; PBBU-162312
N .

—

CALIFORNIA INSTITUTE OF TECHNOLOGY

SOIL MECHANICS LABORATORY

DYNAMIC CENTRIFUGE TESTING
OF CANTILEVER RETAINING WALLS

by
L. Alexander Ortiz

SML 82-02

A Report on Research Conducted under a Grant
~from the National Science Foundation

Pasadena, California —
August, 1982 y
© REPRODUCED -BY o
NATIONAL TECHNICAL /
INFORMATION SERVICE |

us.{ I H NI LN CFRC(IIMIRGE




This investigation was sponsored by Grant No. CME-7913822

from the National Science foundation, Geotechnical Engineering
Program, under the supervision of R.F. Scott. Any opinions
findings, and conclusions or recommendations expressed in

this publication are those of the author and do not necessarily

reflect the views of the National Science Foundation.



DINAMIC CENIRIFUGE TESTING

OF CANTILEVER RETAINING WALLS

Thesis by

L. Alexander Ortiz

In Partial Fulfillment of the Requirements
for the Degree of

Doctor of Philosophy

California Institute of Technology
Pasadena, California
1932

(Submitted May 24, 1982)






ii
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 50 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 strein gages. Moment, pressure,
shear, and displa;ement 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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CHAPTER I

INTRODUCTION

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 virtmally
every earthquake damage report there is documentation of damage or
failure of bridge abutments, sea walls, guay 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—QOkabe
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 ome 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 inm 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 according to the traditional seismic
theory. Since 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 additionmnal
static forces, through the use of horizontal and vertical accelerations.

The observed failure mechanisms of gravity walls which had displaced



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, wken
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 so0il 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 W are shown in Figonre 1.1 for the case of a cohesion-
less soil.

5. Equivalent static horizontal and vertical forces khw and kvw’

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

earthquake effect. The parameters k11 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 0.6H above the base, The total active wall force, due to
gravity and earthquake, is determined by a force and moment
equilibrium analysis of the soil wedge behind the wall {(Figure

1.1).
As in a Coulomb analysis, the angle of the failure plane is varied
to give a maximum value of the wall force per unit width PAE’ and under
the critical condition it can be shown that

— 2 -
Pyp = 1/2vE(1-k)K, (1.1)



in which:
_ cos> (d~0-B) [ + (gjngiﬁilsin(i-e—i) )1/2]-2
= + i—
cos © coszﬂ cos(5+p+0) cos(3+f+8)cos(i-f) (1.2)
(coefficient of lateral earth pressure)
o gl B
9 = tan” T x
v
¥ = unit weight of soil
¢ = angle of intermal friction of soil
& = angle of wall-soil friction
i = angle of backfill slope
B = angle of wall slope
kh = horizontal earthquake coefficient (fraction of g)
kv = vertical earthquake coefficient (fraction of g)

Figure 1.2 illustrates the variation of KAE with k, 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

t0o 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 sectiomns or anchored
sheet—pile walls. It was shown by Wood that for a rigid wall
on a rigid foundation the earthquake force compoament 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 soclution of identical horizontal earthguake 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 penerally 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 earthgunake,
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.

The Mononobe—Okabe Method is a psendo—static method, Inertia

forces are included by use of the earthguake coefficients kh

and kv. These are generally chosen without any uniform basis
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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 oan shaking
tables have been performed by a number of researchers: Mononobe and
Matsuwo, 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 £t 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—Qkabe 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
Hononobe—Ckabe analysis. They conducted tests on a sandbox with fixed
and movable end-walls, Model gravity walls were alsc used in the bex,
A 2.3 ft depth of san& was used behind the walls. The entire box was
subjected to sinusoidal excitations of approximately 3 Hz and 0.1g to
0.7g amplitande, Observations on wall displacement, sand settlement,
residual earth pressures, and phase relationships between the earth
pressures and base motion were made.

Matsuno and Ohara performed tests on dry and saturated sands in a
shaking box 3.28 ft x 1.97 ft x 1.31 £t high. Conditions were similar
to the tests of Ishii, et al. The box was subjected to 3 Hz sinusoidal
excitations with an amplitude of 0.1g to O.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 experjmental 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 socale wall model was placed ir 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° 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 £t wide with a 16.4 ft long sand
backfill, Ia 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.



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 harmomic 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 am
elastic soil and a rigid wall unﬁer 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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2 2 2
£ p Hp _ fmpm Hi
Gp Gm {1.3)
where:

fm p = frequency of vibration of model and prototype respectively.
Pm’p = s0il mass density
Hm,p = height
Gm,p = shear modulus

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

The equation is usunally employed to determine the frequency at
whichk 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

= () () )]
“m ‘r ‘m) (Ip
fp Hﬁ Gp Pn (1.4)

However, Hp/Hm = N, and, since the same soil is generally used in model

and prototype, pp/pm is close to mnity so that

5} _ N(gg)llz
£ G
D P (1.5)

In a clay, a laboratory mcdel can be prepared with Gm essentially

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 depeands directly
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on the gravitational field. As a consequence Gm in a model sand is
considerably smaller over the wall depth than Gp in the full-scale
domain., The choice of f therefore, depends on the relationship adopted

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

linearly with effective stress, then fm is approzimately equal to
1/2 . . . .
N fp. Alternative if G is taken to vary as some power of effective

stress, say 1/2 (Seed and Idriss [54]), fm would be given as N3/4fp,

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, Analvytical 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
[507; Wood, 1973 [67]; Richards and Elms, 1977 [43]1; Chang and Chen,

1981 [6,71.
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Tajimi obtained the solution for earthguake—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 elastib 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—Qkabe 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 = ¢, H/3 (1.6)

where Ca is a very complicated expression dependent on all the
Mononobe—Okabe wall-soil parameters. H is the height of the wall. Ca
is greater than ome., For kh = 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 elastiec constants with depth and certain types of wall
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deformations, Because of simplicity the solutions are guite useful in
preliminary design applications. 8Scott 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
Momnonobe—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 fajlure, The wall continues to displace and rotate dume 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-0
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 so0il, 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 kn were used in the comparison, It was thus recommended

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,
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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 appiied it the e#rthquake 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, Earthguake Damage to Retaining Structures )
Failures in retaining structures due to earthquakes occur very
frequently. These are documented in virtuwally every earthquake—damage
report. It should be noted that in most reports, unless failures are
dramatic, retaining—structure damage is given secoandary 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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Active Earth Pressure Analysis
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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 Momtt (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
pilés 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 om 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
liguefaction as a result of earthquake motijion,

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 superstruocture. Unlike the Puerto
Montt failures, damage to this structure was not dne to liquefaction,

but solely to the added inertia from the shaking.
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FIGURE 1.i0 ~ FAILURE OF QUAY WALL AT PUERTO MONTT — FROM (55)
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Reproduced from
best available copy.

FIGURE {.13 — PUERTO MONTT,GRAVITY WALL FAILURE — FROM (1 1)



- 28 -

FIGURE 1.15 — DISTORTION OF ISLA TEJA BRIDGE DUE TO

SOIt. PRESSURE ON ABUTMENT — FROM (5§53



Seed and Whitman [55] also report om a gravity retaining wall
failure at Frutillar (MMI VIII) where dry material was encountered

(Fig. 1.16).

1.4.2. Alasks

Ross, Seed, and Migliaccio [45] report on extensive bridge damage
due to the 8.4 magnitude Alaska esarthquake of 19641 Most of the bridges
which suffered damage were 50 to 80 miles away from the come 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 tﬁe 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 I.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

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

Moderate IDistinct and measurable net displacements 22
as in previous category, but to a lesser
degree, so that substructure

could perhaps be repaired and used to
support a new superstructure

Minor Evidence of foundation movements 138
{such as cracked backwalls, split piles,
closed expansion devices), but net
displacements small and substructure
serviceable.

Nil No evidence of foundation displacements 32

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

It should be noted that where bridges were founded completely on
bedrock there was 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
est available copy.

— FROM (45)
FIGURE 1.18 — SUPERSTRUCTURE BUCKLING OF SNOW RIVER BRIDGE 605



FIGURE .20 — SUPERSTRUCTURE DRIVEN THROUGH ABUTMENT

BACKW/.LL,COPPER RIVER BRIDGE 345 — FROM (45)
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1.4.3. Niigata, Japan

The 7.5 magnitude, 1964 Niigata, Japan earthguake 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 ountlined in Table 1.2.

TABLE 1.2

(from Hayashi, et al., [14])

Total Length* Proportion to

GE:i:g:f Description (mi.) the Overall

: Length* (%)
4 Complete failure of 5.43 52.8
whole structure (4.43) (57.1)
3 Failure in main part 2.32 22.6
of structure (2.32) {30.0)
2 Appreciable Deformation 0.07 0.7
to main part of structure (0.02) (0.3)
1 Failure in sub-part 3.98 14.5
of structure (0.39) (5.0)
0 No damage (0.59) (7:6)

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

2

structures, 61 warehouses and sheds, 676, 600 ft© in total area, fell

down completely, and 92, 691, 500 ftz, were seriously damaged (Figs.
1.21, 1.22).

Most of the sheet pile structures in Niigata Harbor underwent
damage and a lafge 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~QOkabe designed with a seismic coefficient of 0,12 suffered no
appreciable damage, except for local sinking of the f£ill behind the
anchor plate,

Concrete sheetpile walls, which formed a small part of the water—
froant, 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



FIGURE 1.2! — SHEET-PILE BULKHEAD FAILURE,NIIGATA -~ FROM (14)

FIGURE |.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 a2 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 f£t. These figures were reduced by one third after the earthquake.

In general, the deeper the structure was embedded in the so0il the less
severe the damage.

Based on the damage caused by the 1564 earthquakes, replacement
structures have been designed and built based on a seismic coefficient

of 0.2.

1.4.4. BSan Ferpando, Califormia

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 fc’ = 1,05 ksi for concrete and fs = 20 ksi for steel.

The channels were designed as L-type retaining walls where the wall
heights were less than half the channel width, and 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 hairline cracks to major shear and moment failures in
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FIGURE 1.24 — WILSON CANYON GHANNEL: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 sectionms.

Complete failure occurred in sections of the Lopez Canyon Channel,
but the failed sections were c¢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 omly infrequent flood flows, a need for seismic
consideration in design and constructionr might not be economically

warranted except for replacement costs.

1.4.5. Frinli, Ytalvy

Similar in magnitude to the San Fermando 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
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FIGURE 1.26 — WEIR ON THE LEDRA RIVER:DAMAGED RETAINING WALL — FROM (10)

FIGURE .27 — WEIR ON THE LEDRA RIVER:DAMAGED RETAINING WALL -~ FROM (10)
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(Figs. 1.28, 1.29), This is where the highway runs be?ween 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
so0il 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 9.5 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 RETAINING WALL AND
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have otherwise remained standing, No details were given on design

criteria or construction methods.

1.4.7. Mivagi-Ken—0Oki, 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
liguefaction damage followed the contact very closely; the beach
deposits were not involved in the liquefaction.

In addition, there were reports of cracking and settlements 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! — 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 11

CENTRIFUGE 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 gemerally dependent om 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 counfining 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 acceleratiom by
the lineal scale factor. Thus, if a 1/50th scale model, made of the
same material as the prototype is subjected to a gravitatiomal accelera-
tion 50 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 acceleratioms 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 N2 and
volumes N3. The scaling relations indicate that the forces in the

prototype are N2 times those in the model and moments N> times while the
stresses (force per umnit 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.

Vhere 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

Full Scale Centrifugal
Farametoer (Prototype) Model at Ng's
Acceleration 1 N
Velocity 1 1
Linear Dimension 1 1/N
Area 1 /N
Volume 1 /N
Stress | 1 1
Strain 1 1
Force 1 1/N2
Mass 1 /N
Mass Dernsity 1 1
Weight Density (Unit Weight) 1 N
Time (dynamic) 1 1/N
Time (consolidation) 1 1/N
Frequency 1 N
Unit stiffness, EI 1 1/N3

soil mass as a passive system to essentially random, earthquake—1like
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 om models which are rotating at
rates of 100 to 500 rpm in a centrifuge. Power and signals have to be
passed in and out through electric and hydramwlic 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 loczal
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 concerming the proof or the accuracy of the technique.
Bow well does a model test predict a prototype behavior? Do the scaling
relations tell the whole story? In addition, particﬁlarly 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 comstitutive 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 cenirifuge 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. Xt has been reported that ''several dozen”
centrifuges for soil testing purposes are in use in the Soviet Union
[41]1. 1In additiom, 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 ome is being developed at the Ames Research Center by
the University of California at Davis, in addition to the omne 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 a2 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 I1I

EQUIPMENT AND INSTRUMENTATION

3.1, The Centrifuge

The centrifuge (Figure 3.1) used is a Model A1030 Genisco
G-accelerator’, which consists of an 80-inch diameter aluminumalloy 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 HP, 1725 rpm, 230v, 3—-phase, constant torque, double—
ended electric drive motor. For accurate determination of the rota-
tiomal 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 electromnic 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.PR51 pump unit with & line capacity
of 3000 psi and is tramsmitted through either two or four lines by means
of rotary unions (hydrawlic sliprings). Operations on the céntrifuge
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 slipringé to a

monitor TV in the instrumentation room.

3.2. The "Earthgquake Generating” Mechanism

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 1bs (taken up to 50g).
Consequently, the need for a method of creating an earthquake—1like
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 2 14.6" X 11,6"X 10” reinforced aluminum container mounted on a bed
of ball bearings which lie in horizoantal 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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5 — BALL BEARINGS SEPARATED BY TEFLON SHEET

FIGURE 3

FIGURE 3.6 — REACTION SPRING
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(spring constant = 75 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 Sectiom 5.2. Because of the
simplicity of the "earthquake generating” mechanism, the motion attained
resembles that which wounld occur near & 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 Reinforced Concrete Design [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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e

FIGURE 3.8 — PISTON,TOGGLE,AND BUMPER (TOP VIEW)
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down all the components of the wall to 1/50th 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 y = 92 pef {Nevada 120 sand @ medium density)

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

6

Elastic Modulus E, = 10 X 10 psi

A
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

kH = 0.25 will be used.

The Mononobe—Okabe parameters are:

6 = tan_1(0.25) = 14°
0.092kef i = 0

<
1l

d = 35° g = 0°
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Therefore:

K, =0.43
and the total force PAE is thus
P,. = 1/2yn’(1-k )K
AE v’ “AE (3.1}
or
Pyp = (1/2)(0.092)(18.3)%(0.43) = 6.6kips/ft.

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

APAE’ due to the earthguake 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:
P, = 1/2¢h’K
A A (3.2)
where:
K __ l-siné
A 7 1l4sind : (3.3)

For the soil involved KA = 0.27 so:

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

AP =

which acts at 0,6 h above the base,
The weight of the backfill, W, is:
W = yHx = (0.092)(18)X = 1,6xkips/ft.

Summing moments about point B, (E:Mh = o)

h=P—Ah+06AP = h(1/3P, + 0.6
2 3 . Aph = 1(1 A 0. APAE)
Consequently:
1.6x>
> = (18.3)[(1/3)(4.2) + (0.6)(2.4)]

Therefore:

- 2) (18,3 1/3)(4.2) + (0,.6)(2.4 1/2

x -[ o ] 8.1 ft.

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

approximately:

Base 1length = 1.5z = (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 W of the backfill is, from above:

¥ = 1.6x = (1.6)(10.2) = 16.3kips/ft.

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

the wall, the resisting moment is:

Mp = (10.2)(16.3) = 166.3 ft k/ft

The overturning moment is:

Mo = h(l/SPA + 0.6APAE)

Thus:

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

Therefore, the factor of safety against overturning is:

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 desigred to resist the bending

moment M given by:

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

The coefficient of passive earth pressure, KPE’ for a Mononobe—

Okabe analysis is given by

1t

KP cosz(d“9+3)
E

2
2 _ sin{d + &)sin(g—0-+i)
cosBcos“Beos(f 5—9)(; —\/ c0s(p—5-8) cos (p~1) ) .4

and:
Ppg = 1/2yHg(1k))Kpp (3.5)
Therefore:
KPE = 3.18
Therefore:
Ppp = (1/2)(0.092)(4)(3.18) = 0.6 kips
Thus:
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:

MD = 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:

o = M/S (3.6)
Where:
o = stress of the material
S = wnit section medulus of cross section

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

s - &
6 (3.7)

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

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

/2
/2 6M
= M _ _0 _ [(6)(86.1)11/2 _ )
d (0-5 - (fAj = [ 48 ] = 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 wounld have a moment capacity of

50.0 £t-k/ft versus the caleulated acting moment of 52.0 ft-k/ft).
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It should be noted that it is gemerally agreed upon in practice that the
Mononabe~Okabe method gives a comservative 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 1bs (0, 100, 200,
300, and 350 grams) were then hung from the free end. The end deflec—
tion was measnred with a Federal dial gage accurate to 0.,0001 inches.

Recalling that the end (maximum) deflection Yyax ©f & cantilever beam

with an end point load is:

YMAX 3EI (3.8)
where P is the load, 1 the beam length, and I the bending moment of
inertia it follows that:

3
= BlL__
E 31y
MAX (3.9)

The average E then determined from the measurements was found to

be 9.699 X 10° psi,
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Recalling that the momeant of inertia per unit width I of a

3
rectangular cross section is fa, where h is the section depth, for

retaining wall No, 1 (RW1) the EI was determined as 202,1 1b in?/in and

for (RW2) as 101.0 Ib in/in.

