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ABSTRACT 

All imrest:i.gation was ma.de into the bchavicJ~ of flexible cantilever 

walls retainhtg a cohesion.less soil backfill and subjected to 

earthquake-tyi;e dynamic excitations using the centrifuge modelling 

technique. Tho study was motivated the abundant observations of 

earth retaining structure damage and failures documented in earthquake 

damage reports. 

The "prototypeu typical walls were designed. using the traditional 

Mononobe-Okabe ic lateral earth pressure theory, were properly 

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

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

levels. The walls were amply instnllilented with pressure and di 

ment transducers, accelerometers, and strain gages. f,foro.en.t, pressure, 

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

were obtained. 

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

bound responses of the retaining walls to the strong motion characteris­

tics of the applied earthquakes were obtained. 
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CHAPTER I 

INTRODUCTION 

In this study, an investigi:.tion was made into the behavior of 

cantile.ver re walls. ,·lith a cohesionless soil ba.ckfill, subjected 

to earthquake·- type dynamic ex(.: i ta tions. 

Interest in this problem arose from the fact that in virtually 

every earthquake damage report th.ere is documentation of damage or 

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

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

is further enhsnced by the fact that in most seismically active areas, 

there are absolutely no code provisions for some aseismic design of 

retaining structures. \'lb.ere seismic considerations fl.re taken into 

account, a design with the 60 year old pseu.do·-static Mononobe-Okabe 

theory with reduced design accelerations is usually accomplished. 

Even though many experimenta.l {model) and analytical studies have 

been done on. the su.bj ect in the last 60 years, many have been improperly 

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

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

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

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

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

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

typo 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, simplt: and light e not to take 

up a substantial portion of the centrifuge payload, was devel in 

order to provide pTope scaled e 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. T"nis appears to be unprecedented since model studies 

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

sures beh.ind the walls were measured and these rcsul ts integrated to 

determine the sheax 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 hy 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 

later.al earth pressure on a retaining structure. The method was based 

on the traditional Coulomb lateral earth pressure tJ:i.eory where inertial 

forces of the soil due to the earthquake were treated as additional 

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

'The observed failure mechanisll1s of gravity walls which had displaced 
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under lateral acceleration provided a physical basis for this approach. 

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

sures which may develop between wall and soil prior to wall failu:re. 

The Mononobe-Ok.abe method set a standard with whid1 most future 

research in the field would be compa.'red. 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 structuxes [17,55], but in general, when 

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

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

that the Mononobe-Okabe method is used in design when a dynamic analysis 

is de sired. 

Details of the Mononobe-Okabe method and suggestions regarding its 

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

1. The wall is assumed to displace laterally a sufficient amount 

to generate minimum active pressure. 

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

criterion. 

3. Failure in the soil is assumed to occur along a plane surface 

through the toe of the wall and inclined at some angle to the 

horizontal. 

4. The wedge of soil between the wall and the failure plane is 

assumed to be in equilibrium at the point of incipient failure, 

under gravity, earthquake, and the boundary forces along the 
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wall and failure surface. Tne forces act on the soil wadge 

of wei W are shown in Figure 1.1 for the case of a cohesion--

less soil. 

5. Equivalent sta t:i c horizontal and vertical forces k.. W and k W, 
.il -y 

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

earthquake effect. The parameters ~ and 1~ 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 <i.ssumption that the total fo:rce acted 1/3R above the base 

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

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

[55] recommended that tbe 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 tlle failure plane is varied 

to give a maximum value of the wall force per nu.it width PAE• and under 

the critical condition it can be shown that 

(1.1) 
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in which: 

- _"" __ J:,_fi.2:.J. d--O:"Jl)___ [ 1 + ( "'-~""-'"':..: ... '::...f--"·""""'->-T-.~-.:-<... ) 1/2] ~2 
cos e cos2 f3 cos(&+j3+0) cos / (L2) 

(coefficient of lateral earth pressure) 

·9 
-1 ~-'--= tan -

1 - k v 

r == unit weight of soil 

<J = angle of internal friction of soil 

& = angle of wall-soil friction 

i = angle of backfill slope 

f3 = angle of wall slope 

~ = horizontal earthquake coefficient (fraction of g) 

kv = vertical earthquake coefficient (fraction of g) 

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

the various soil/wall/lateral acceleration parameters. T'ne 

Mononobe-Okabe method can be readily extended to encompass cohesive 

soils by conside1:ing the equilibrium of cohesive forces acting along the 

wall boundacy and the failure surface. 

