2,~)=U(Z.3)*X/3.0

U(3,5)-U'2,41
UI4,6)-UIZ,4)
utZ,S)=Ut2,41-X/4.0·
U'3,~)=ut2,5)

UIZ,6)-UtZ.,J.x/5.0

RETUPN
EN~
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YDISP

RE4~(2UlOC

REAe 381,D~I~,O~AX

DC 201 lat,ITM
OC 201 J.:l,2

201 DIS(I,J)-CIS(I,JJ*El~

C
C DETERMINE otSPUCE~El\TS

C

CALL CRUNCH

OC 2ao 1=1, ITM
00 280 J-1,N1NT
XXfI,JJ-XXIl,JJ*H1M
DC 288 I-1.Inl
DC' 288 J-1,2
DISll,Jt=CIS(I,JJ/et~

CALL PAPPNH4 J
CALL PAPtCTfSl,SZ,lS.O'4IN,DMAX)

OC' 274 1=1, IT "4
DC 214 J=l,NIII:T
XX(l,J)-XX(t,JJ'~T~'

DC 277 1=I,NIIliT
Xl( I)=Xlllllfo<TflI
X2« 1 ).. x;?e II/t'T'"
Xi (I) =X3 ( 1 IIHT'"
XM(ll-X~«lJ/HTM

I)C 279 1=1, ITM
TTl II-TTl II/HT'"

SCBROUTlNF YOtSI'

ScBRCUTINE TO DETERMINE CISPLACEMENTS BY DOUBLE I~TEGR~TIC~ OF MCMe~Ts

CC"~ON/PED/A(1502,12I,T(15021,AX(1121,8X(112J,CALI(15,ZI,XCIOI,

X TCALI,ITH.NT.NA,NPCLy,NS2,NI~T,H,EIM,HTM.AG5.G~~MA~,

X NTYPE,Fl~.N"XP(~1

. CCMMON/BlUE/XIC112J,XZ(112J,X3(112J,TT(1502J,XXC150Z,llZI,XM(lJ,
·x Y~(lJ,TM(1),ITMAJ,IX~4X -
CCNMC~/Y~lLCW/TP(112J,TS(112)

CC~MCN/8lACK/DISe1502,3)

DI~e~SICN Sl(3J,SZCLI,LSIZI
DATA' 51/'01 SP' ,'LACE' " MENT'I, SZI'Y/H'I, LS/IZ,31

DC 250 l"l,tT~

nc 212 J=l,~lf\iT

212 TQCJ)aXXfI,J'
CAll I~TEG(NINT,AX,TR,TS,l)

C~LL INTfGeNINT,AX,TS,TR,lJ
Ee-fTR(lJ-TQ(NINT'+DlSII,Z)-OISII,ll)/lAXININTI-AX(IIJ
H=D IS( 1,1 )-( EE.AX( 1 J 1-T1H 1)
DC 2'37 J.. ltNl~T
XX(I,JI"fTRIJI+(Ee*AXIJ)J+FF)/eI~

CCNTINUE
Z!7
250

C

C

274

277

218
C

C

280

288
C

c

C
C
C

0003

0002

0001

002:!l

0004
0005
0006
001)7

0008
1)009
0010
0011
flOI2

0036
0037
00':8
0039
0040
0041

0(}34
0035

001:
~014

0('15
0016
0017
0018
0019
0020
0021
0022

00;14
0025
0026
('1(127

0028
0029
0030
1)031
0032
0033



0042

0043
0044

c
381 fCQM6TI2F10.OI

RETUIU,
E"'D
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VOISP



0001
00('12
000:
OM4
onos
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BLK eUA

BLOCK DATA
CCMMC~/~HITe/l~ANT.CER(1500)

CC"~ON/~URPLE/JWjNT.FIR(5001.SEC(500t

Q4T4 IWA~T/OI.JWANT/OI

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 dimensions is given in this

appendix.

LOWER CASE SYMBOLS

Symbol Definition

a externally applied acceleration

aR set of dimensionless external acceleration ratios

Dimensions

d thickness L

du digitizer unit

e void ratio

f a

g

i

elastic strength of aluminum

frequency of vibration of model. prototype

fundamental frequency

gravitational acceleration

gravitational acceleration of model. prototype

height

angle of backfill slope

FL-2

T-1

T-1

LT-2

LT-2

L

o

k number of dimensionless groups

1 length of be am L



Symbol
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Definition Dimensions