3.3.3. Determination 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 1CNOOO1,* 1CNOOO2, and 1CN10O0O3 for RW1, and from test 2CNOO11 for
RW2 using the FORTRAN program IVMAIN 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 measunre 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 1CN0O0O1, 2.7 Hz for 1CNO0OO2, and 2.7 Hz for 1CN1003. There was

* The following nomenclature was chosen for test numbering:

a = wall number; b = type of wall; ¢ = type of sand; d = backfill
angle (in degrees); e = test number; C = cantilever; N Nevada 120.

il
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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 RWl was used was
then taken to be the average of these tests, 2.6 Hz (129 Hz model).
Similarly from the spectra for 2CNOO1l, 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 RW1l, so there is little variation of
frequency with regard to wall stiffness as well.

From examination of the Fourier spectra it can alsc 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 présented 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, BSoil

The type of soil used was Nevada 120 Silica. This sand is a
mniformly—graded, fine grained soil. A graim 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 pef 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 ¢ 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, Instrumentation
A cross section of the retaining walls indicating the location of
2ll 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/EI.

Retaining wall No. 1 (RW1l) 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 ome 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% @ with a strain range of + 3%.
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The gages are bonded to the wall surface according to M-Line
Accessories Instruction Bulletin B-130-6 (8/77) with M~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 Caltech 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 tﬁe amplifiers are loaded on the centrifuge arm, The gain is
set at 50. The amplified signals then pass through the sliprings to the
control room where they are recorded on 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 mV/division (1 division =

2,5 cm), In the dynamic portions of the test, the recording takes
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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 ceanterline 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 additioanal one
located in the backfill approximately half way between the wall and the
wall of thg bucket and is bu:ied near the surface.

The accelerometérs émploy a fully active Wheatstonme 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 aecceleration vector.

A very attractive feature of this type of accelerometer is its
very small size, The entire uwnit (minus the leads) wéighs only 0.02 oz.
The accelerometer unit is 0.270" long by 0.145" wide by 0.105" (unit
weight of 525 1b/ft’) high and is mounted om 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 tc the model walls with
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two 0-80 hex screws., The model of accelerometer used has a range of
& 500g with & nominal sensitivity of about 0.5 mV/g (varies slightly
from this with each particular unit), an input impedance of about 1150
@, an output impedance of about 550 2, and a resonant frequency of 3000
Hz, In addition, the unit is damped to 0.7 of critical usiné 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 accelercmeter circmit 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
mV/division. The accelerometer signals were recorded directly alongside

those of the strain gages on the recording paper.

3.5.3. Pressure Transducers

Originally, it was planned to obtain pressure distributions bekind
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:

Q =

mlm
M=

(3.10)
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where M is the moment distribution. The load (pressure) distributiom P

is:

(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
inasccurate 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 differeantiation) to obtain the shear distributioas.

Except for test 1CNOOQL, four miniature, low profile pressure
transducers were placed at various locatioas (dependiug on the particu—
lar test) along the centerline of the back of the walls, In tests
1CNO0O2, 1CN1003, and 1CNOOO4, the pressure transducers were located
1.,68*, 2.,78", 3,59”, and 4.17" from the top of the wall; in tests
1CN1505, 1CNOOO6 at 1.79", 2.75", 3.60", 4.16", in tests 1CNOOO7,
1CNO508, 1CN1009, 1CN1510 at 1.86", 2.,77", 3.59", 4.21", and in tests
2CN0011, 2CN0012, 2CN1C13, 2CN1514 at 1.83", 2.92", 3.36", 3,91",

The pressure transducers used are Eantran 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 semicondunctor 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" thick. It has a range of 0 to 50 psis with a nominal sensitivity
of about 2.5 mV/psi (varies slightly from this with each particular
unit), an input impedance of about 750 2, an output impedance of about
250 Q 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 circmit (Figure 3,28) is similar to that of the accelerometers
with the exception that the signals are amplified withva 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_(A-beams)
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:

2y _ -n
ax2  EI (3.12)
it follows that the deflected shape y is given by:
y = ﬁ%-? ? Mdxdx + Ax + B.
°o o {3.13)

where A and B are gonstants 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 determiration of two
additional constants of integration dependent on time—imposed condi-
tions, At each location if the imitial (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., EKnowing 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, 1.00" wide of spring steel sttached 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). 8Since the fregquency response is very low, the transducer
signals are only recorded on the Visicorder during the static portions
of the test. The circuit excitation is § 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, accelerationm,
etc.) measurements without the use of instrument factors. All trans—
ducers are linear and therefore reqmire two cal ibration factors (slope,
intercept) for each, These factors were determined using the linear
least—squares function on & Hewlett—Packard 55 pocket calculator.

All calibrations were recorded on the Visicorder and the traces
digitized with a Benson—Lehner 099D date 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 parameter per digitizer unit and the intercepts in
units of parameter, Data reduction of the tests will be discussed in

Section 4.2.

3.6,1. Strain 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 frame which was

rotated 90° so that the stem forms as horizontal cantilever beam. Two
17" thick (each) Plexiglas beams were then claﬁped 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 & cantilever beam with a concentrated load at the end, moments
of which can be readily determined. Weights of 0,1,2,3,4,5,6,and 8
pounds were hung and the output recorded at the 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 1g. The centrifuge was then takem 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 1g. The cali-

brations were then determined in relation to this,

3.6.3. Pressure Transducers

The pressure transducers were calibrated by placing them on the
bottom of the centrifuge bucket at a radius of 40.5 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 1g) and spinning at 10,20,30,40, and 50g. The
increase iﬁ g—accelefation to N g’'s causes an increase in the soil unit
weight by N (see Table 2.1) 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 zid of a Federal dial gange accurate to 0.00i in.
Displacements of 0, 0.01, 0.02, 0.03, 0.04, 0.05, and 0.10 inches were

measured (Figure 3,33).
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CHAPTER 1V

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 demser
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 50g's the transducers were thus zeroced. 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 4.4
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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 Densities

Test Density @ lg Density @ 50g Test Density ® lg Density @ 50g
(pef) {pcf) (pef) (pef)
1CNOOOQ1 92.6 4630 1CNO508 95.9 4797
1CNO0O2 91,2 4561 1CN1009 97.0 4849
1CN1003 92.0 4597 1CN1510 95.3 4764
1CNOOO4 93,9 4695 2CNOO11 98.8 4941
1CN1505 92 .4 4621 2CNOO12 95.8 4790
1CN0OO6 94.5 4726 2CN1013 97.3 4865
1CN0OO7 98.1 4906 2CN1514 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 turmed off since, due to the poor
frequency response of the A-beams, they were inadequate for dynamie
measurements. After this, the container was subjected to the
"earthqunake' 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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Fignre 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 tramsducers
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 BensomLehner 099D data reducer
~unit and the following procedure used., The cross hairs are manually set
to successive x—y coordinates omn 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
antomatically 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 directionms,
The Visicorder paper is placed on the 24" X 16" digitizing table with
the horizontal axis lined up by eve 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 omn 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 50g where
sand is on both sides of the wall. For the pressure transducers and the
A-beams the zero point is the reading when the centrifuge is at rest.
Next the static point at 50g (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 inflectiomn, etc., are picked, zlong with as
many intermediate points as are needed for an accurate definition of
shape.

The digitized data are directly pustched on cards which are then
read into magnetic disks on a VAX 11 Wordprocessing system. Program
PICHECK (Trifunac, Lee [63]1) reads the data and checks whether the time
coordinates monotonically ingcrease. It also searches for possible
disproportionate jumps of the amplitude data. If any error is found,
the program prints out the message. BSmall 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 portiom that is digitized improperly has
to be redigitized and replotted until the fimal 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. VWALL 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 P1CHECK, P2SCALE, and P3TAPE form
Volume I of data in which the raw data is converted into uncorrected,
scaled, accelerogram data, Program IIMAIN creates Voiume II which con—
tains corrected accelerogram, velocity, and displacement data. Volume
III, which gives the response spectra of the record, is created using
program ITIMAIN, 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 P1CHECK, 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/scil 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 dme to the slight slope which all the records
inherently have because of positioning on the digitizer table. This is
particularly important in the accelerémeter records since double
integrations can introduce errors proportional to the square of the ruan—
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 individmal 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 Sectiomn 5,1), it was decided to

use a dimensionless time group tf1 to express time, t is the real
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prototype (or model) time and fl is the real prototype (or model) funda-
mental frequency of the system. tfl is the same for both model and
prototype. The discrete time steps are chosen at 150 per t£1 for the
first six tf, and 75 per tf, thereafter. Because of the nature of the
experimental shaking, most of the critical (maximum and high frequency)

response occurs whem 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, #t 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 (noc load). Since the bottommost 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—sqguare 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 guintic
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 Sectiom 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.
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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 amalysis (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

- vertical location

— height of wall

stiffness of wall*

- wall moment*

wall shear force®*

— lateral displacement of wall

— lateral earth pressure

- density of soil

— angle of internal friction of soil

-
[

= hd o= MK
|

e — soil void ratio

g -— gravitatiomal acceleration

a — lateral acceleration

v — lateral velocity

t — time

f1 ~ fundamental frequency of system
*x

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 gives a total number of parameters n of 14. From the
Buckingham JI theorem, the total number of independent dimensionless
groups k that can be derived is n minus the rank r of the dimensiomnal
matrix:

k = a-r (5.1)

For the parameters listed the dimensional matrix is shown as Table

5.2'

TABLE 5.2

Dimensional Matrix of Test Parameters

Parameter TForce (F) Lenrgth (L) Time (T)
x Y 1 0
H 0 1 0
El 1 1 0
M 1 0 0
Q 1 -1 0
v 0 1 0
P 1 -2 0
v 1 -3 ¢
é 0 0 0
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
Location b3 x/H
Time t tf1
Moment (bending) M MH/EX
Moment (overturning) M 6M/7H3
Shear force Q Q/(1/27H2)
Pressure P P/yH
Pisplacement y y/H
Velocity v v/flﬂ
Acceleration a a/g
Friction angle ¢ d
Void ratio e e

- - vzlgH

In additiom, the ratio of bending to overturning moment gives the
non—independent dimensionless grouping 7H4/6EI 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/yH), reference to
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time (t) will imply tf,, and so forth. This will avoid any

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

5.2. The Experimental "Earthquake”

Although the "earthquake generating"” me;hanism employed in the
experiment was quite simple, the recorded motions are such that they are
within the realm of strong earthquake ground motions which have been
recorded in reality. |

The accelerograms recorded at the top and bottom of the wall, as
well as the free field (i.e., in the‘backfill some distance behind the
wall) during varioué experiments, are displayed in Figures 5.1a through
5.40a, Their corresponding velocities and displacements are shown in
Figures 5.1b -through 5.40b and 5.1c 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, 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, namely that of a decaying sinusoid. However, due to the
inherent complexity of the experimental system, this basic pattern is
- enhanced by some extra acceleration noise probably generated from

reverberations, collisions, nonlinearities, 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 (mote
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 becaunse 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 1CNO0CO1, 1CN0O0G2, 1CN0OQO3, and
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2CN0011 (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 ceantrifuge shaking lacks the
longer (> 2.0 sec) period compoments 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 éarthquake similar to Parkfield, had it been close to the rupturing
fault.

The comparisons clearly show that, although the shakiné mechanism
employed in the centrifuge is not sophisticated, it does give motions
which have realistic characteristics and thus can 5e 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, §hear force,
and lateral displacement distributions obtained from the 14 tests
performed. As explaimned 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 — Coantour 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 ¢ — Parameter distribution with respect to location—static,
maximom dynamic (section B-B of the contour map), and final
static after motion ceases.

+ Location of strain gages

x Location of pressure transducers

0 Maximum

A ‘Data point
On Frame c¢ of pressure distribution plots, the following symbols
appear. [Along (P/pg H) axis]:

C Location of static resultant

O Location of maximum resultant

{ Location of final static resultant

Rankine/Cowulomb (static) and Mononobe—Okabe (maxzimum dynamic) pressure

distribuntions are also shown in this frame.

Except for tests 1CN0O0O1, 1CNO0OO2, 1CN1003, 1CN0O004, and 1CN1505,
the time (tfi) 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 researoh 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 indication
that an accurate model has been used is to examin§ 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/(1/27H2) acting on the retaining wall as:

Pa ¢ L (- sing)
1/27H2 A (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 kh or kv (i.e. 6 = 00). The

resultant force acting on the wall is expressed as:

PA _ cos2 (d—B) [ 1+ (éin +5 in (g—i )1/2 ] -2

—_—t = g = 2
1/27H2 A cos2 B cos (8+B) cos (5+p) cos (i-B)

(5.3)
For the previously mentioned assumptions, with the exceptioa that

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

-2
__fé__ = K = cos2 4 [ 1+ (s‘n sin (d=i )1/2
1/2y82 A cosi (5.4)

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/7H3 from the Rankine/Coulomb théory is:

6MA %
B A (5.5)
The maximum bending moment is:
G
EI 6EI A (5.6)

Table 5.5 gives 2 comparison of the maximum measured static parame-
ters from the tests with the Bankine/Coulomb theories, recalling that
the frictiorn 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 1CN1505 and especially 1CNOOO6 wherg the pressure distributions
show a small magnitude in the upper 60% or so of the height and then
increase rapidly below that (Figures 5.6%9¢ and 5.73c). This then con-
tains a smaller area under the curve, although the maxzimum pressures (at
the bottom of the wall) are comparable to those of similar tests.

From frames ¢ 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 gemnerally creep up to about 40% of the wall
height above the base. The maximum pressures (at the bottom of the
wall) are much greater inm all cases, except 2CN00O1l (Figure 5.93¢), 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% gre#ter 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 353% underestimation, the actual safety factor
(static) would then only be 1.25.

Looking at the parameters that do not involve the wall stiffness

EI, namely, 6M/7H3, P/yH, and Q/(l/Zsz), it can be seen that there is
correspondingly virtwally 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 MH/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 ¢ of the moment distribution figures provide a first
ingight 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 at least 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 displécements are of the order of 3% to 4% in RW1l 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 2 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 skould 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 5.108 through
5.122. How these envelopes were determined will be explained below. In
addition, Mononobe—QOkabe distributions with respect to the lateral

acceleration coefficients kh for an average test scil demsity are shown

in Figures 5.108, 5.111, 5.114 and 5.117.

For a flat backfill nnder the test assumptions (see Section 5.4},
the total resultant active force PAE/(1/2732). given by Mononobe-Okabe,

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

1/21H2 cos? 8 cos (5.8)

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

_jﬁﬂi_ - nnsz_iitﬁl sin ¢ sin (d—0-i) 1/2 42
2 KAE - 2 1+ cos 8 cos i
1/2vH cos” 6

(5.9)
These equations form the basis for comparison with the maximum
dynamic results obtained from the tests.

In the Mononobe—QOkabe theory, the resultant force is assumed to act

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

overturaing moment 6MAE/7H3 from the Mononobe—OQOkabe theory is:

AE
YHS (5.10)

The maximom bending moment is:

Mapf ot
EI 6FEI TAE (5.11)

-
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On the basis of previouns 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:

6Myp
—== = K, + 1.8AK,, = 1.8K,. - 0.8K
A+ 1.8AK,p 8Kpp — 0.8%)
yB3 (5.12)

where:

Mg = Epxp— Ky (5.13)

Likewise, the bending moment is:

I‘_‘A_E.‘f,m‘i(
EI 6EI

ot ( '
Ky + 1*8AKAE) = GEr \1-3&p - O'SKA) (5.14)

This suggestion is also used in the moment comparisons with the
experiments, and is shown (for an average test soil demsity) in Figures

5,108 and 5.111.

The maximum pressure R, /yH at the base of the wall is:

Rae _
vH AE (5.15)

One should keep in mind that the Mononobe—Okabe Theory is based on

the assumption that the coefficient of lateral earth pressure kh is

representative of a constant lateral acceleration which provides a
coanstant 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 imertia 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 singnlar when (d — 6—i) is less than zero since the term under the
radical goes negative., For ¢ = 35% and a flat backfill (i = 0°) this

means that € has to be less than or equal to 35° or k11 £ 0.70. Like-
wise, for a 5° backfill slope ® ¢ 307 or k, £ 0.58, for a 10° backfill
slope 9 < 25° or kh { 0.47 and for a 15° backfill slope, & ¢ 20° or
kh £ 0.36. From the lateral acceleration values {(comparable to kh)

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 wonld then have expected a complete collapse of the wall#.
In fact, there was never a complete collapse in any of the tests
although lateral displacements were in some cases guite high {about 10%
of the wall height in tests 1CNOS508, 2CN1013, and 2CN1514)., Complete
collapse would probably have occurred if the lateral acceleration was
constant and inertialess as assumed by Mononobe—Okabe. The level of
maximum accelergtion 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 motiom of the centrifuge
earthquakes has the shape mainly of a decaying sinusoid with some addi-
tional noise added (sece the bottomof-wall accelerograms). In most of
the tests there is an initial acceleration spike (positive accelerationm)
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 (Sectiom 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 thg 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 individeal 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 motiom 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; 0°, 10°, 15°% 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 coefficiénts
of the least—squares fits, it was determined that the best fits were the
maximum moment vs. change in velocity (Figure§ 5.110 and 5.113), the
maximum pressure vs, velocity (Figure 5.115) and, the maximum shear vs.
acceleration (Figure 5.117). No conclusions counld 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 (7H4/6EI) between about 0.75
and 1.75 which the experiments encompassed {for ¢ ~ 35°).