Some limitations o:n the method are given by Wood [67]. A brief 

summary follows: 

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

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

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

walls, but :may not always occu:r in channel sections or anchored 

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

on a :rigid foundation the earthquake force component computed 

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

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

on a static solution of identical horizontal earthquake coeffi--

cients for each case. Thus failure of a rigid structure 

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

bility. 

Unlike design procedures which allow yielding of 

structural members of building frames during strong 

earthquakes, it is generally undesirable to allow excessive 

yielding in retaining structures. This is because yielding of 

the structure generally tends to occur in only one direction 

away from the backfilL Unidirectional yielding may lead to 

excessive wall displacements with severe cracking to both wall 

and backfill. It is thus considered desirable to prevent 

yielding of the retaining structure during an earthquake. 

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

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

of test and field observations. 

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

forces are included by use of the earthquake coefficients ~ 

and k • These are generally chosen without any uniform basis v 
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and a:ce generally well below the vnluos for expected. peak 

accelerations. This is basically due to the as ion that 

movement of the wal 1 due to slrnkin.g can be 

tolerated. 

4. In the Mononobe-Okabe method no accou:nt 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. ~~~r.imental Stu4i~ 

In order to verify the .Mononobe-Okabe theory, ez:pe:d.ments on small­

scale laboratory models subjected to sinusoidal excitation on shaking 

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

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

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

Ohara, 1960 [38]. 

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

sandbox which was subjected to horizontal excitations vri th 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 allow<:d to displace suffi­

ciently to allow full active pressure to develop. 

Jacobsen performed tests on a using a shaking table and a 

3 ft high layer of sand. Al though no other details a.s to size of tb.e 

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

concluded that the tests were in reasonable agreement with the 

}fononobe-Okabe method, and that the dynamic component of the force acted 

at about two thirds of the height of the sand layer above the base. 

Ishii, Arai and Tsuchida performed tests with which they concluded 

that, in general, their results were in agreement with the 

Mononobe-Okab~ analysis. They conducted tests on a sandbox with fixed 

and movable end-walls. Model gravity walls were also used in the box. 

A 2.3 ft depth of sand was used behind the walls. 1ne entire box was 

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

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

residual earth pressures, and phase relationships between the earth 

pressures and base motion were made. 

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

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

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

excitations with an amplitude of 0 .lg to 0 .4g. Tests were conducted for 

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

was permitted to rotate about its base. Shaking was allowed to vary 

during the tests. For the rigid case the earth pressures were 
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significantly higher than predicted by Mononobe-Okabe. The earth pres-· 

su.re distributions were also found to deviate considerably from linear. 

Based on elasticity theory, Matsuo and Ohara also derived analyti­

cal expressicns for pressure distributions for the fixed and rotating 

wall. Tno experimental pressures were significantly less for the rigid 

wall than those predicted by their theory. They attribute the 

discrepancies to influences of the side walls of the box and to the 

elasticity of the pressure cells used. 

Murphy conducted tests to determine the mode of failure of wall­

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

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

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

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

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

results were considered consistent with the failure plane in the 

Mononobe-Okabe method. 

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

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

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

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

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

fo:rce of 35 tons@ 6 Hz and a lateral acceleration of 0 .3g@ 6 Hz. The 

generator was 1Jlaced 34.8 ft behind the wall. A sizeable number of 

transducers were used to instrument the wall. These included pressure 

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

at the top and increased fairly linei<.rly towards the bottom. No 

comparison with the Mononohe-Okabe method was given. 