n number of drainage boundaries

n number of parameters

t

t
c

u
o

v

X6 Y6 Z

y

time

consolidation time

consolidation time of model 6 prototype

model 6 prototype time

externally induced displacement

externally induced displacement of model6 prototype

set of dimensionless externally induced displace
ment ratios

lateral velocity

length and distance in coordinate directions

wall displacement

T

T

T

T

L

L

L

L

L
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UPPER CASE SYMBOLS

Symbol Definition Dimensions

A constant of integration

B constant of integration L

Ca expression dependent on Mononobe-Okabe parameters

Cv

E

F

coefficient of consolidation

Young's modulus

Young's modulus of aluminum

Young's modulus of model. prototype

set of dimensionless Young's modulus ratios

stiffness per unit width of wall

typical force dimension F

F() function of

F. S. factor of safety

G

GGm p

shear modulus

shear modulus of model. prototype

G() function of

G.S. Ground surface

H height

height at which resultant force acts

depth of frost cover in front of wall

height of model. prototype

moment of inertia per unit width of wall

L

L

L
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Definition Dimensions

KA coefficient of static active lateral earth pressure

KAE coefficient of total active lateral earth pressure

KFE coefficient of total passive lateral earth pressure

L

L Lm p

LR

M

M

Mo

typical length dimension

length scale of model, prototype

set of dimensionless length ratios

typical mass dimension

moment

active static moment

active total (static + dynamic) moment

design moment

overturning moment

resisting moment

L

L

M

FLL-1

FLL-1

FLL-1

FLL-1

FLL-1

FLL-1

~mI Modified Mercal!i Intensity

N centrifuge gravitational acceleration scale factor

N ratio of prototype to model length scales

p

p

pressure

externally applied load

active static resultant wall force

externally applied load of model, prototype

total (static + dynamic) active wall force

FL-2

F

-1FL

F

-1FL



Symbol

Q
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Definition

total (static + dynamic) passive wall force

set of dimensionless external load ratios

shear force

externally applied stress

externally applied stress of model. prototype

set of dimensionless externally applied stress ratios

maximum static active pressure

maximum total (static + dynamic) active pressure

Retaining Wall #1

Dimensions

-1
FL

FL-2

-2FL

RW2 Retaining Wall #2

S

T

unit section modulus of cross section

typical time dimension T

T time factor of consolidation

TmTp time factor of consolidation of model. prototype

W weight of soil wedge behind wall

W weight of backfill

FC1

-1FL
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GREEK SYMBOLS

Symbol Definition

~ angle of wall back slope

r unit weight of soil

& angle of wall-soil friction

Poisson's ratio

Poisson's ratio of model, prototype

P mass density

PmPp mass density of model, prototype

ao internal stress

aoma op internal stress of model, prototype

a oR set of dimensionless internal stress ratios

angle of internal friction of soil

active wall force increment due to earthquake load

Dimensions

o

FL-3

o

ML-3

J.n.,-3

o

-1
FL
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APPENDIX D

FINITE ELEMENT COMPARISON

For an analytical comparison, it was decided to perform a finite

element analysis on the wall-soil system of test 1CN0002 using the

linearly elastic structural analysis program SAPIV (Bathe, et. al. [1]).

The finite element grid was first drawn up as shown in Figure D.l

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 in a postulated

prototype centrifuge bucket (i.e •• 50 times larger than their actual

size). The wall illustrated is much thicker than that which would be

the prototype (1 ft thick vs. 3.15" thick if it were aluminum). but its

Young's Modulus was chosen much less so that the stiffnesses 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 since 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 Seed and Idriss [54] between the shear modulus and the confining

pressure:

G =

in which

1000K ( , )1/22 a m (D.l)

G = shear modulus of soil

a' = mean principal effective stress.m

KZ = a 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 right of Figure D.2 to be 4.

The soil moduli were then calculated from equation (D.l) for the various

depths. making some adjustments for the soil in 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 lCNOOOZ (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 one.
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80r---------r--------r--------r-------~

G :: 1000 ~(cr";)~psf

10

30
1--- Dr:=:: 30 %~___
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Dr:=:: 90%
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60~=-

Ol.-:-- ~-------l....:--------L-------....J
10-4 10-3 10-2 10-1

Shear Strain -percent

SHEAR MODULI OF SANDS AT DIFFERENT RELATIVE DENSITIES.

FIGURE 0.2 - FROM (54)
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The first six natural frequencies of the finite element system

were found to be 1.188 Hz, 1.388 Hz, 1.45 Hz, 1.987 Hz, 2.449 Hz, and

2.536 Hz. Only the 6th frequency of 2.536 Hz even resembled the actual

fundamental frequency of 2.57 Hz and its mode shape is most likely very

different.

Figures 0.3, 0.4, and D.S 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 one can see the perils in using elastic

theories (which are the basis for the finite element program used) in

trying 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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