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
and 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 maximom moments below the point of
intersection 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
baqkfill 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. BSeed and Whitman indicate one about 80% as large, For 0,50z,
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however, Mononobe—Okabe predicts a maximum moment about as large as the
envelope while Seed and Whitman shows ome 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 comservative values for lateral accelerations less than
about 0.50g (which is probably the practical extreme for the use of the
Mononobe—Qkabe 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 (wifh the excep—
tion of test 1CNOOO7 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 ¢ and vertical cuts of frames a) seem to be smooth curves
which could possibly be approximated using low order polynomials, for
e¢xample, quadratic functions.

The maximum dynamic pressures fénged anyvhere 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 Mononmobe—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 am
"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 forc;s recorded in the tests are gemerally 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
bending 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 El1 Centro,
California (1940) earthgquake 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 lg 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 1g, the soil grains are under low stresses
and are rigid, so the only displacements are due to grainm slipping which
is all irreversible. In the centrifuge, the soil behavior is properly
elastic/plastic so dynamic to and fro movementslare observed. Inladdi-
tion to the sliding and rotatiom 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 RW1
and from 7% to 11% for the more flexible RW2. These magnitudes of
deflections conld 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 appareantly little or
no contribution from other modes. This is also confirmed by the Fourier

Spectra discussed in Sectiom 3.3.3,

5.6, Final Static (Residual) Results
A vismal idea of the results of the earthquake on the retaining

walls can be observed from Figures 5.123 (Test 1CN0OQO7), 5.124 (Test
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= T,

FIGURE §.125 — TEST 2CNOO! |,POST TEST VIEW (AT I &)
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1CN1009), and 5.125 (Test 2CNQ011), 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 guite 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 plame strain fashion (as assumed) and that the edge effects
(if any) were minimal. |

Seed and Whitman [55] 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 residunal 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 ¢ 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
triangniar®”) pressure distribution no longer exists.

The residuazl 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 earthguake 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 1CN150S 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
displacement which in some tests was the maximum observed. The final
displacements 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 ianvestigation 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—1like motions which were considered to be in a realistic
range, Moment, pressure, shear, and displacement distributions (static,
d&namic, 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 1g model retaining wall
studies and in theoretical amalyses. A large amount of data was
obtained directly from transduncers and indirecfly from simple mathemati—
ca]l 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. Conclunsions

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 geotechmics in the
centrifuge.

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
Rankin?/Coulomb theory. This indicates that the Rankine/Coulomb
theory estimates an "average’” pressure distribution which is taken
as triangular.

The static moments measured were generally higher than those which
would be obtained ﬁsing 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.

Static displacements were sufficiently large to create a state of
full active pressure behind the wall.

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 ¢ 7H4/6EI £ 1,75, ¢ ~ 35%
The only significant dynamic response of the system is in the fun-

damental mode.

The two walls had fundamental frequencies of 2.6 Hz and 2.5 Hz with

the soils employed.
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The dynamic response of the system is mnot only dependenf on lateral
;ccelerations, as the Mononobe—Okabe theory aséumes, 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 dependenﬁe on all the strong potion 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.

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 £ 734/6EI £1.75, d = 35%) which was studied. These
envelopes can be used as a design aid (Section 6.2).

The Mononobe—Okabe theory underestimates responses (in some cases
severely) below certain lateral acceleration levels for each
individunal case (Figures 5,108, 5.111, 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 kh values less than 0.,5g, but they are not,

because they came from tests.
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The experimental envelopes are not as sensitive to backfill slope
as the Mononobe—Okabe theory is,

Dynamic moment distributions with respect to wall location are
generally smooth, monotomic curves which resemble some low order
polynomial, possibly quadratiec.

As in the static cases, the dynamic pressures were not triangular
as the Mononobe—Okabe theory assumes, altbough 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.

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. Maximom deflec—
tions counld 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,

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 alsec

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 exireme can~
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, granmlar backfill with ¢ = 350. The wall is to be
subjected to a scaled down Parkfield Earthquake (Figure 5.41a) to ome
half the magnitude shown,

Since the wall/socil description is similar to tkhat 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
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the critical response. The peak design acceleration is then 215
cm/secz. the corresponding velocity 39 cm/sec (which occurs at about 4.6
sec) and the area under the acceleration spike is 49 cm/sec (which is
the peak—trough difference on the velocity curve). Based on test
experience, the peak response of the wall shquld then ococur sometime
between the 4 and 5 second mark.

For a = 215 cm/secz, a/g = 0.22. Therefore, from Figure 5.111

SM _ .53,

3

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

Y_ - 39 -
£,8 (2.5)(20) (30.48) 0.026.

Therefore, from Figure 5.112,
For Av = 49 cm/sec: (fl = 2.5 HZ)-

Therefore, from Figure 5.113,
SH o .57
yE

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

values obtained from the envelopes, therefore

(j%%{)MAX = 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 distributign for
simplicity and having all the design requirements {as was dome in
Section 3.3.1),

It should be noted that had a Moronobe—Okabe analysis been
performed, using the maximum scaled Parkfield acceleration of

240 cm/sec2 and squation (5,10), the maximuym moment would have been:

ﬂ;— = 0.42
¥H MAX

which is 35% below the ome 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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Skeetpile walls, channel sections, and other types of bending beam
retaining walls should also be studied.

Retaining wall problems with wet or sgturated 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 wounld 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 strmctures. Sinusoidal skakers 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 accelerogiaphs {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 [15])

Every quantity of physics and mechanics has a dimension which can be

expressed as a function of the fundamental dimensions:

M — mass F - force (F = MLTrZ)
L - length or L — length
T - time T - time

If a formula is dimensionally correct, it is valid in all systems
of units.

By the method of dimensional amalysis ([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.

©
f

E = Young’s modulus of the material.
YV = Poisson’'s ratio of the material (dimensionless),
Other material properties can be related to p and E by sets of

dimensionless ratios PRe ER'

3.) Applied stress conditions:

P = externally applied load.

Q = externally applied stress.
v, = externally induced displacement,
¢, = internal stress.

g = acceleration of gravity.

a = externally applied acceleration.

Other stress conditions are related to P, Q, B, O4» a by sets of

dimensionless ratios PR’ QR’ UOR’ Sor’ 2R-

The behavior of a point x,y,z in the structure at time t is defined
by a resulting stress o and a resulting displacement u and depend upon
the abovementioned parameters and dimensionless ratios.

The quantities ¢, uw, x, y, z, t, L, p, E, V, P, Q, G, B,» g, 8 are

all derived from the three fundamental units of force F, length L, and
time T. The Poisson's ratio V is already dimensiomnless,

The dimensions of the listed parameters are given in Table A.1l.
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TABLE A.1
| o Ju x|y ]z |t L ]p |E [V IP|Q Jo,  Ju |g |a |
0 O O O O R O A R R S I O
L ;-2 1 1 1 1 0 1 -4 -2 0 0 -2 -2 1 1 1
[~ 1 | [ St SR (R ER Iy [ I T [ | | |
It Lo JoJododolaolz Jodololo lofo |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:

0
* P

ol w x y z 28 B2 pal’ | g a2 Do
PP !LJL'Ll Ll P! P”g, P’L

e

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.

Bu;kingham'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 [I Theorem then the displacement u, and the
stress o at a point (x,y,z) can be expressed by the following dimension

less equations



2 _p(= 3z £a B2 pal® | 8 o2
L L, L, L’ L’ P’ P & ’gl P’
LA GOL?
L® P’ lpr Ep- Pgs Qp. ops Pps 9gpe “R) (A.1)
2
el” _ (% X 8
P L> L " °R (A.2)

in which F and G are undetermined functions. The parameter t is the

-

dynamic 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 b (A.3)
Combining the remaining natural properties E and p by dimensionless

grouping:

3
D_ﬂI‘__ . g . P = 2 g L
P a 2 E

EL (A.4)
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Therefore:
P Bmlm pre Ly
E By (A.5)
or
Lp _ EyPp
Lm Em Pn Bp (A.6)

If the model material is identical to the prototype material

(Em = Ep; Pm = pp; Vm = Vp) and the model is subjected to am arti—

ficial acceleration N * g (N is the scale factor) then:

=Hg-- N
g

g kT
{
|€n[§n

(A.T)

It can be thus seen that by use of the centrifuge, scale
models manufactured of the prototype material are suitable.
Model similitude in relation to applied stresses: Applied stresses

are defined by the parameters P, Q, o, 8, and a and appear in the

dimensionless groups:

QL2 n GOL

_L_aE_Li 2 -0
P *g” P’ L’ P

2 3
pal,
L’ P

t4
Taking the grouping:

q _ a? . p
E Pop2 (A.8)
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Therefore:
Y _ By
Q@ B (A.9)
also:
P L?
o _ P, n_ mm
2 2 P 2
EmLm Epr P Epr (A.10)
From the grouping:
2
EQ - GOL . P
E Pom? | (A.11)
Therefore:
Jom _ Ep
Gop Ep (A,12)

Yop (A.13)

Inertia and gravity forces in the model and the prototype are

pald

characterized by the dimensionless groups P and § which were

already used in deriving expression (A.4).
Finally, dynamic or inertial forces invelve a time scale which

can be derived from the grouping:

- tza . P, ELE
L 3 P
pal

[

r—;q
©

(A.14)
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Therefore:

o, h&)”zﬁg
P pp Em Lp (A.15)

Using a centrifuge model made of the same material as the

prototype (Em = E

oé Pm = Ppi v, = Vp) and subjecting it to the

centrifuge artificial gravitational acceleration N * g (A.7).

{A.9) reduces to: Qm = Qp (A.16)
P
(A.10) reduces to: Eg = L
D N (A.17)
(A.12) reduces to: com = Gop . (A.18)
Pop
(A.13) reduces to: 3 = N
om (A.19)
t
(A.15) reduces to: f = N
n {A.20)

One can clearly see the comnvenience of centrifuge modelling.

From (A,16), (A.18) and the fact that Ep = Em can also note that

the strains in the model and prototype are identical. In the event
that the soil behavior exhibits its unsual 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
FLZITI). It has been shown, by equation (A,17} that force scales

as Nz, and length of course, scales as N, so that the EI of the
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medel must be equal to 1/N3 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, yvield 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 w#ter
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 comsolidation is defined by:

! = Cv tc

(nH) > (A.21)
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where
cv is the coefficient of consolidation
tc is consolidation time

H is the height of the stratum to be drained

n is the number of drainage boundaries (1 or 2)

It is required that Tﬁ = Tp. If the soil materials

are identical then:

Cv t.m _ Cv t.p
2 2 2 2
o Hm n HP (A.22)
since
B2
H N
b
then
L _ 1
tep N (A.23)

which establishes the consolidation time scale.



-~ 298 -

APPENDIX B

WALL PROGRAM LISTING

Following is a listing of the data processing program WALL

described in Section 4.2,

MAIN(program) DIGIT
ALGEQGN INTEG
APLOT MAP
BASCOR MAXARR
BIGMAX - MOMENT
CRUNCH PAGE
DERIV PAPLOT

The following subroutines were developed:

PAFPRNT
PRESS
QUINT
SHEAR
SPLINE

SUBU
YDISP

The following called subroutines are system subroutines of the

IBM 370/3032 system at the Booth Computing Center of Caltech.

EQSoV -

LSQUAR
SYSSYM#* -
VLABEL* -
XYPLOT* -

XYPLT* -

System of equations solving routine.

Polynomial least—squares fitting routine.

Symbol plotting rountine.

Axis/axis label plotting routine.

Line plotting routine.

Point Plotting routine.

. .
Calcomp plotter.
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' PAIA

NMAIN PROGR AN

L ERELEEEREZ R

FECCFAM TC CETERNMINE FARAMETERS LF MCLEL AND PHLTICTYPE
FETAINING STRUCTULRES EASEL CN CEMTRIFULGE EXPERIVENTS

CONMMON/REL/2U1502412007015C2)08XE112098XKELI2)9CALI(L1E42)4X010),
TCALT o LTM oNT oNA NPCLY JAS2 AINT sb o EINM T, BG5S, GAMNAY,
NTYPEGF 1P NG XF(S) '

TCCMMONZCREEN/CMAXI2) sCFINL2) 4 1FLTCD

COMMON/ELACK/DLS11E0242)
COMMCA/FIMK/ELCLE02)AZ(LE021
COMNON/CRANGE/ZTCFI 2 TCPF+BLCTI4BLTF oNC
COPMLA/CRAY/TITLELLLIE),TITLEZL{13)
CEIMEMSICN CISLL243)

FEAS 1L 1. YITLELLTITLEZ

FEAD 102 CNMECAsSGrEIN o TH o F LNy CANNANFCLY  ASRaA N INT, NTYPE
MNeZ=hSR4+]

FELC 1024401} o1=22,M82) .

READ 1044AG

MEE=NC+]

1F (NFRAECWL)INPR=2

FEBJ LUZW{XF{L1s1=2sMPFRI

CMEGA = RFM AT wmbiCF CENTRIFUCE CPERATES

te = GIZTAMCE FRO¥ AX1S EF CENTRIFUCE RCTATICN TC TCP UF MIUEL
will (IN)

e = Bl ©F “CDEL Ww2LL (LE=-1N?22/ (N}

L = PEICHT CF MOZJEL walLL (INM)

Flwm = FUNCAYENTAL FREQUENCY CF MCCEL walt {r2)

Capwg = (M1 wCIGFT CF PRUTCTYPE (ANC MCLEL) SCIL AT 1G (PCFI

NECLY = (RCER UF PLLYMCMIAL CESIRED FCR LEAST=SCLARES FIT CF CaTA

PLET BE GE.3 ERND LEL(NSRar]l)
AEls = NUMEBER CF STRAIN GACGCE LCCATICNS AT THE CEMTER CF MEDEL
WALL (VERTICAL sx[S)
MLMEZR CF CESIKEL INTEARVALS FCR WhiIlE RESULTS ARE wALTEL
ALCANG THE wall
TYFE CF waLl
AMIYFE=0 CANTILEVER waLL
NIyPE=] SPEET FILE waLL
LCLATIONS CF STRAIN GACGES FRL¥ TCF TC BCTTCY
MUFMECR CF PRESILRE TRANSCLUCEFS
LCCETICNS LF FRESSURE TPANSCLCEPS FRC¥ TCP TC 3CTTLH

kd

—
>
-~
W

>
-
-
©
m
"

LER R
Mo
XELl)

imu

Miz=h§2+1l
261)1=d8
*{NEZ2 )= TN
NSFR&4b3NSE
NER=AFR+ 1
kE{l)=C.C
XE{NFR)=FTp

LETERMINE GREVITATICAAL ACCELERATICN (AGS)

F=S0+(H10/s2.0)
AGS=0.00CC28254*R* {LMECA**Z)
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AN
¢ «
CLet AMINT=FLEATININT)
£{2c EskTF/ANIAT
GiLch RIAT=ALAT+1+43
{UzsS Ax(11=C.G
[ &1 LC 10 IsZ,NINT
“C21 10 Exil)=AXil«li+F
crz2 G0 11 J=lenINT
¢ez2 11 EX(li=2=8X(1}/NTM
€39 ElsE[M3aG5933
Lg% h1=41M®AGS
Llze Fl=F1Mb/AGS
CLz? GAMMANZGANNASAGS
((ze CANMA=CAMMA/ 1 T2E8.0
GL3S CGAMPFANZGANMANM/LIT28B.D
€
grae (AL Clelr?
C
CiC4L NINTTsNINT=-2
LLe2 CARMAL=GANMPAMS]TZ28.0
LU&: GAFPMAZ=GAVRARLITZE, 0
Cled PR INT 200 -
GFwk FRINT 201,TITLEL»TITLEZ
CLac PHINT 202 CMEGA ¢SGR AGS +HINMGHT 4EIMELFLIM,Fl,CAMMAL, GAMMAZ,
XMNPCLY NINTT,NAJNSR4yNQ
[of P} PRINT 214,17V
<
CCuE IFINALEC.OICE TO 21
45 OC 20 (=] ,IT#
ceee CC 20 Jzl.NA
IDOLS 20 B{led)i==~AL],J)8386,.,22
¢ .
(N &7 £l DG 22 I=1,N52
Less 22 X(LI=X(L)/bTH
C(tw IFINACEQS.CIGC TEC 24 4
tees PRINT 203
UL te CC 23 1=1,NA
[N £3 PRINT 204 0l tCALT(Lsudsd=142)
C(te 24 FRINT 205
[ A L 25 1=1+ASk4
CLeg K= [+NA
Clel L= ]+l
CLe? 25 PRINT 2061+ (CALTIRsd) ed®Lle2)eX (L)
CCe3 LL 26 I=].A5R4A :
ulis 26 X{1)=X{])*rTH
c .
C(es IFING.NELOIGE TC €1
[T 3 27 1F{MLECLOGC TC 28
CCe? FRINT 247
et LC 28 1I=1eNC
LCes KshT+I+NC
{{7¢ €3 PRINT 204.1,1CaLl(Ked) |J=1!2)
Ll c 29 PRINT z08.TCALI

¢ CRIN{L} CMAX(T) /7 I=1 LCCATICA =2 TINE
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' MAIA
"¢ tFLTCC = ‘TIME PLCT CCCE
[ 8 IFLTICC = C £1RSY 20% CF# TIME FLLCY lS AMELIFIEL
€ IELTCL = 1 REGULAK LINEAR TIME PLCT
<
Uiz REZD 1OCS,CMINMNCL) oCPAXTTI) oCNMINTI2) JCMAXT2) LIFLTICE
C
C CELL FOMEMT
[ rie IF{ANCMELQIGL TC 70
CLia {aLL SFEZR
€{315 £ALL FRESS
C
Gl7e 20 IFUNALECLRICGLC TIC 27
C
C FIMD EISFLACEMENTS BY IMNTEGRETING ACCELERCMETER RECCHLS
C THERE IS 3 EASELINE CCRRECTICN CF THE ALCELER{GRAPRS
C
WOF7 CIS1(le13=T1C#1
(76 CIS1(2y1)=TCFF
[ ) CIS1(1,20=BC11
(el L1810cs2)=ELTF
Lkl Cisl(l.3)=30
Llte C18182,31=GC.C
(3 CC 21 Jzl.ha
Cles 21 (ALL EASCCRLL)
CLtes CL 34 yzlehA
CCEe CC 22 i=14TH
[ 32 {1{10=2(144)
ClEE CALL INTECIITNM 41 ,01,82,.0)
ClES {ALL INTEGLIIN,T82.81,C)
tLsc COCC=ILISI e d)=CIS Lo ) #a U )=20LTFN)ZCTLETIM)=TLL)
[ CLLT=0IS1tleu)=AE)=-CCLCxTH{ L)
(Lse LC 23 I=1s1TM
tLez 32 LIS Lo =800 0 +CCCC*TLINSLLLE
CC54 24 CLMTINGE
C .
(Lef IF(NALMELL LT TC 26
Lise CC 2% u=z42
€{e? L0 38 f=1,{TNm
{Lee 2t ClSt{lsdl=CaC
Liss - 3¢ CINTINLE
C
€l 37 (ALl YEISF
¢
el [FINALELLIILC TC 35
e1cz CC 2E [=141TH
01932 CC 3R J=1l.0h2
C1C4 Flled)=Aa{led)/LAGSH28E.22)
Clis 38 CIS{I+d)2d18010d)/FTF
Qlue 25 L0 40 I=1,1Tk
cle? 48 TCL)=TL{L)*F 1M
C
C FLET ANC PRINT CLT ACCELERLGRAPF ANC CISFLACEMERT RECGR2S
¢ ]
ClLE IF(NALECDICE TC 47
C1CS CALL AFLCT
Clic EC 4¢ A=1,20
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Clie
ullt
Qllg
cile
Gley
izl
Clieg
ulé3
Ulia
c12¢
{lic
Gle?