Ohara contluct<.'io. experiments on a 12 in deep, 22 in wid.e and 39 in 

long sandbox which was harmonically forced with accelerations of up to 

0.4g. The end wall was given controlled displ~cements 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 

noment co:r:rectly. Overall, the results cf the shaking table cxpe:d:ments 

are questionable. The tests were perfcn:med 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 gravity1 using scaled harmonic forcing, which was 

not random as seismic forcing is and may not edequately represent 

transient earthquake stresses. The rationale for these tests is based 

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

elastic soil and a rigid wall under the assu:m.ption that both the model 

and prototype have the same Poissonrs ratio is given by the dimension­

less equation for the frequency of a vibrat:i.11.g elastic system: 



where: 

G 
m ( 1.3) 

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

Pm,p soil mass density 

H :;::: height m,p 

G = shear modulus m,p 

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

tional acceleration. 

The equation is usually employed to determine the frequency at 

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

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

equation can be rearranged in terms of frequency to give 

(1.4) 

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

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

fm = 
f 

p 
(

Gm )1/2 
N -

G 
p (1.5) 

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

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

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

shear modulus G varies with the effective stress, which depends directly 
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011 the gravitational field. As a consequence Gm in a model sand is 

considerably smaller over the vrnll depth than G in the full-scale p 

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

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

linearly with effective stress, then fm is approximately equal to 

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

.3/ 4 stress, say 1/2 (Seed and Idriss [54]), fm would be given as N fp• 

Given this 1.mcertainty alrnut the variation of G with effective 

stress, no clear approach is in.lH.cated, no:r 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. Therefo~e, true modelling of the prototype soil cannot be 

attained in a (one g) shaking table experiment. 

1.3. Analyti((.tl_ Stu~ 

In addition to the experimental research, analytical models have 

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

Taj imi, 1969~73 [59-61]; Prakash and Basavanna, 1969 [42]; Scott, 1973 

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

1981 [ 6 '7]. 
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Tajimi obtained the solution :for earthquake-induced soil pressures 

on a cylind:rical structure embedded in an elastic soil. He also 

obtained the solution for a lrnrmonically forced rigid wall of finite 

height at the co1:ne;; of a quarter-infinite elastic medium (Figure 1.3). 

The analysis was based on elastic: wave propagation theory. Al though the 

boundary conditions are not very realistic, the solution can be used as 

an approximation for some dynamic problems. 

Prakash and Basavanna computed an approximate wall pressure 

distribution on a wall under similar assumptions to those of the 

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

was essentially parabolic al though the :resultant vras virtually of the 

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

at a height above the base H~ given by: 
" 

R 
a = 

where C is a ve~y complicated expression dependent on all the a 

Mononobe-Okabe wall-soil parameters. R is the height of the wall. 

(1.6) 

c a 

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

continues to rise with higher lateral acceleration. 

Scott per-formed an analysis on a simple yet useful model 

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

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

performed an analysis where a wall flexibility was included. Closed 

form solutions were obtained for various cases that include variations 

of the elastic constants with depth and certain types of wall 
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deformations. Beca:nse of simplicity the solutions are quite useful in 

preliminary design applications. Scott concluded that what happens in 

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

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

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

the wall reaches a displacement of 1/2% or so of the height; the soil 

reaches failure. The wall continues to displace and rotate due to 

inertia and when it stops what is observed is the failure 

(Mononohe-Okabe) mechanism - not the str.esse s that cau.sed failure. T'nis 

is ~vhy all the experil!i.ents 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 ann elastic wave propagation theories developed 

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

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

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

relatively long layer of soil, he determined that the ea:r.thquake force 

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

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

coefficients k were used in the comparison. It was thus recommended 
n 

that for a rigid wall em.bedded 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 eac:h of the Mononobe-Okabe parameters 

which is useful in a further understanding of the method. 