Glze
Clgo
GlzIn
cizl
£i32
L1323
glis
128
Cl3e
(1137

glze
Clzs
vley
Qlel

wied

Cla3
Cias
Clad
ulaé
Cla7

vl4d
Cl4s

Cleg

44
43

47

el
£4

[

€7
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102
104
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. MAIN

PEINT 20O

FFINT 210

L=A250

LL 4% Jxl.5C

I=iL=-50)+4

1F(LL.GToLIM)GE TC 47

IfF INBLEC.1)GE TC 44

IFiNGELL2)CL TC 42

FRINT ZL1sD w1800 o0 ol dolIS U el o8 1L a2) o CISUIecd o8 lIe3)015(1,3)
gL TL 4%

FRINT 2121 VU1 9881e1) o L1SUT4l)va{1s23sL1StT02)
GC TC 45

FRINT Z12,1s7001)+80141)4LE8(1,41)

COMTINLE

CCMTINLE

COMTINLE

€ 1¢c 77

CC €4 I=1,NFE

PELL =P (L )/FTV

FkINT 212G

CC €€ [=140¢

k=[+AT

Lal+1

FRINT ZO€ 1 (CALItR ) o= a2 oxP (L)
EC €7 I=14NFF

PEILY=XE(L)neTH

GC 1C 27

CALL_FFESS, : ’
CALL SKEAK

CALL MOMEAT

¢L 1C 20

CCATINGE

FOCEM2T(1884/7]18A4)
FOPVATIEF1d.00415])
FCRMATIEFLICLC)
FUFMRTL(IE)
FLENATL(4F1CL0y I5)

FERMAT{LFL)
FURMATL SX918A49/7 45X 31ERbe/sGRat AR R4S ABIRIISRRNRLIZT AL IRILATARES

AABIFIRESBIRRAINLRHAIIBIBANREIBIIRRINRREIRS )

FOFMPLTU/ 2o IR s "CENTRIFUCE RFM=*,31X9FEely

7ol X D ISTANCE FRCP CEMTHIFUGE AXIS TC TLP CLF mALL=",FS.2e1lX,
X*INCEESY,

/91X *CISTANCE FRCM CEMTRIFUCE AXIS TC MILLLE CF WALL=',F€.c+1Xy
XYINCPEST,
X/e1X+*CRAVITATICNAL ACCELERATICN AT MICDLE OF wALL=*,F9.211X,
XtGC=S%, /7 '

X/ 91X *NCLEL BALL PEICGFI=2,F1542¢1Xs " INCHESY1EX?FROTCTYFE WALL FE
XICET=?,F19.291Xy *INCFES?,

X7 1Xo " MOLEL PALL E[=%4F23.241 %9 " LE=TN®#2/IN 10X ,*PRLCTCTYPE wALL E
XI=®, F22.20 1%, LB-IN*22/IN?, .
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Clie

Cl¢s
LleC
Llel
Lite

vlesd
Clea
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, FALN
XZeldy *WCLEL FUNCANENTAL FRECLENCYZ'3FS o291 0 FERTZy 16Xe *PRCTLIYFE
X FINCANENTAL FREQUENCY 2V FG 241X 4 HERTZY,
221X *CEMNSTITY CF PCCEL SCIL=® FlEae2y1X o' FCF?,18Xy *DENSLITY (F PRCT
XCTYPE SCIL =%y F1S.2¢1Xs"FLF 2/,
PrelXo*CHCLR CF PCLYMOMEAL IN LEAST=-SCUARES FIT=2%,15%X,12,
X/ 1Xo*ANLMBEE OF FGINTS 21 w+ICk CATA EVALLAIILN TAKES PLACE- 2 14,
X277 91X INUWPER CF ACCELERCVMETERS=®, 2
X/elXs*ANUNMBER OF STRALIN GACES=%,1[5,
X749 IXo CALNBER CF PRESSURE GACES=Y,[3)
23 FOPMAT(/7/74+ 0" CALIERATICN FACTLRS CF TRANSCUCLERS®,
S LR T I T I T P PP P PP P P T Y T Y Y BN
X/o1Xo *ACCELEFCHETERY p LN o *SLLPE " » S Xy 'Y=INTERCEPT ",
2l ylmremccracancael | Xy lemaca? (GX, tesvvaranauat ]
aua FLEMATIEX ]l ce2242E20.3)
20% FORVYAT(/ 21X *STRAIN CACE g 130y *SLCPE® o SX 4" Y= INTERCERPTY,
12Xy *LLCATICANY,
x JelXytommocccnaaat, 13x glmvmmat GX "‘q-;'“'-‘-° L
XLZhytovmomanat)
cCE FUFVAT(ED o 122X 432E2Ce3) .
2C7 FURMAT(/ +1Xe" CELTA RPEAMY 12Xy *SLEPEY+SXoe ' Y~INTERCEPTY,
A F3lRy? memmeccnen? | 1xy lemame? Gy Ve L]
elE FURFNMATL2 41X *TIME CALIERATILN SCALE="2E10.2)
ceWS FORMAT{/s1X4 YPRESSURE CAGEYy 11X, *SLCPE?Y 4 SX4*Y=INTERCEPTY,
XLE24SLLCATICNY,

X FEBE F Rl L bl e e e DS DG PR L LS Tl S P et t,
A2y tee—m -—=t)
eld FCRMATY el XY ACCELERCVETER NCoWl (TCF CF wéitbL)Y,
X EXyYACCELERCVMETER NC.2 {RASE CF wallL )Y,
x B TXs*BLLELERCYETER NCL3 {(FREE FILELL) "5/,
x Zlx '.“*"”‘*“""“"“‘3‘“.*““',
X EX 1R ARAINIRIIRITAIR IR ACRATAATRANDAR T,
X 7X"“‘33“"“i"“*#“"'t‘*‘*“"'I’ ’
XIX4*TIME?, " DMENSICNLESSY 3%, *CIMENSICALESS Y 46X, *CIVMEASTIONLESS?
x e EX s YL INENSICALESSY X *OIMEASICNLESS Y o6 X o *CIMENSILNLESS?
x s e *CINMENSICALESSY 3701 X4 *STEF* 4 1X4s*TIME (T*F1),

K2X o YACCELERATICN (3/G) CISPLACEAENT (Y/H)',
ALX *ACCELERAVICN (2/CG) CISPLACEMENT (Y/H1}*,
*Ix o YACCELERATICN (2/C) CISFLACENMENT (Y/H1' e/

AlA Vo cmccccccccss == - - - -

Xmmmmm e mmmm ¥ )
cll FCFMAT ([, 14sE12.3,€E15.3)
212 FCF”AT(IXI14051-4-v451§.3'
213 FUFMBT(IXsl49E12.3,Z2E15,.
eld FURMATULLXZ"NLMBER (F 'lVE 5TEFS=':[7./’

STLP
EN
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ALCECAM

.

SUEKCLTINE ALGECMINoB+EsY)

SLERCUTINE CALLEC IM SFLINE
CIMEPSEICA AL1500:3),L{1500C43)+L11500+3),BE2),5¥(2)

LE1e2)2e(1,2)

LUy 2)=a11,2)

Y(1)=E(1)

EL 22 I=Z.M

1=1-1

£41:2)21.3

L0ie21=A(1,2)
EC1,13=8{1s1)/U(1142)
LO1,2)02A01+2)=Clis1)oLETL,2)
IF(ABS(L(Eya) et TelaCE-CSIGE IC
CENTIMLE

YOI32E(E)=COI,11%v(11)
VIMIEY (N I/LIN, 2]

1=h

11=1-1

YOILD=OY CLDI=U L 2 0aY (T )I/LLTL, 2}
1=1-1

1F {1.EC.1)GC TC 21

[
wn

cL IC 25

Q6% e

Qut 03

j1Li

CREILRA

FRINT 10T
FUFMAT(/79n%2 IS & METRIX WPICF REQUIRE PIVCTING CR

FETUEN
EMNE

IS SINGULARY)



S o g

Cul 2
Clta
[ o -
LiCe

il 7

(LCE
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vile
Gell
tl1e
ugl:s

(Ils
CCik
Gule
[ S
ccie
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vz
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{Lcz
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LN
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o~
LYRAVELY
-~ on
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1434
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. APLCT

SLERCLTINE AfLCT

SUEBRCLTINE TC PLCT ACCELERCCRAPKS ANC CORRESPCANCING DISPLACEVENTS

COFPON/REL/BLLZCZ12) o TE15C210AX(102)eBX{122)oCALII1542)eX(1D)
x TCALTyITM ATy NAJAPCLY  NS2, thTnP.EIP,P1P:AGS GAMNAN »
x MIYPESFLM ALy XFIS)

CCMMCN/BLACKZDISILED242)

COPPON/FIMKR/EL(LIENZ ) 4 £211502)

COEMOA/GRAY/TITLELLLED HTITLE2(18])

CIPENSTCN 22(2),FBUZ)2LCCL2heBNRX{3] 4CMAX{2}4MAXX(Z) 4MIXX(3},

x AZe{Ll)oECELL)

M [Az=AMAX
Yhlh==ypAx

RELS ZTOWTMINGTMAX G ENIRANAK, YN N, Y AX

CC 178 J=1.M2

CL 1iv4 I=1,1T»

Flild=a{1,44)

Azl )=013{1ly4])

CELL BIGMEX ULl o ITNMpANXRAL ) MAXX(J))
CALL BIGMAXTLA2 +1Th L xx{Jd)o#CXX(J))

CLATT=[AES(TMAX=TMIN) }/E .2
CINTA=(AES(arAX=2ANMIND) IS
CIPTY= {BES(YMAX=YMIN])/ZWS
Thh=e]l 2E8CIATT
Tex=1Z.25%CIATY
Ebb==€,250CNT A
AFrs 3.IS*CINTA
YPRz=Z  TE2CINTY
YWxz 7,25%CINTY

CC 12% I=1.2
LcCil)=0.1

k=14

LC 16D f=14N2

CALL WLABEL (1 o7 e eSeTMIN2TMEN 3 09K " TINE (T4F1)%,129J9%tF4aall?,
x4)

CELL SYSEYMUCZ o7 g4elT5+eC0o1le TITLEL 9724001

CALL SYSSYMIZaTE494e12590u1¢TITLEZ2+72,0.0)

IF{lNELLICC TC 131

CALL VLAEBEL(1oe75+540+TMIN TMEX B atlo Ky "ACCELERCFETER NCWl (TLP CF
FRALLY Y 422,Co % (F4ald? y4)

COMTINLE )

IF{INEL2)CGC TEC 132

CALL VLABEL(1aTSsSaCyTMINyTMAR ) B9 Ky PACCELERCMETER NCWZ  (BITTCM
XCF WALL) "e2E5D9*(Faallte4)

COMTINLE

IF{LaNEL2IGL TG 1332

CALL VLIAEELI{L1 a75v5e0¢THINsTWAX 48 Qe Ko " ACCELERCMETEF NCo2 (Fnic H1I
YELL) 42240+ " (F4all®s4)

133 COMTIMGE
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- 306 -

“ AFLCT
ulzs LALL VLAPEL(1a7591a5sYFINeYNAX 24542 CISP (Y¥/R)%91llcols
PTLEEL,2)+5)
o &b CALL VLAEBELI1a75+5«0sAPINANAN G2 .54%.%8LCEL (AFCI%o12s1¢
XeifF4a.1it54)
C
0Csl CALL FAGE
€42 LAE=0
GE43 2A{1¥=1.75
viad AA(2)=9,17%
£Cab EELLl)=2,75
TS EE(2)=2,175
[T CALL XYFLLTIC 28 ,E890eCs1540sCedel0a0CLCoLAE)
(lae EE{li=4.C -
CLL4% EEl2is4el
[TV CALL XYPLLT{Z o AA4ER2CalCpl1CeTeTadel0CsCLLWLAE)
iCel EEfli=¢, 28
1082 EE{2)=¢.ct
cres CELL XYFLCTUZ 42842840l e15a0s0aT910.0,CCCHLAE)D
LLEsy EEtl}=7.5
LL €5 ' Eet(2)=T.5 :
tose CALL XYPLCTUZ 42A4EE40.Co15e)eQedpluattolLCoLAL}
[ BEL1)=S.%5
LLAE EE(l)=1.8
LLES EE{2)=4,C
feed CALL XYPLLTLZ A2 4E8E89Calr1540:843+1CeCollCsLAG)
¢l EE(L)I=5,2
1 CeZ EE{2i=7.5
ued CALL XYPLLTEZ 84,428 )CaCel5a093adollaCoCLLoLAE)
C
Clén EC 12¢ J=14174
Gled 21(JI=a04,1)
[ A b2t 22(2l=LIStds1}
€Ce? deafll=amxx{l)
et EcElli=T(MaAXX{]}]
(s CALL XYFLTUL o Bl oBALoTHN,TRX o 2PN AVX+LCCoel 2B L)
[N AAA(Yy=uMxx(1)
CLil BELEYLI=T(MCAX{I})
[ CALL XYFLTUL sEEC 288y TRA s THXeYFPNYNMX W LCCoLABYL)
[ Aoy ) CBLL XYPLOTUITNM G ToALsTMA AP A0N AN ,LCL L AR)
(Cis LAk=~1
{5 CALL XYFLLTULTN T4 A2 ¢TOA TR YA Y¥X LCCoL2R)
(L 7¢ 1ed CCATINLE
<
Cui7? 270 FCEMATIEFLIC,.C)
C
({78 FETURA

Clis EAC



[ g
CLC4
[
(lLe

g7
(e
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[
t23ll
vyl
Culsz

hulq .
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Veléd

¢
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<l
1l

[l o Wanl
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. E2SCCE
SLERCLTINE ERSCLRUJY
SLERCLTINE TC CCHRECT ACCELERCGRAPRS wlTH RESPECY ¥1C THE BASELINE

COMPPMOAZREC/ZELLOOZ 4120 o THLIS02 AR (112 +EX{112) +CALILL ) o RN},
TCALI v [TFINT «NAJANPCLY JAS2yNINT sy EIN o PTN L AGSyGAMN AN,
x NTYPE 4FIM NG XF(S) )
CCrPMTN/BLACK/ELS(1502,3)
RELLSE STCFRUZ+7)
CIFENSICN C£YR(3,1502).C12)
ECLIVALENCE (ZI1S,048T2)

-

1F1J.GTL11GC TC 44¢
LC 43¢ [sl,1T¥
LETALZ,10=1.C

CC 444 [=]1,1TWM
CAVALL,1B=T(1)
LAT(Z,1)=AC1,J)
CH13G=C.0

CALL LSQRUAR{CATA ITMyZoCoCFISS,STCH)

LU 448 [s1,1T¥
ECTodd=s20Lpdd =1Lt} 02T {]})
FETURA

ENC



cccs

ccaz

L3
LCO&
cees
GlLle
ulL?
ceen
[ L

cale
LCil

o [ Nala)

T¢8

170
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BICceax

SLEFCLTINE EIGMAX(ALK,AMAX (KNMAX)
SLERCUTINE YL PICK CULY LARCEST VALLE CF & CNE CIVENSICNAL AknLY 4(K)
CIPERSICH ALL)

BrAr=C,C
CC 770 I=l.k

IF (AES(A(11).GT.285(AM2X)ICO TC 1¢5
6L TC 77C

EpAX=ACL)

KvAX= ]

CONTIALE

RETLRA
ErC
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. CRULACE
GeCl SLERCLTIANE CRUNCE
C
C SLERCLTIME 1L SURT CLY PRRANETERS FRUV TIME=SPACE ARRAY XX FDs
C FLUTTIMNG AMD CLTFLT
C PARANETEFS CHCSEN ARE ST2TICMAXIMLN CYMAMIC oANL FINAL STATC
C
t(Ce COMMON/REC/Z211502912+TLL15020 48X 0112 )4EX(L1204CALTL 1 Ew2heXt1)y
X TCALL s ITM oNT o NANPILY oNS2eNINT oF o+ EIP o FTEAGSy GAMF AP,
X NIYPE«FIPJNCyXF{G)
LLCs SCOMMON/BLLE/XLU112) +X20822)X3C112)TT(L15Q2) o22(1502,1123+X¥(1),
* YM{1)eINM{L) o 1TNMAD , IXNAX
C
’ C FIND kaxIrLM PARANMETER ANL CCRRESPFINEING TIME &KL LCCATICH
C
(W MIFTT=AINT-2
[ CHll Yax2Rr({XXoITN NINTToxxMAX [ TMAX ,IXMEX)
C
{CLe LL 14 I=14NINT
ceer LUl )=xx{1l,s1])
it et ld=xx¢l1M2x,1)
LS 1ad 22(0l)=xxlTr,1)
1C10 xr(li=xxbi>
ntgll Yo (1)==2X{IXNAX)/FTN
c(12 TR{L)=Y{[INAD}=F LV
GCi3 LC 14] j=21,1TM
{1s 141l 1Tl i=sxx{[,1avax)
C
uil5 FETURN

vCle EML



fc}

[Ty
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CERIV

-

SLERCLTENE CERIVINsk Y, LY)

SLERCLTINE TC NUMERICALLY LIFFERENTIATE & SEY CF N PCINTS (2,oY)
LSING & 4TH C(RCER FIMNITE CIFFEREMCE SCHENME

CIFENSECM YUL)CV(1)

hxh-Z
TLC 2 17142
ZCY(1)2(=50e0¥Y(I)+G€ 04YII411=T2.0%Y11¢21022.08Y 1430600V {14400/
224 08F)
LC 4 I=3,A ,
4 CY(II=(Y{1=20-Ee 0% Y (1=1)43,0%Y{I41)=Y(142)}/112.0%F)
Rshe2
pep-l
LL & 1M
& LYUII=(50 0av(l)=SL el aviI=10472,088Y{1=2)=22.CaY([=3)¢ca12Y([=4)}/
2(24.60r)

FETUFRNMN
ENC
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. CIGIT
teel SLEFCLT IAE LIGIT
¢ .
L SLERCLTINE TC REAC AMNC SCALE VALLES FRCM TRE CIGITIZEK (FudNAT(IMXQPk
C
£Ce2 (LbPCRJFECIA(l‘ﬂc‘lzl'1115"2)-llillz)vEXGILZD'(ALlll 229 X110},
X TCALI s ITH AT oNAJRPCLY JAS2¢NINT o sEIN o TH, ﬂGSoGl“FiP.
x MTYPE pFLIM NG, 2P (9)
Qccz2 COPMUNZBLUE/XL18312) 9 X201112)92%211012)+TT(1502) +¥X{15025112)9xXMF{1)s
X Yre{1)TM{Y ) LTMAR,[X¥MAX
Le4 SCOMPMOA/FIM/AL(2502)982115002)
(S CEMYON/CFANGE/TLPIZTCFPEJPLTILECTF,NC
tLCle FE2L#*B SICR(Z. 1)
[ CIFPENSTCR TA(1502+12)+1T{1E0Z) o IXEASEG2L o IYEASECZY) o XRASETZL)
x YEASELCLlYeLATAL 2420 sC )+ INMAX{L2) o LTM L) ICHFECK(Y 2]
Lits ECLIVALEMCE (TA+2) o (1T T o [IXEASEWXBASE)»IYRASE,YEASE)
¢
C MA=NLMEER CF ACCELERCMETERS (LP TD 2)
L NC=RLMGER CF CANTILEVER CISPLACENMENT TRANSLCUCERS (uP 15 2)
C ME=ANUMEER (F PRESSLRE TRANSCULCERS
L PI=AUMEER CF TiECES CICITIZEL {LP TO 12)=ACCELFRIMETCELS + STRAIN GAGLS
C + PRESSURE TRANSCUCERS
c CELECTsJ)=CALIBR2TILN FACTCRES FCR EACH TERACE
C CALELT»1)=5S0LCPE CF CALIBRATILN
L CALLICE«2)=Y=INTERCEFT CF CALIERATICN
¢ Y=CALI(IstD*xeCALItTs20
C 2{l+4) LS THE ArREY CF CICGITIZEC PCINTS
C TCeLI=T{¥2 (2LIMRATICN SCALE
C .
(s KE2AD S0l yNAanidshFoAC
el MTI=NA+AS+AF
(Clil ’ ASAT4A(
iz REAC SO24((C2LT 0 w3 ed=19 2 el=LyN)yTCaLI
L
C SET UP L[ICITIZEF CCCWCINATES wiT+ FIXEL TRACE
C
(cl: CC 265 uzl,t
€14 I11=(5%))~4
G(1lE fe=l1+4
0lle REZC Su2,({1xpASE(I)IYEASELIL)oI=2I2412)
tel? CC 3¢ k=lls12
(Cle [E(IXEASE(KR]) 2EQ.S55555)CC TC 3ce
GLls XELASEIK)I=FLECAT(EXEASE(K)}
Cleu SC2 YEESE(KR)I=FLCATCIYERASELK))
(Czl 208 CUMTINLE
[ 30¢ rk=K-1
Ouel EL 307 L=l.kkK
ULZa CATACLl,10=xEA3E(I)
LC25 CA1842,1)=YEASE(TL)
Gz ZCT LATA(3,[}=1.C
CuZz? ' CrIS5C=0.C
C
LCze CALL LSQLAR(LATAkks24CHISCHSTCR]
C
Clz¢s L(=XELSE{]l)
CCzo EL=Cll)+(XCASE(L)*C(2)}
LC2l (C=XEASE (KK}
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. c1cin
whz2 CC=CLL)4#(XEASELKK)*C{Z )]}
(g3 FYFL={{CL=AC 322+ L{LL=EC)227)
DC24 FYFC=SCRT{FYFO)
L£25 Sipw=(CC-EC)sRYFC
LLze CCSn3{CL-AL}/HYPL
c .
o FE2C IN CIGITIZEL TRACES
[ .
LLay “CC 38C J=1.N1
cczs -CC 211 k=1,3C0
(2% [1={S4Kk)~4
Gl4u Izz11%4
ccel RELC Sv24lLiTCLY oA UL uldai=110ic])
(C&2 C€ 210 L=11,§i2
Ges2 TFLITIL ) SECL€595SS)IGL 1C 212 -
Cl4a Pr il J)=RLCATLIYILY)
€C«5 319 UL+ J)=FLC2TLLIACL,J))
REYVE T3 211 COMTIMNLE
Lia? CIle 1it=t=l
c .
C ELASELIME CL&FECTICA
¢ R
CLat L0 215 1=1,11¥
L4 XC=xX(led)
€CEC YC=4a(1,4)
eCsl FEAL )= {xC-ACI¥CCan24((YL=BCISINR) .
Cete 215 {1y d)=m=({XC-ACIASINB)#{(YC=EC)*(CSn )}
C
€ TrE XXtlsedd ARRAY STCRES TI¥F VALLES TEMFCRAKILY
C
c I IR R A A I N NI I B N T I N BN T I T R O N Y
C * f{l,J) wiLL BE THE SET CF TRACES AT ONE G (STATIC) *
C * 2{zed) wilLE BE Tre SET CF TR2CES 27 MULTIPLE G (STATIC) *
€ * FRCKM A¢2,3) CNy THE TRACES wiLL BE FrCr THE LCYNAMIC PORTILN »
C R I BN R TN T T T I R S I O I S N I S I
C
CCES ICFECK({.)=C
Lita Ix{ledli=Q.0
tLLls »x02+412CC
LCie IF{ETP.LELZ) GL TC 245
Les7? £ 340 l=4,11¥
[.8.1 243 23 llodd=axiledi=XX{2,4d)
(A AX{2edi=Ca0
CEet L1 348 [=2a4]7¥ .
LCel IR AXX{ Lo ddoLELXX{1=1,d))GE TC 242
t{e2 GL TC 243
({2 243 JCPECK{J)=ICHECK(J)+1
CCes PRINT €CQ0uye ICFECK{J g loxX{l=2yddoXX{]+J)
(Ces 348 (CMTINLE
Lite 245 CONTIMLE
C
Lie? IFEJeCToNAJEL TC 354
CleE CT 320 §=3,[TH
Gles 350 MMled)=a{l,g)=8(2,3)
€y 2{1+4)1=0.0

el B(z2+d)=C.0
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pIGIT
Gciz &L TC 387
L33 354 CONTINLE
Ll EC 353 1=2,1TM
Cen 355 Alledizdllsu)—=A(1,+4)
{L7¢ At l.J)=C.0
(S@ X 357 CLATINGE
C
C "SCALE RECORDS
C .
(Cie DC 3¢€0 [=1,ITM
(7% TRXULd)=TCALYEXX{ L)
CLEC 360 AL+ JI=ACL J)*CALLI{J 1 )+CALLIUS2)
c
C MCEEL PARAMETERS rHAVE AOw BEEN SCALED
C
cCel IF{NALEL.0)GL TC 378
C(eg ITMi=ITM=2
CCez CL 365 lal,[Tm]
Cita XLl e Jd=kX(]42,:4)
cLes 365 AL, Ji=A(142,3)
LCEe 1Tr=1TN§] ‘
ccer GC TO 3378
. c_
CCre 370 11p=1
(Cty AlleJdi=al243)
LCeg 375 CCATINUE
Lobl TeAX( I =2XX{ITM,J}
(02 ITFMEJ)=]TH
oge:s 280 COCMTINUE
C
LS4 CC 381 I=1,hT
eles IF{ICFECKIL)NELQISTCP
wuse Z81 CLCATIMLE
C
[ CALL BICPAX(TMAX JNT T¥X, [CUM}
tCee T I=TMReF 1N
Ly 1F(TMX ,CELI.0)GC TO 282
uicy I1M=(TPX2150.0)+1.0
Lict [Th=ITMe ]
ai0g T{l)=0.0
wlud CC 382 I=2,ITm
clta 382 T(1)=(FLCATII=-1)/715C.Ch/F LN
clcs GL TC 388
ulve 383 [IM={(TFX=-3.0)1%75.0)+451 .0
Lic? 1Te=[TMs )
CI{E T{1)=0.0
uvivg CC 3k4 1224450
Glia 3B4 TH1)=(FLCAT{I-1)/150.0)/F 1N
il LC 385 [=45].41TM
112 ZEE TULI=(FLCAT(I=-226)/7%.0) /FLM
€112 IF(ITM.LE.1500)6G0 TC 3é8
ulla PRINT 601.+17¥
€11s 1TM=1500
¢
C SMCCTH CLY DATA »ITH CLBIC SPLINE
C
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{11¢
€1}7?
ulls
Clls
Uled
Glzl
Wlce
ull?
Cl24

vles
Glce
Cle?
ulze
Glze
01za
(123
1322
wlz2
134
LiZz
1wl
ulz?
C1l2ZE
wlisg

C14n
Cleal
Ci&Z
viez
Vicw

Ol4s
Clae

(s RaNala

25¢
357

St
Ny
o

(e nan
[
N

end

il
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L1e1y

E L0 357 Jzleh1.

118=1Tkr{J)

CC 385 [=14175

EL{TRsXXUld}

Beil)=2il,J}

CELL SPLINE(ITSoA14AZ,1TM,T,11)
LL 36€ 1=1,17¥

Filayd)=T1L])

CCATINGE

RELT IN INITIAL SNC FINAL CIGITIZEL CISPLACENENT VALUES
#T TCF ANC ECTTCM CF wélL

FE#D 2G24LTLF1,ITCPFIECTILIBCTF
TCFI=FLCATLITCRL)

TCFF=FLLCATLITOPF)

ECTI=FLLAY(L1EQTI ) !
ECTF=FLLAT(IECTF)

F1=AT+]

L FINEY

IF(NGLECLOIGL TC 355

TCFI=TCPE*CALLI(M1,1)4CBLI(NML,2)

TCRF=TUFFCALIANL, LISCALT(N],2)

IF (NCoERLLICL TC 3265

ECTI=PCTI®CALLI(NZ,1)4CALLINM2,2)
ECTFECTReCALI(NZ, 1) 4CALTIINZ,2)

COMTINLE

MNI=hAeNS

FCENAT(4IE)

FCPe2T(BF1L.C)
FCRMAT({LICIE)

FUPNAT LR ' ®naERilntnd ~ TRACE J=¥y ]2y ICHECKTJ)I= 130 =%y 14,

X yX(I=19J)=2% ¢F1Ca2s® XX(14d)='2Fl0.2)

FUPMATLLFL 12, YACTLAL MUMBER CF TIME STEFS WAS "elds/e1X,

XUCALY FERST 1500 TIME STEPS CCuLL BF LSEC LUE TC STCRAGE LIF{[T15%)

FETURN
ErC



Cecl

(€12

wCC3
CLC%
cCce
t€le
CLe?
Cile

Cles
v liy
Lell
O6Cle
(i, ] 2
Lilq

LLlE
Lile

ACOAOOAE

)

m
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INIEG

u

SLERCLTENE IATEG(A+X,Y9SY, K}

SLERCLTINE TC NUMERICALLY INTEGRATE 2 SET CF N CATA PCINTS (X,Y)
CVER A PRESCFIBEC INTEFVAL LSINC THE TRAPEZCILAL RULE

TEE INTEGRAL BETwWEEMN »{1) ANC 2{1) wILL EE EVALUATED AT EACK STEP |
k=0 CRLER CF INTEGRATICN MAINTZINEC

k=1 CFCER CF INTECRATICN REVERSED

TLIRERSIOM Yeid 8L eX{D)

IF(K.EC1ICGL TC &

Ar=h

fvil)=C.C

CC 1 1=2¢MR

SYQEI=SYLl=0 0+ ({X{T)=R{l=L0)} /2,002 L bo¥(]1=-1))
GC TL 5

Aah=]

SY{NI=C.C

CL & Js1l4Mb

I=p=J

SYLD)=S8Y LIl e (i x{Ps L) =Xt B} I /2008 0Y{TheY(]+1l])
COMTIMLE

FETURM
EMC



CCll

¢ec2

LG
{CCa

€ege
[EaYY
(007
CLCE
[
vele

vill
vwlle
[
iCls
cCls
vulé
AW
tLle
GCls
{Geu
CCsl
(R
Li2s
lLca
Cezs
tice
uwie?
(Ccze
(CZo

at Fad Baf gar Gad dug Pos 040

oan S R e O
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FAE

SLERCLTINE PP (A YyZ o XPAN o XMINYMAX s YN TAGZMAXSZF TR JRXReNYYACTR)

tiXaXalal

COFENSTICM XO1D oY (1o lCC(2)4CTRIELIoXR{%) ¥ Y(2DelZ{4),

X

(e X nll o

WL 2 [=21,3
2 -CCCil)=0.3

XLCL)YC(11p20150241)

SET LF COANTCLAKS

RCIRS=AL Tl
TeE=FLCATINCTIRS)
C2l=(2vBX=IMIN)/TRS
CIell)=ZFI1b

LL 2 I=2.nCTF

e

LA

b=

IChE=z=)

Mrxshix=¢
Ay=Ayy-2

CTIRILY=CTRIL~-104C2

CC 57 [=1eMXye

rx{li=nlid

xx(2)=x(1+€])
Yx(3)=pil+e}

yrta)=alli

CC 50 Jzl,h¥,2

YY(l)=y(d)
Yy (2i=y(J)

YY(2)=Y(J+i}
Yyilal=v(joz)
d2(L1=2t1,4)
IZ12)1=T(1+¢4 )
2ZL3)=TLLre 042}
IZ214)}al{lsu42)
CC 50 k=1+MCTR

[l nlal

5 \=C
. CC 17 [1=1,4
wu=MCT(Lle4l41
IFACTR{K)LCTLZZULINIGL TC 7
IFICTR(K) «GT 422044 )ICGC TC 1O

GL 7€ 17

INTERFLLATE

7 IF(CIR{R)SLEL(2844))IGD TC 10

CL TC 17

11 L=

L+l

TFL22¢I0YecCo22ESd3)GC TL 12

ZSL=(CTR(KI=ZZCIINV/ACZ2033)=22( 111}
FOMLI=Xx LI b4 ixXXxeodd=XD (1T ) }22SL
YE(L)=y v LI D)4 { Y (JJi=-YY(TIT))*25L

€L 1€ 17
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. MAF

TCh4 12 xCiti=xx{i]) ‘
Li45 YOILI=YY{LL)
(C4e 17 COMTIMNLE

4

¢ FLETTIANG

C
(oa? TFtL.EC.TIGL 1C =0
CCat BFLLLCTL21GL TC 0 _
Llab SLALL XYRLOTIL o RO o YO o XM IN o X NAX o YAIN,YMAY ,ECL LWl AE)
ties 43.CCMTINUE
ceel SC CCMTIMLE

¢
LeES FETLRN

4 ENE



ccel

(€2
U3
CLfa
cces
(ele
(S
Lkt
+(L S
£ 01t
vull

tCle
€ol3

2kl alal

©
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FAXARR

’