Chang and Chen developed an upper bound technique of limit analysis 

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

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

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

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

that obtained by a Mononobe-Okabe analysis. 

1.4. Earthquake Damage to Retaining Structures 

Failures in retaining structures due to earthquakes occur very 

frequently. These are documented in virtually every earthquake-damage 

report. It should be noted that in most reports, unless failures are 

dramatic, retaining-structure damage is given secondary importance. 

This is generally due to the fact that failure of these structures does 

not entail severe loss of life and limb. The damage done by the 

earthquake can, however, be very costly in te.!'!ns 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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1.4 .1. ~hile 

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

retaining structures in the 1960 Chilean Ear s, the most severe of 

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

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

IX. There was essentially total failure of the harbor gravity-type q11.ay 

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

Sheet pile sea walls (Figs. 1.11, 1.14) were severely damaged. The 

piles had approximately 5" x 15" hat-shaped cross-sections with 5/16" 

thick webs and were made in. Germany. Since the walls were about 30 

years old at the time of the earthquake, failure principally occurred 

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

added soil pressure. 

Most of the above-mentioned structures were founded on fill 

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

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

hydrodynamically by dredging from the harbor bottom. The disastrous 

damage to structures retaining this material was largely due to 

liquefaction as a result of earthquake motion. 

Figure 1.15 shows distortion of the Isla Teja bridge in Valdivia 

(MMI X) due to the added soil pressure on the abutment whose excessive 

movement caused damage to the bridge sti.pe:rsi:ructure. Unlike the Puerto 

Montt failures, damage to this structure was not clue to liquefaction, 

but solely to the added inertia from the shaking. 



- 25 -

Hegion affect Pd !,:-· t hf' Chile Ea rt hqu:ikt·~ of >Iay HIGO. 

FIGURE I .9 - FROM (I I) 
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FAIL URE OF QUAY WALL AT PUERTO MONTT - FROM C5 5) 

Concrete 
and Soil 
Caisson 

0 0 

15. 5 METER QUAY WALL 
{after Chile Dept , of Porta) 

Aaaumed 
Support Level 

Rubble 

0 .. 

STEEL SHEET PILE SEA WALL 

Concrete a nd 
Soll Caiaaon N 

0 

Rubble 

18. 5 !\JETER QUAY WALL 
(afte r Chile De pt. or Ports) 

FIGURE I. I I - PUERTO MONTT,WATERFRONT WA LLS,DESIGN FEATURES - FROM CI i ) 
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FIGURE 1.12 - FAILURE OF GRAVITY WALL AT PUERTO MONTT - FROM CI I) 

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

FIGURE I . I 5 - DISTORTION OF ISLA TEJA BRIDGE DUE TO 

SOIL PRESSURE ON ABUTMENT - FROM C55) 
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Seed and Whitman [55] also report on a gravity retaining wall 

failure at Frntilb;:t> (Ml'>II VIII) where dry :material was e:rwormte:red 

(Fig. 1.16). 

1 .4 .2 • Al [',,_:,<>ka 

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

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

which suffered damage were 50 to 80, miles away from the cone of major 

energy release. The most severe damage occurred on the Seward, 

Sterling, and Coppe1: Riv'er High.ways (Fig. 1.17). Table 1.1 gives a 

foutidation 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 \\'ere founded on bedrock. 

Damage was due completely or in part to the lateral displacement of 

the bridge ab~tments 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. T'ne greatest concentrations 

of severe damage occurred in regions characterized by thick deposits of 

saturated cohesionless soils. There was ample evidence of liquefaction 

of these materialc during the earthquake. This phenomenon probably 

played a major role in the development cf foundation displacements and 
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FIGURE I. 16 ".'"" FRUTILLAR,RETA!NING WALL FAILURE - FROM C55) 
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TABLE 1.1 

Classification. of Damage to Highway Bridge Foundations 
Dur the Alaska Earthquake (from Ross et al. [45]) 