SLEFCLTINE FAXARR{Z KX JKY JANAR JKEMAX (KYMAX)

SLERCLTINE TC PICK EUT TPE LARCEST AESCLLTE VALUE CF 4
Twl=CINMENSICAAL ARRAY A(KX.KY)

CIPENSICN £(150201)

Ak AX=3,0
“CC 779 I=1.Kx
L T70 u=leKY
FFLBES (28] o)) oGToRES eMAX)ICC TC €&
GC TC i7¢C
TES Awix=8¢{],J}
KxMAX=]
EYbAX=y
T7¢ CONTINLE

RETURM
ErC



LLLs

«C1d
GGli

Cle
Liis
CC1=
€Cls
Glle
Leld
Lilh
CCle
Clets
"I gt
| PP

GGzZ2
(L2«
(Cet
CCze
Lt(e?
[SXop- ¥ 3
Li{zZy
'Cic

(S
[}

uCZ=2
{24

[kt
LC3¢

€Cz2?
CCL2¢

FCNENT

’

SUERCLTLNE MOMENT

SLEFCLTINE IC FING MCMENTS ALCMNG THE WALL FOK ALL TINME

4 LEAST-SuLAFES FCLYMCMIAL FIT witl PE MACE CN THE STRAIN GAGE [BTA
PEICF WILL CGENEFATE ECLALARY CLANCITICAS 2T TFPE ECTTCM CF Tkt whaLL
SC THAYT A CUINTIC SPLIMNE FIT CAN BE NMALCE

[alalalnlalkal

COMNMOR PRECZACLEVZ23 1200 TH1E02 eAXTLLI2)0BXT112)eCALT(1542),X1200)0
x TCALT  TTMONToNA G NPCLY JNS2oNINT oo EINM o T3 AGS, GANNMAM,
} ATYPEsFIM AL+ 2P (S)
COMACN/GRLENZCMAX(Z2) 4CPINC2Y, IPLICE
COMMON/BLUE/XLCLL2)eX2(112 0o X301 12D TTHLEDZY 9XX(1EM2,11204XM (1),
P : YMOEL o TMUL) o ITMARS IXMAX
COMMUNZYELLOW/ATECL]}2)478(112)

FEZL#*8 STCR(1L.25)

CIPERSICM AM{LID oEWMILO) 9L 2TBU34100sCE11 ) oBCIeE)sSLE2098202)0L 8020,
b} CCCea)

CATA SI/ZONMINEY G INT Y/ (S2/%%sbhf1,YE1%/,LS5/€0¢/

REEC TO1eCMIN CHAR

FEsNFCOLY®]
NEI1=ASE-1
C €L TC ¢s5

IFINTYFESCNELLIGC TC eC2
NF1=nSZ :
£R(NS2 =00
GL TC ¢C4

EvZ MT=AS])

€04 2 (1)=2Y,.0
CC ECE I=Ll.nFT

els [AT2(3,1)=1.C
(F13C=(,C
CL éC¢ f=l,2

tlo EC(])=U,.?

L e5C T=1.11M
CC &5€% J=leNIAT

EECS TRtJI=ex{l.d)
CALL INRTECININT s 8X4 TR, TS5}
AML2Y=T18102¢€)
EF{2)=T51(47)
£V (5)=T15(56)
FF(E)=T151€8)

C LL 677 J=2,N51

C 607 aMUJI=211dth2-1)
CC £10 J=24.AFT
CET2(l,u-1i=2(J}

€1C CANA(Zd-1)=2VM{d}

NFI=MPT=]

CALL LECLZR{LATAWNFT NF+CoCRISC,ETCR]
AFT=hFI+l

LC €1e J=446
els ECLJI=0.N
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{40
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CCa2
(Ca2
wuh4

{CE
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47
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{46
LCEr

L5
LL:t

4L 87

LLEE

L%y
L€eqa
tCel
GCec
CCed
LLéw
C(esl
Clee
uue?
CCeE

C(eo
[N Qi
€07l
LLie
(33
CCia
¢Ci5
CCle
DY

E£l7

€1E
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€2
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POMENT

CC 617 J=1,NS2

TN FIETAN.

CC 618 J=Z,NS2

CC €18 K=1,NF
Ah(JYIzARLII+CLRISR(J)BS{R=1)
IF INTYPELECL 1D AP (RS2 )L, C

CALCLLATE BCUNC2ZRY CONCITICNS AY BCTICH CF THE waLL

L0 €2€ J=l.MF

EC{4)=EC(4)+L{JIMRINSZ )0 (J~1)
EC{S)I=ECUS)4FLCATIS- 120 {J)*X(NSc)ns({J)=-2)
ELIGI=EClEI+FLCATLU=2)2FLEAT =102 (JIsX(NE2)e2(JU=2)
[FINTYFELAELLIGE TC €24

ECEa)aC .0

CALCLLATE MCPENTS wlTk QUINTIC SFLINE
CALL QUINTINE yX oM ¢dNINT 22X, T5,8()

LC €25 u=1,NINT
Y3 (0002150002240

CEMTIME

LL €923% 1=1,1TV CCLCLCLCCCCC
CC £¢GS Jd=laNINT C
TR )=2xx{1,4) C
CALL IRTEGUININT Xy TR TISDIC
EC 6020 Jd=s1+MNINT C
XX (teud=1504) C

COMTINLE CecgocLcegeccecc

PRITECCL b xx
ENCFILL 21
Ritwihe 21

CaLe CRUMCE

LL €82 1=1,11¥

CC £52 J=1,NINT
XX{Esd 12X Lo di®eTM/ELP
CC €85 Isl,N]INT
PLOL)=xL UL )k TH/ELN
Yedbd=xc ok Tr/E]N
X2{[)=x3(1)s+TIVM/EIN
PE{Li=xM(1)=FTF/ELN

LL &56 iI=1l+11M
TT{1)=T1TL])s+-TM/EM

KSC=AS1-1

LL €58 I=1,M80

EFM{I)a=x(l41)/TM

CC 660 I=1,2

LAE=O
CIMNTX={2ES{ChaX{1}=-CMIN{1)D}/2.5
CINTL=(AESILMAX-CFINII/Z.S

YV Ihz~4 JCACINTX



ac7s
(o ¥ A
CLEC

2 sl sialalalakalkaXalakatal

et
ee2

€¢3
Eta
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LEe
eed
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€S

(1]
€12

(23
701

- 321 -

FCMENT

YNAX= £4O08CINTX

PR IN=TF EMCIATL LN IN

xkaxz 7,.5%CINTC+LMIN

CL 670 J=1,3

GL TC (eel€€39€65),44

CL €€Z2 I=1.M%0

Ed {1122 O0%L {1 IoRA)SETIH/ELN

GL YL €67

EL ¢€€4 I=1,N%L0
EPLLI22.. 092 (ITMAXGI+NA)*+TN/ELN
CL TC €&

CC €te [=1,N$0

EN (P2 082 (TP E+NASETN/ETS
CALL XYFLUANED JAP BN o XM INgXMAR YR INGYMAXZLLCoLAE2)
CLNTINCE

CC &7G J=1,43

GL TL (~€le€t248£€2),4
2e{l)=x1(Z¢)
Ev12Z2i=x1l41)
£m{31=x11(5%)

M (4)=X]11EE)

¢C TC €67
FrM{LI=X2(2¢E)
Ar{Zi=xel4d)
AM{3)=x2{55)

A (4)=22(€E8)

GC TL €&l
FM{Ll)=23(2€)
AMI2)2321{4T)
Aw(2)=x2(5¢)

b (alz33{tE)

CALL XYRLTINSOJARGEN ¢ 2NN XM Y PINYVAX yLOC4LLE 4 2)
CCATIMLE

CALL FAPARNT(L)

CALL FPAFLLT(SLeSZoLSoCMINCvaX)
CL €EC l=14[1¥

CC 68D J=214MNIANT
PrULadi=d X { o JI*EIN/FTN

FORNETIZFLLO)

EETLFA
EN
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0012
on13
0014
0015
114271
0017
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0020
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PAGE
SUBROUTINE PAGE
SUBROVUTINE TO SET UP PLITTING ON AN 8-172 X 11 INCH AREA
DIMENSICN A(2),812),0CC(31}

0C 120 1I=1,3

CCLiii=g.0

LAB=O.

A{11=0,0

A{2)=11.0

Bi{1)=0,0

B{2i=0.0

CALL XYPLCT{2:A¢B+000¢15+40¢040+10.0:,00C,L 4B}
A{i¥=11.0

Bi2)=8.5

CALL XYPLCTI{254+940.0915.040.0410.0,0CC,LAB)
2(1120,0

A(2)=0,.0 .

CALL XYPLCT{2444P40.0¢15.040.0410,0+0CC,L481}
A{2)=11.0

B{11x8,5 .
CALL XYPLCT12+2+:84040+15020.0+10.0.00C,LABY}

RETURN
END
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Qoo2

Q002
000+
0005
0006

Qo007
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Tol

T02

703
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PAPLCTY
SUBROUTINE PAPLOT{S14+52+L5.0MIN,DO™AX])
SUBROUTINE TO PLCT GUT,CN A SINGLE B8-1/2 X Il PAGE A CONTOJR #AP CF
A PARAMETER ALCNG WITH PLOTS OF STATIC INITIAL AND FINAL VALUES AS
WELL AS MAXIMUM DYNAMIC VALUES

CCMMON/RED/8(1502,12),T11502), AX(IIZluBX(112’0CAL1115oZ)-XtlD)s

X TCALIITM,NTsNA, NPGLY-NSZQNINT-H ElH-HTP-AGSvGA*ﬂAH-
X NTYDE oF1M NGy XP (S}
COMMON/BLUE/X11112) 4 X24122)oX30101220,TT{1502) 4XX{1502,112)+%XM{1],
X YMULE«TMULY, ITHAX, IXYAX

CCMMCN/GREEN/CMAX (2) o CMIN(214IPLTCD
CCMMEN/GRAY/TITLEL(1B)«TITLEZ(LS)
DIMENSTCN S1CL1,S2(1}4LSO1H+DOCI2Y,AA(2)4BBI2)sTi(deT2(3D:T3(L)

X LT(Q)CX(20)+CYL10)4CZCL0)+PXELELPY(L),TO(1}
DATA TI1/7°LOCAY»*TION®,* (X®yP/H)*/,T2/TIMEY v (T',*%F])*/,
X TILEXIHY o Ta/OTRF LY /4 LT/150 10294344/, TOL" v/

0C 701 [I=1,3
CCCtli=040

DC 702 I=1,1T™
TUII=T(1)*F1M
NINT=NINT=3

CALL PAGE

LAB=0

CALL VLABEL(1.5¢240+CMAX{LIsCMIN(L)s5e0+5+TLoLT{1)yls"{F3.117,3)
CALL VLABEL(T7oS41e5¢CMAXIL )Y 4CMINIL) 325429 T3alLT(3},41,%1F3,1)%,3)
CALL VLABEL{Ta5¢1e5¢CMIN:LCHAX42.592+52:05(2),04%({F5.21°,5)

CALL VLABEL(7.5¢5e0+sCMINGOMAX 1205924523085 (2) 21 (F5:.2)1%,:5}
SYART=],5+4{ (5, 0-{FLOATILSI1}}*5.,0/12.00}/2.01

CALL SYSSYM(START 37425+0+5+51eL5¢(1}),:0.0)

CALL SYSSYM(1.,0914154041TITLE1,72,4,0.01

CALL SYSSYM(1a04+1e0+041eTITLEZ2+72,0.01}

IFTIPLTCDL.ECLOIGE TO 7032

CALL VLAQFL(105¢20¢CMINI2) qCMAX {2} 45e0959T2oLTE21,40,%(Fa,.1)%,4)
CALL VLABEL(To5:540+CMIN(2I4CMAX (2326502 THelTC4)},0,%(Fael) T3}
GC TO 704

CALL VLAREL (T oSvBaCoCMINI2) CNAXL2)12.5010T4oLTU4)Y,0,'(F4,1)%,4)
CALL VLABFL{1.5+2e0+CMINI{2)3CMAX(2)45e021leT2:LT12340,4"{Fa,1)"%9al}
CC=CMaAX(2)-CMIN(2)

PaAn) 2eCL+CMINT2)

PB=0.82CL+CMIN(2])

PC=0.05*CC+CMIN(2)

PO=0,.15%CL+CMIN(2)

PE=0,1%CC+CMIN(2Z)

PF=0.6%CC+CMIN(2)

CALL VLABEL(4,032.0sPAsPBy1.87542,TUsweNs?'{F4a1)%,24])

CALL VLABBLU12a125¢2¢0+PCsP021e2592¢T094,0,%(Faall)t, ol

CALL VLABREL(8,412545.04PE4PF 1425413702490, (Fa.1Y%,%)

CALL VLABEL(BeT7545.0+PAsPF0.625p14TDva¢03*(Fial)t,s}

44(1)=1.5
AA(2)=6,5
BB8(11=7.0
BEL2)=7.0



0044
0045
G044
0047
acCe8
0049
0050
0as1
0052

0053

0054
0055
0nse
0057
0059
acss
0060
0061
0ce?
0063

0Ga4
ages
0066
00é7
0068
0C6%
QG670
D071
0atz
aavr?
0Q74

0075
0o0te
0077
0a78
007s
0080
DoB1l

ong2
0083
0084
0085
0086
onavy

oose
coe9g
Q830
06051

OO0

aan
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L
CALL XYPLOTI2+44+8B40.0+15.0+0.0+10.0.00C,LAD)
28(1)=6.5
BB(1)=2.0
CallL XYPLCOT(2+A4,8B5040+515.0+0+0+510+0.00C,LAB)
Aal{l)=T.5
BR({1)=4,0
AA{2)=10.0
BB(21=84,0
CALL XYPLCT(2+234BB¢0+0015:0¢0+04¢10.0¢00C+LAB)
AA(1i=10.D
BB(1)=1.5
CALL XYPLOT{(Z2+44+8B40.0¢15:.0¢00+10.0+00C,LAR)
Aa(1}=T.5
BRA(1)=7.5
A3(2)=10,0
BE(2)=1.5
CALL XYPLCT(2+AA+BBy0c0¢15.0+00+410.0:,00C,LAE)
Asll)=10.0
BB({11=5.0
CALL XYPLCT(2444,8B+0.0¢15.,0¢0.0410.0+D0C,LAB)

IF(IPLTCDLNE.OMGC TC T12

CAsCL /2. 0%{PA-CMINIZINY
CB=(1.0-CA)*CMIN(2Y
DA=CC/(2,0%(CMAX{2)~P3))
CEB=({CMAX{2)+¢CMIN{2)])/2.0)=(DARP 1)

DL TI0 I=1,1TM

roa
716
712
T14

717

718

720

IFIT(L1).LT.PA}GO TC 708
T(I)=(T{I1#0A)+NB

GC TC 710
TEII={T{I)*TA)+(B
CCNTINUE :

NB=NT-NA

DC 714 I=1,.NB
CX{I}==X{TeL)/RTP
Cy(l1ag.0
IF{NC.EC.OIGC TO 7138
O0C 717 I=1,.,NC
CIUI)==XPLI+1)/HTM

SCALE PARAMETERS FOR CCNTCUR PLOTTING

CINT=(ABS{CMAX(LI-CHINIL1}}}/5.0
XMIN==T7,D*CINT
X¥ax= J.08CINT
CINT=(ARSIC™AX(2)-CMIN(2)}))/5.0
TMIN==1,5%CINT
TMAX=]3.5%C INT

FLCT CONTQURS

IF{NGQ.EQ.0IGC TO 720

CALL XYPLTINQeCYCZ yTMIN, TMAX  XMINyXMAXyCOC,LABy &)
CALL XYPLTINBeCY+CX o THIN,THAX s XM IN, XMAXoDOL s LAB, 3)
AACL)I=CMIN(2)



0092
0053
J054
0ass
00946
0097
Q093
099
0100
0inl
0102
0103
0104

0105
0lné
0107
aia8
01406
0110
0111
0112
0113
01l%
0115
0lté
0117
ol18
0116
0120
0121
0122
0123
0124
0125
0126
0127
0128
Q126
Q130
o121
0132
0133
0124
Q135
0136
0137
0138
0129
0140

014l
Ql42
0143
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»

BR(1}=BX({IXMAX)

AA(2)=CNAXL2}

BR(2)=BX({ IXMAX)

CALL XYPLCT(2,AA BBy TMIN:TMAXXMIN,XMAXCOC,LAR)
AM1)=TLITMARX)

BB In=-CMINEYY

AA{2)sTLITMAX] .
-BB(2)==-CPAX(]}

CCALL XYPLLT{Z24A4,BBsTHIN,THMAXXMIN,XMAX,DOC,LAB}
PX(1)=TL{ITMAX])

PY(1)=BX({IXMAX)

CALL XYPLTIL oPXoPY s TMIN, TMAX XMINXMAX,00C,LABe1}
CALL MAP(T sBX o XX o TMAX  THMIN g XMAX s XMIN DMAX oDMING I TMeNINT 3 21)

PLOT INITIAL AND FINAL STATIC PARAMETERS AS WELL AS MAXIMUy4 DYNAMIC CNZS

CINTX={ ABSICMAX{L)~-CMIN{1)1)/2.5
CINTT={ABSICMAX(2)~-CMIN(2)))/2.5
CINTCa{ABRSIDMAX-CMINIY/2.5

YMI{N==4 . 0%CINTX )

YMAX=E &6.0%CIATX

XMINz=T . S*CINTO+DMIN

XMAX= T.S*CINTC+CMIN

CALL XYPLT{1oXMe YN, XMIN, XMAX yYMIN,YMAX ,00C ¢LARGL}
IFINC.EQ.D)GE 10 722

CALL XYPLTINC LY CZ o XMINSXMAX  YMIN,YMAX ,DOCsLABy 41

722 CALL XYPLTINAB LY »CX o XMINSXMAX,YMIN,YMAX,DOC,LAR,3)

AA(11=0.0

Ad(2)=Q.0

88(1)==CMAX(]1}

BB(2)==CMINI1)

CALL XYPLOTI2 ,AA . BHLXMIN, XMAX YMIN,YMAX ,DOC,LABY -
CALL XYPLCTININT o XL oBXoXMIN, XMAX YMIN,YMAX,DCC,LAB}
CALL XYPLCTININT o X28X e XMINg XMAX 4 YMIN,YMAX,D0OC,LABY
CALL XYPLOTUNINT X2 4BX ¢ XMIN,XNAX , ¥MIN,YMAX ,DCC,LAB)
YMIN==5,0*CINTO+DOMIN

YMAX> 5,0%CINTOeCMIN .
XMIN=~T,5*CINTT

AXMAX= T.S*¥CINTT

IFLIPLYCDL.NEL0)GC TO 726

EF(TM{1).LT.PAIGEC TO 725

TM(ll1=(Tm{1l)=0A)+CB

GC TC 726

725 Trili={TM(1)*CA)+CB
726 CALL XYPLTI{1l,TMyXMoXMIN, XMAX, YMIN,YMAX4DCCoLlABel}

BR(1)=0.0

BR(21=20.0

AA(LYI=CMIN(2]}

AA(2)=CMAXL2])

CALL XYPLOTL(Z2,28, BB XMINyXMAX,¥YHIN,YHAX,0CyLABY
LAR=w=]

CALL XYPLOTLITM Ty TT o XFINJXNMAX YMIN,YMAX COCLAB}

TF{IPLTCDLNELOIGE TC 734
Po={CMAX(2I+CMIN(2YI/2.0
DC 729 I=1.1Tw™



0144
0125
0146
0147
0148
0149
¢1%0
Q151
0is2

015z
0iS4
n1ss

0l56
ols?
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’ PARLCT

1IFEY{1).LT,PGIGD TO 728
Ti{1y={T(I¥~-CBYI/DA
GC TQ 729

728 TLI)=(TL])-CBI/CA

729 CCNTINUYE
IFITP(L).LT.PGIGC YO 722
TH{1}={TM{1}~CB)/DA
-BC IC 7134

7327 TM{L)=(TM(13=CRY/CA

734 0C 725 Isl,1T™°
735 TL{1)=T(I}/FIM
NINT=NIAT+3

RETURN
END
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' PAPRNT
0001 . SUBROUTINE PAPRNTIIPARNM}
c
[ SUBRCGUTINE TC PRINTY CUT PARAMETERS
C
a0n2 CCHMON/REDZA(LISNZ2,412),TH1502)sAXE112)BXT12),CALI(15+20.X0102,
X TCALI+ ITHMoNT e RASNPOLY ¢ NS2 o NINT o He EIMe HTMo AGS y GAMMAM,
X NTYPEFLM NQyXP(Q) -
o0on3 CCOMMON/BLUEZXTITTI120,X20302)4X3{11204TT(L5Q2YXxX11502+112),%X4%{1),
X YM{I)eTM{L) o LTMAX, IXNMAX
c . '
Q004 NINTa2NIKT-2
000s TA=T{L)=F 1M
00nsé TAeT{ITMAX I®F LM
0no7? TC=TLITMI®FIM
a6ns ne 61 A=1,3
0CoS PRINT 200
0010 GC TCU51452453+54)1PARM
0ontl S1 PRINT 201
0012 GC TC 57
o0tz . %2 PRINT 202
Q014 GC TC 57
nol1s 53 PRINT 203
nglé Ga TC 57
0017 S& PRINT 204
0018 57 PRINT 220,TA,TB,7C
0019 L=N¥*50
0020 DC 60 J=l.50
gaz1 I={L=501)+J
D022 IF{I.GT.NINT)GE TQ &2
0023 TX==BX{1)
anz4 60 PRINT 221 el eXE{I ) oX20I104X3(1),TX
Q025 61 CCNTINUE
0026 62 CCNTINUE
c
0027 NC 81 N=1,15
00?8 PRINT 200
onz2g GC TCUT1472+73+474),1PARN
Q0030 71 PRINT 201
0031 GC TC 17
0onzz T2 PRINT 202
oQ33 GC TC 77
0034 73 PRINT 202
003s GC T 77
003¢ T4 PRINT 204
Qo027 77 Txa-B8X{iXmeax)
0038 PRINT 222+TX,TX
003s LeN®SO
0040 DO 80 U=1.50
0041 I=s{L-50)+J
00«2 K=[+{N~-11%50
0042 KK=K+50
Q044 IFIKK.GTLITH)GO TO 82
0045 TY=T(K)I&F1M
Q046 TZ=T{KK}*F1M
0047 80 PRINT 223 4K eTTIK)sTY KK TT{(KK)»TZ

00+8 31 CCNTINUE



00+9
00s0
0081
0052
0052
NG54
0ass
0056
0057

nnsa

ons59

0060

0081

0cs2

0063

D0Es
006%

gQés
a0a?

0068
0Gos3
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B2 CCNTINUE

NS=(2*N~-1)250

TFLK.EQ.NSIGE 10 86

OC 85 I=K.NS

Ty=TLIIOFIM

IF{1.GT.ITAICO TC B6
B85 PRINT 224412TTLED«TY .
86.CCNTINUE

“NINT=NINT+3

200 FCRMAT(1H1}
201 FCRMAT(IIX,% & % & & & % & & &4

X Ze31Xot® MCMENT (M%H/E])} #¢,
X Fe31%,7% & % % % 5 3 * % 89
202 FCRMAT(25X,% % % % & # % % % # 2 & % % % %9,
X /+25X,%% SHEAR {Q/(D.S5*RUSGH(H*e2])) »°
X Fe25%,%% % % 3 % % % % 2 % % & % & & &V)
203 FCRMAT(2SX,f% & 2 & % & % % & 8 3 % & & & 29,
X F+25Xe'® EARTH PRESSURE [P/(RC*G3MHY) #*,
X Zv25Xe'% % % 2 8 # 3 T X * &5 % £ * & XV
205 FORMATIZOX,'% & % 2 % & % & 3 & & ¥,
X /+29%'* OLSPLACEMENT (Y/H) *»*,
X 7+29%,°% % & 3 & 2 % 3 & & & %¢)

220 FORMAT(ITX*STATIC? 10Xt MAXTMYUM DYNAMIC®,6X, *FINAL STATIC!'.0X,
XOLOCATION® 3 /412X " {TOFL]=*4E 10034 3K *{THFLI=* yELJe343Ke " (TRF1)=",
XE1Ga3oS5Xet {X/HI® 4/ 012% 0
X, *)

221 FORMAT{6X,14vE15.3,2E20.2,F10.3)

222 FORMAT(10X,"MAXIMUM DYNAMIC® pBXy ' TIME® 14X " MAXIMUYM DYNAMIC®,8X,
XOTIME® /o 12X e P {X/HIZ? gFS 349X s (TEFLJ 516X e  (X/HI=",F5E.3,9X,
XP{T&F11%,/+10K,"*
L S PN b |

223 FCRMAT{OX2T4+2E15e3+TXel442E15.31)

22% FCRMATI6X41442E15.3)

B —

RETURN
ENN



0001

0002

00403

0004
0005
0006
0007

0003
000%

ooln
aoll
0012
0013
0014
0Qls

vols
0017
Q013
oCl19
0029
0021
onz2
0023
0024
0028
0gz2é

0027

ooz®
0025
00306
00131
0032
Q023
003+
Qozs
0036
0C2?
0028

0039

NN

oo n

809

815

820
925

827

330

835

836
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PRESS
SUBRCUTINE PRESS
SUBRQUT INF TO DERIVE EARTH PRESSURFS BY SHEAR DIFFERENTIATICHK
CR BY CUINTIC SPLINE FITS CF PRESSURE TRANSDUCER DATA AS DONE
IN SUBRCUTINE MOMENT

CCMMON/RED/ZAUIS502412)1,TI1502),AXC112),BX0112),CALI(1592)4X(10),

X TCALT o ITMoNT ¢ NASNPCLY 4NS2 ¢ NINT oHoEIM HTM, A5S 2 GAMMAM,
X NTYPELFIM,NC,XP{9) '
-COMMON/BLUE/XLI(11214X20112) 4 X3(112)4TT{1502) yXX(1502,112) %M1},
X YMOL) 2 THOLY (LTMaAX, IXNAX

CCMMCN/GREEN/CMAX (25 CWINC2Z),IPLTCD
CCMMCN/ZYELLOW/TR{112),TS{112)

REAL=®R STCR{11.25)

DIMERSICN SLUZ1+S2(314LS{21,RE(15023,D00(3),0501),8B11),4M0100,
X BM(10)OATA(Z10),CILlL),XPLILD),AM1I(10)

DATA S1/%PRES®GISURF*/yS2/7'P/{RY 108G, *H)*/,[.5/8410/

READ 991.DMIN,DMAX

NI=NINT=4

IFINQ.NELDOIGE TC 00

NC 825 I=1,ITM

DC 809 J=1.NINT
TRUJI=Xxx(1ed)

CALL DERIVININT,H,TR:TS)

FIND LCCATION CF PRESSURE RESULTANT (RELIL)}

AR=(,0

YA=(.L0

NC 815 J=1,N1t

DAz, 5#(AX(J41)=AXTI)I*{TS{I+1)+TS(J)}
Ya{AX{J¢1l)eAX1J}) /2.0
AR=AR4DA

YAanYa+Y2(A
RE{TI)=YA/AR

DC 820 J=1sNINT
XX{L o JF=TSLJ)
CONTINUF

CALL CRUNCH

ne 830 I=1,1T4

B0 830 J=1(NINT
XX(Led2XXC] o)/ {CAMMAMNRETM]
DC 835 I=1.NINT
XUT)=X1tT)/{GANFANXHTM)
X2{11=X21 11 /{ GAMMAVSHTM)
X3{11=X3(I}/{GAMNMAMRLTY)
XM{LI=XM(1) 7 (GAMMAVELTN)
NC 836 I=sl,ITM™
RE(I)=={RE(I}/HTN}
TIUIYI=YTIL)Z{GAMMANRHTM)

DC 840 I=1,3



00-+0
0041
0042
0043
0044
0045
0C4é
0047
0048
0d4¢
o050
113 133
0052
0053
0054

0055
0056
Qo057
06054
0059
0060
00861
0cs2
Nae3
G0t
0065
066
0067
coes
Noeo
gor0
anTl
aarz
0072
007Ta
0075
00718
o607
0078
0079
208qg

008l
go82
ooe3l
o084
0085
e ]43-1.]
0087

a088
0089
Q090
0091
0092

g§40

858

860

861
842

863
864

865
866
as7
370

340

905

307
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: PRESS

DCcCil1I=0.0

LAB=0

CINTX={ABSICMAX{]1)=CMINI1})1}/2.5
CINTD={ABSIDMAX=0OMIN} /2.5

YHIN==4  OSCINTX

YVAX= 6,0%CINTX

XMiN==T,S5¢CINTO+OMIN

-XMAX= T.S*CINTD#CMIN
“AAL11=0.0

-BBIL1)=RE(1)

CALL XYPLT(1,4A,BBeXMIN;XMAXyYMIN,YMAX4DOC,LAB,L}
BBILI)=RELITHAXY

CALL XYPLTU1,AABBoXMINy XNAX,YMIN,YMAX,DOCsLAH,T}
BB(1§sRF{ITM]

CALL XYPLT(14A8, BBy XMIN X4AX YIIN,YAX,00C,L 48,514

IFINC.EC.NIGO TS 940

NEQ=Ku=-2

DO 858 l=1+NSO
BNIT)la=XP(lsl}/HTH¥

DC.848 I=1.3 '

CCCLI)=n.0

L48=0
CINTX=(ARS(CHMAX{L)I=-CMIN{1))}/2.5
CINTD=({ABS{DMAX~DMINY) /2.5
YVIN==4 ,03CINTX

YMAXE &§.0%CINTX

XNIN==T S*CINTD+NININ

XMAX= T S*CINTO+OMIN

BC 870 J=1l,2

GC TC (261,8634865),J

ne 862 [=1,N50
AM{TIzAL ] S L+NTI/ (GAMMANEHTM])

GC TC 867

DC 864 I=1.NS30

AMCT J=ACTTMAX ( T#+NT )/ (CAMMANEHTM)
GC TC 867

D2 866 [=1,NSO
AM{TISALITM I +NT)I/IGAMMANEHTM)
CALL XYPLTINSO,AMoaBMpXMINy XMAXSYMIN,YHAX,C0OC,LAB,2)
CONTINLE

GC YC 940

NPP=NPCLY+!L
NPT=NQ+ 1
Nw=NPT+]
AM{11=0.,0

NC 90% I=1.+NPT
DATA{3,1)=1.0
CHISC=g.0N

DC 930 I=1,1T™
DG 907 J=2(NPT
AMUJIZAL T J+NT~1)
OC 910 J=2.NPT
DATA(Llyd=1)=xP{J}



00912
00%4

0093

00%6
0097
00938
0099
Qro0
0101
Q102
0103
0104
010%

0106

alo7
aice
0109
0110
0111l
o112
0113
0114
115
ol16
a117
Q1118

al19
0122

121
nizz
0123
0124

0125
0126

3N el el [aNa el
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PRESS

4

910 DATAL2.J=1)=ANMIJ]

917

918

922

925

920

NPT=NPT-1
CALL LSCUARIDATA NPT NPP,C,CHISQ4STOR)

NPT=KPT+]

DC 917 J=l Nk

L AMUJ =0 .0
"DQ 918 J=2.Nh

.0C 918 K=1,NPP
AMUJI=AME ) +CIKIPXP{ i) eS(KR-1)
NulaNn-1

DG 922 J=1¢Nhwl

XPI{J)=XP(J)

AMI{J)=AN(J)

CALCLLATE PRESSURES wiTh CuBIC SPLINE
CALL SPLINEINWLsXPLoAMLWAINT 14X, TS)
FINO LCCATICN OF PRESSURE RESULT‘NT.(REIIII

AR=0.0

YA=Q,0

OC 925 J=1,.N1

DA=D 5 (AX{ I+ )=BX(J))o{TS{Je1)+TS(J)}
Ya{AX({J¢1)}+AX(J))/2.0

AR=AR+CA

YA=YA+Y2DA

RE(Il=YA/AR

DG 927 J=1.NINT

927 XX([4J)=TSLJ}

CCRTINUF
GC TC 827

940 CALL PAPENTI3)

943

991

CaLy PAPLOTISL 5241 S.OMIN,DMAX)
OC 943 [=1,ITwv

NC 943 JU=1,NINT
XXETod)=XX{T o JIS{GANNANKETY)
FCRMAT(2F10.01)

RETURN
END



0001

0002
0003
0094

0005
0046
0007
0009
(1o EL)
0010
0011

0012

gorz
0014
0015
Q014
0017

0018
0019
0020
0021
06022
Q023

0024
0023
0Q2#
Q027
ooze
0G2s
0c30
0021
0032
0033
0034
00135
0036
0037
0038
003

0040
0041
0042
0043
Q044
0045

[aXzEaNaNalal

“o
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QUINT
SUBROUTINE CUINTINN:XesYeMsS5,T,BC}

ceo e SLBROUTINE TO FIT A CUINTIC SPLINE TC A SEY CF NATA PCINTS (X,Y)

15
25

35

17
40

S0

BC ARE BOUNCARY CONDITIONS

BC{1 =Y (133BCI2)sY(2)30C(3D=Yas(1}3
BCLA)=YINNIZBCIS =Y (NN);B8CI6)aYet (NN]

DIMENSICN BC(6)

DIMENSION X{1)eY{134S501)+T{1)+H(500014A(50+501:B(50),Ul6+6)14C(6:T}
CCMMON/PURPLE/JWANT ,FIR(500),SEC1500)

[FINN.GT.50L1GC TQ 5§
K=NN—-1

NM1aN-1

NC 5 I=m1.N
HiLY=Xx{1+1}=X(I)
CCNTINUE

NE=N*6

DC 15 I=1.N6
B(l)=0

NC 15 Jd=l.N6&
A{Js1120.0

DG 25 [=1.3
A(Is0)=1.0

BLY1Y=BC{1} -
B(21=BC (2}
B{3)=8C(3}
BINE=2)=BC{4)
BIN6-1)=8C{5])
BINE)=BC( &)

CC 40 [=1,N™]
Bl4+{I~1)26)=YI+1])
[Rx4el]=11%8
IC=6#[+]
AlIR,ICI=1.0
1C=1C~-1

DT 35 J=1,58
A(IR#J,yIC+0)2-1,.0
ARG=HII)
IR=3+(1-1)%5
IC=(1=-1)%¢

CALL SUBULARG.UY)

DC 37 JC=146

DC 37 JR=1,¢&
ACTR4JR,LIC+ICI=ULIR, JC)
CCNTINUE

CALL SUBU(HINI.U)

IR=N&=3

1C=N6—-6

DC 50 JC=1.6

DO 50 JR=1.6
A{IR+JR,IC+JC)aU{IR+14JC)



0046
0047
o068
0045
noso
00s1

0052

0053
065+
0055
pose
0057

ous8a
0059
Q0¢0
0a61l
00s2
0063
0064

0065
Does
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, CUINT
€ «ecsEQSOV IS A SYSTEM SUBROUTINE
c

CALL EQSOVING.A4By10y1.0E=-4yC+1T7,0)
DC 60 I=n1,M
IFES(I).LTaX11}) GC TO 52
DC 52 J=1,N |
IF{SITI).LE.X(J*1)) GO YO 55 -
- 52 CONTINUE
TeeLeccLececceeececcet
. GC TC 55
ccCcceLcecLoeeceecccec
53 PRINT 106,1
GC 1C 60
€5 CCNTINUE
Sx=S{1)=-X{J)
TITI=CU{T1 e J)oSXR{CU29 )2 (SN/2: 0 C{2oJIH{SK/3 12 (C {4, d}#(SK/G, 0%
X(CISeJI+ISN/SI%2C (6430000}
IFLUmANT EC.O) GC TC 540
SECLI)=CL3 4 J)eSXR(C{4,J e (SX/2.) % (0 (5,4)+(SX/2.0%C16,J11))
60 CONTINUE
RETURN
ot
99 PRINT 107
c
106 FCRMAT(/+* THE'S1S.*TH ELEMENT OF THE ARRAY S IS CUY OF RANGE®s/¢
X' ERPCR MESSAGE FROM ZUINT',4/) '
107 FCRMAT(/»" N IS LARGER T+AN 501%,/,
X* ERROR MESSAGE FRCM CUINT?®,/)

RETURN
END
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Q003
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0007
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0011
0n12
0013
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0015
00le
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gole

OCtise
DozZn
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0022
Q023
002y
n02%
0026
oc27
0028
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00320
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Tie
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127

735
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144

801
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SHEAR
SUBRCUTINE SHEAR

SUBRCUTINE TO DERIVE SHEAPS BY MUMENT DIFFEREANTIATION OR
PRESSURE DISTRIBUTION INTEGRATION

COMMON/RED/AL1502+121oT(150200AX(11274BX(2120CALTTI1542)X(10),

X TCALI s ITHeNToNAs NPOLY o NS2Z o NINT o He EIMoHTH ASS, GA AN,
X NTYPE FIM NCoXPLS)

CCMMON/BLUE/X11112),X20112)eX3{112),TTE1502) oXX{1502,112) %M {1},
X ¥YMO1) e TMOLEs ITHAX, IXMAX

COMMON/YELLER/TR(1121,751112)
DIMENSICN SL1{21.5213).L5(2)
DATA SL/¢SHEA® 4PRY/4S2/7C/ (P ytAE/KY 4 YAEY Y/ L5/5,11/

REAQ B01,CMIN,DMAX

DC 725 1=1,1T¥

NC 709 J21,NINT
TRUJI=XX{T4d) _
IFINCJNE.OIGO TO 712

CALL OERIVININT, H,TR,TS)

GC TC Tia

Catl INTEGININTAX TR, TS,0)
NC 720 J=1,NINT
Xx(I+d12T75{J)

CCNTIKUE

CaLL CRUNCH
PAE/KAE=() LSHRCH S (He%2]) - FROM M-0 ANALYSIS

DC 727 I=1,I11M

NC 72T J=lNINT

XX0T 412X XL T s 3}/ {0 SEGAMMANK (TMERZ ) )
DC 735 T=]l4NINT

X)L {I) /(0 S5PCAUMANR{HTM®S2) }
X2CL)1=X2{1)} /{0.SHGANV AN [HTM#A%2) )
X3(0I=X3( 11 7{ 0, 5%GAMM AN {HTV*=2) }
XMULI=XY 01}/ (0 5FGAMMAME(HTMER2]) }

DC 3¢ I=1,1TV
TT{LI=TTUIN /{1 0. 52GAMMANS(HTM*22) )

CALL PAPRAT(2)
CALL PAPLOTIS1+52+LS+DMIN,DMAX)

OC 744 I=l,1T¥F

NC” T44 Jm1NINT
XX{Loed)=XX{TJ) (0. 5*GAMMAMR(HTH*22]) }
FCRMAT{2F10.0)

RETURN
Enn
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9002
04Q03

0004
aaas
G008
Q007
0008
00nsg
0Q10
0011
00t2
0013
00l4
001s
ouls
0a17
0018
acl1s
0420
. D021

09022

Q023
D024
0025
0026
0027

0028
ac2s

0034
no31l

0032
0033
0034
0035
0036
0037
oo3e
Qag29
0040
Goal
0042
0043

0n44
0045

oo
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SPLINE
SUBROUTINE SPLINE(NN XY ¢MeSeT)

SUBRCUTINE YO FIT A CUBIC SPLINE TO A S5ET OF NN POINTS {X,¥Y}

CEMMON/WHITE/IwANT,DER( 1500)
DIMENSICN XE12 o7 01)oST11),T(1)AC1500+¢33,B{150N03,P(1500),H(1500}
IFINN.GT.1501)GC YC S0
N=NN=-1
NMlahN=1
ng 5 Isi.N
S Hi{IY=X{l+13=-XII)
00 15 [=]l,NM1
AfTe1)ak{1)/HITe]l)
Al o2)22.0%(H(T#1)+H{[D)I/HIT+]1}
All.3)=1.0
15 BUlt=6,0%{ (Y ([+2)=Y I+l }/H{TAL—(Y( L4 I=-YUL}3/HL1 ) 7HLT 1)
Afl.11=0
A41NM1,.3)=C
CALL ALGECNINML,A,B8.7}
OC 45 I=],.M
IFISUT) L T.X{13IGC TC 26
OC 25 J=1,.N
TFUSITILEL.XUJ+1DIGC TC 28
25 CONTINUE
ccceeece
GC TO 28
ceceeeecce
26 PRINT 106,1
GC TO 45
28 1F{J.EQ.1¥G0 TC 3¢ B
IF{J.EQ.N)GO TC 40 : C o
TUIIs{PLI-11%(X{J+1)=S(1))2*93e
XPASYR({SUI)=X{JV) o3 +{6.0nY(Jel)=H{J10e220(J)){S([)=-X{4)}e
X(6.08Y(J)=H{JI%*24P(J=1 1)1 2(X{Je1)=S{1) 1)/ 150*H{I))
GLC TC 45
30 TUIXS(PLJIS(SIII=X{Jd) 1283+ (6. 08V (J+l)=H{JIem2ep (SN *(SLI)~XJ) )+
X6 0%V (I x{X(J+1)~-S{1))}/C0.08H(I)})
GC TQ 45
40 T{II=(P{d=11%{X{J*11~-S{1}) 0244, 08Y(J*1}2(SLI)=-X{J))+
X{6.08%Y({J)~H{J)R26P T Jw ]} ) SIXT{J*1 }=-SLI)IT /706 0%H1S)D
45 CCNTINUE
IF({IRKANT.EC.OIRETURN
D 80 I=1.M
TFUSUI) Wl TaX(130GE TO 52
TFUSUT.LE.X(J+1))GD TC 54
50 CCNTINUE
52 .PRINY 106,1
GC TC 80
54 IF(J.EQ.11G0] YC 60
IFlJEQ.NIGD TC 70
DERCII=I3.08(PLJIF{S{LI=X{JI)RB2=-P [ =1) %Xt Ue1)=S{1))ex2)+
X6 0% ({Y{J*1)=Y{J))=HIJI*222(P{J}=Pli~11)}1/(6.0%H{J)])
GG TO 80
60 DERCIN=(3I.08P{II®{SIII=X(I))I**245,0%(Y(J+1)=Y(J)I~-H{JVI®222( 4} }/
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SPLINE

X(6.,0%K(J))

GC 10 80 _
70 DERIII=(«3.04P (I~ )8 (XCI+1I=ST 1] }€2246,0% (Y Jel)=Y{J) )+

XH(S 1P €2#P(J=111/16.0%H1J)}
80 CCNTINUE

RETURN .
90 PRINT 107 :

lOé FCRMAT(*O THE ¢,15,'TH ELEMENT OF ARRAY S5 [§ OUT OFf RANGE

XERRQOR MESSAGE FRCOY SPLINE'}
107 FCRMAT (*0 N IS5 LARGER THAN 1501, SCRRY"®)

RETURN
END

e ey ¥
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; susu
0001 - SUBRQUTINE SUBU(XU)
C
C «es«SUBROUTINE CALLELC IN CQUIAT
o
oen2 DIFENSICN Ulb46)
0002 DL 5 I=l,.46
Qa04 BC & J=1,¢
0040s% - 5 UlleJ}=0.0
0006 - D0 15 I=246
ana 15 U{ls1)mX
0004 DC 25 I=1,5
0009 25 Ullelell=nl,0
0019 Ul293)m0,5%X%X
6ol Ul3e4)=U(2,3)
0012 Ul4aa512U(2,3)
Q0113 UtSeh)=U(2,3)
0014 U{Z2,s4)=UL2+31%X/3,0
0015 UI3+5)i=U{2,4)
0016 Ulays61=lil244)
0017 UEZ2eS5)3U(24412%/74.0
onie U{3,81=U0(2,5)
0019 UlZ.6)2U(2,5)#X/5.0
[
8020 RETUPN

0021 END
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: YOI5P
SUBROUTINE YOISP
SUBRCUTINE TC DETERMINE CISPLACEMENTS BY DOUBLE INTEGRATICN CF MCMENTS
CCMMON/RED/A{1502,12)+T1150214AX{1121,8X(112),CALI(15+2).X(100,

X TCALIoITH(NT NAGNPELY JNSZyNINT JHy EIMIHTH,AGS 1 GAYMAN,

X NTYBE,F14eNC 1 XPLS)
CCHMCNIBLUEIXIIIIZ)yXZ(lI’!;XB(ILZ’;ITIISOZi-XX(15OZ’IIZ? XM{1l)e

’X YMUL}oTMILY o TTMAX, IXNMAX
- CONMCA/YELLCW/TR(112),TS(L12}

201

212

227

274

277

278

280

283

CCMMON/BL ACK/DIS{1502,2)
DIMENSICN SL{2).52(1).LS8(2}
DATA® S1/Y0D1SPY s *LACEY 4 'MENT* /¢ S2/7°Y/H* /4 L5/12,3/

REACC(Z1HXX

REAC 381,DMIN,DuaX

DC 201 I=1,ITM

0C 201 J=1,.2
DIS{I+J)=CIS{IsJ)*ELIM

DETERMINE DISPLACEMEANTS

OC 250 [=l,IT¥

NC 212 J=1eNINT

TRLIY=XX[14d)

CALL INTEGININTAX TR TSy11}

CALL INTFGININT,AX,TS,TR,1)
EE={TR{L1)=TRININTI+DIS(T42)=-DIS{Ts1) )/ (AXININTI=-AX{1})
FF=D1S(L.1}-(EE*aAX{L1)I-TRLL}

DC 237 J=1,NINT

x*(I.J’*(TR(J)OIEE*nx(J))+FF1/EIM

CCNTINUE

CatL CRUNCH

NC 274 I=1,1T%

DC 274 J=1,RINT
XX{LodlmxX{Lad}/RTH
DE 277 I=1,NINT
X1€¢Ii=X1(1)/uTM
X2¢1)=X2(1) /KT
X3I(I2=X3({1)/HT™

XM L taxXM(1) /HTM

ne 278 1=1,1TM
TTLLi=TT(I}/7HTM

CALL PAPRNT{4)
CALL PAPLCTIS1,524LS,DOMIN,DMAX)"

DE 280 I=1,1TM

DO 280 J=l.NINT
XXULpdb=XX{153)*HTH
DC 288 I=1,1TM

0C 288 J=l,.2
DIStIsJ1=CISIT+JY/EIM
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YDISP
0042 381 FCAMATI2F10.0)

0042 RETURN
0044 END
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; BLK LATA

8LOCK DATA

COMMCAN/wHITE/ IMANTGCER{1500)
CCMMON/PURPLE/IWANT sFIR(500),SEC{500)
NATA [WANT/Q/¢JWANT/O/

END
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APPENDIX C

LIST OF SYMBOLS

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

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

appendix.
LOWER CASE SYMBOLS
vSymbol Definition \ Dimensions

a externally applied acceleration . LJFZ
ap set of dimensionless external acceleration ratios -
d thickness L
du digitizer unit -
e void ratio -
fa elastic strength of aluminum FL_z

fmfp frequency of vibration of model, prototype Tﬁl
fy fundamental frequency !
g gravitational acceleration LT 2

gmgp gravitational acceleration of model, prototype Llrz
h height L
i angle of backfill slope °
k number of dimemsionless groups -

H length of beam L



- 342 -

Symbol Definition Dimensions
n number of drainage boundaries -
n number of parameters -
t time T
tc consclidation time T
tcmtcp consolidation time of model, prototype T
tmtp model, prototype time T
o externally induced displacement L
on®op externally induced displacemeant of model, prototype L
YR set of dimensicniess externally induced displace— L
ment ratios
v lateral velocity LTt
x,¥,z length and distance in coordinate directions L
y wall displacement 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—Qkabe parameters -
Cv coefficient of consolidation LzTP
E Young's modulus FL™2
EA Young’s modulus of aluminum FL-'2

EmEp Young’s modulus of model, prototype FL ™2
Ep set of dimensionless Young’s modulus ratios -
EI stiffness per umit width of wall 2!
F typical force dimension F

F() function of -

F.S. factor of safety -
G shear modnius FL_'2

GmGP shear modulus of model, prototype FT..._2

G() function of -

G.S. Ground surface -
H height ' L
By height at which resultant force acts L
Hf depth of frost cover in fromt of wall L

Hme height of model, prototype ' L
I moment of inertia per unit width of wall 14t
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Definition Dimensions

coefficient of static active lateral earth pressure -

coefficient of total active lateral earth pressure -

coefficient of total passive lateral earth pressure -
typical length dimension L
length scale of model, prototype L

set of dimensionless length ratios -

typical mass dimension M
moment . FLL™1
active static moment FI..I.;_1
active total (static + dynamic) moment Lt
design moment L
overturning moment FLL-1
resisting moment FLLm1
Modified Mercalli Intensity -
centrifuge gravitatiomal acceleration scale factor Lo
ratio of prototype to model length scales -
pressure FL~2
externally applied load F
active static resultant wall force FL—l
externally applied load of model, prototype F
-1

total (static + dynamic) active wall force FL
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Symbol Definition Dimensions
PPE total (static + dynamic) passive wall force FL_l
PR set of dimensionless external load ratios -
Q shear force . FL1
Q externally applied stress FL~2
QmQP externally applied stress of model, prototype FL_'2
QR set of dimensionless externally applied stress ratios -
RA maximum static actiye pressure FL 2
RAE maximum total (gtatic + dynamic) active pressure FL™2
RW1 Retaining Wall #1 - -
RW2 Retaining Wall #2 -

S unit section modmlus of cross section 131
T typical time dimension ' T
T time factor of consolidation -
Tm'l‘p time factor of consolidation of model, prototype -
w weight of soil wedge behind wall Lt

W weight of backfill -t
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GREEK SYMBOLS

Symbol Definition Dimensions
B angle of wall back slope °
v unit weight of soil rL3
b angle of wall-seil friction 0
-1
1 tan [kh/(l kv)]
v Poisson's ratio -
“mpp Poisson's ratio of model, prototype -
P mass density M3
Pmpp mass density of model, prototype ML—3
o, internal stress -2
-2
Gomcop internal stress of model, prototype
%oR set of dimensionless internal stress ratios -
d angle of internal frictiom of soil ©
AP, b . : o o
active wall force increment due to earthquake load
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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 1CNO0O2 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.1
with the retaining wall (shown with speckles) embedded in the soil.
Prototype dimensions were used (i.e., wall height was 18 ft) and the
boundaiiés were determined to be those existing in é 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 gunads in order to have better bending bebavior
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 so0il shear moduli were determined from the relatioaship given

by Seed and Idriss [54] between the shear modulus and the confining

pressure:
6 = 1000K,(q’_)1/2
2% m (D.1)
in which
G = shear modulus of soil
o! = mean principal effective stress.
Kz = a parameter which is pr;marily a funetion of void ratio

and strain amplitude

Because of the high straim range involved in a retaining wall
problenm, K2 was chosen from the extreme right of Figure D.2 to be 4.

The soil moduli were then calculated from equation (D.1) 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 rﬁn 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 1CN00O2 (Figure 5.5a)
in the horizontal direction., The damping used was assumed 10% of criti-
¢al. The total dymamic response was then obtained by superposition of

the static response and the lateral dynamic one.
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80
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60F——=10D,~ 75%\\
501 Dy= 60°o\
Kz ©,
‘ Dr= 45% \
40 Dy = 40% =7 \\
D~ 30% —__|
204
20 \
10 |
o
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SHEAR MODUL! OF SANDS AT DIFFERENT RELATIVE DENSITIES.

FIGURE D.2 — FROM (54)
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The first six natural frequencies of the finifte 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 freguency of 2.536 Hz even resembled ;he actual
fundamental frequency of 2.57 Hz and its mode shape is most likely very
different.

Figures D.3, D.4, and D.§5 illustrate the static and maximum
dynamic displacement, pressure, and moment distribmtions along the wall
for both the centrifuge model test and the finite element probiem. As
‘can be seen from these figures there is virtually no correlation between
the two in any of the cases.

From this illustration ome can see the perils in using elastic
theories (which are the basis for the finite element program used) in
trying to model the retaining wall prqblem'which after all is the
classic most simple plasticity example., Elastic solutions for retaining

wall problems should be avoided.
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