114 Bridges Classified 

!Classification T . Description 
l~lAb.;;.tmen.ts moved streamward and/o~-· 

!Percentage I 
-I ·2s--1 

I !markedly subsided; piers shifted, tilted, 
I !or settled; substructure rendered 
I lunsalvageable 

I I 
I I 

I I I I 
I I I I 
I Moderate !Distinct and measurable net displacements 
I !as in previous category, but to a lesser 

I 22 I 
I I 

I I degree, so that substructure I I 
I !could perhaps be repaired and used to I I 
I !support a new superstructure I I 
I I r I 
I I I I 
I Minor I Evidence of fonnda tion movements I 1s I 
I I (such as cracked backwalls, split piles, I I 
I icloRed expansion devices), but net I I 
I I displacements smal 1 and substructure I I 
I I serviceable. I I 
I I I I 
l Nil I.No evidence of foundation displacements 

I I 
I n I 

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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I 
FIGURE I. I 8 - SUPERSTRUCTURE BUCKLING OF SNOW RIVER BRIDGE 605 - FROM (45) 
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FIGURE l. I 9 - SUPERSTRUCTURE BUCKLING OF SNOW RIVER BRIDGE 604 - FROM (45) 

FIGURE I .20 - SUPERSTRUCTURE DRIVEN THROUGH ABUTMENT 

BACKWALL.COPPER RIVER BRIDGE 345 - FROM (45) 
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1.4.3. Niigata~~Jln 

The 7.5 magnitude, 1964 Niigata, Japan earthquake caused severe 

damage to waterfront structures and virtually pa::alyzed operations at 

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

damage are given by Hayz.shi, Kubo, and Nakase [14], and by Kawasumi 

[22]. 

The total length of waterfront structu.res including jetties and 

dikes at the port of Niigata was 10.25 miles. About 76% of this 1 

was composed. of earth :cetaining structures. Sixty-nine percent of these 

were steel sheetpile bulkheads, 8% wel:'e concrete sheetpile walls and 6% 

were concrete gravity walls. 11ie severity of damage to harbor 

structures is outlined in Table 1.2. 

TABLE 1.2 

(from Hayashi, et al. [14]) 

•Grade of I i Total Length* l Proportion to 
I Damage I Description f (mi.) I the Overall I +. I - '--~gth"' (%) 

4 
- Complete failure of 5.43 I 52.8 I I whole structure I (4.43) I (57 .1) 

3 
T Failure in main part I 2 .32 I 22 .6 

I I of structure I (2.32) I (30.0) 
1
1 2 

1

1 

Appreciable Deformation r---0~07 -·---1
1

'.. 0.7 I 
f ~ain part of s't~_E.t1re I i~22_"·--~0.3) I 
I 1 -, Fa i1 u.re in sub-part l' 3 .9 8 I 14 .5 I 
L_---=-.1 ___ L?.1:' structure ---·-~-- --·~--·-~· ( 5 ._Ql_ __ _ 

r-- I 0 .97 ' 9 4 l 0 I No damage ___ _l (0.59) t __ (7 :6) ___ , 

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

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

down completely, and 92. 691, 500 ft2 • were seriously damaged (Figs. 

L21, 1.22). 

Most of the sheet pile structures in Niiga ta Harbor underwent 

damage and a large nllmber 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 concent~ation created by the 

tie rods. The sheetpile bulkheads were designed employing a 

Mononobe-Okabe Analysis and a seismic coefficient of 0 .10. Actual 

horizontal ground accelerations were around 0.2g amplitude. 

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

Mononobe-Okabe designed with a seismic coefficient of 0.12 suffered no 

appreciable damage, except for local sinking of the fill behind the 

anchor plate. 

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

front, were completely destroyed by the earthquake. 

The gravity retaining walls were genc:ral ly 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 fou.:ad that when the seismic coefficient reaches 
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FIGURE 1.2 I - SHEET-PILE BULKHEAD FAll_URE,NllGATA - FROM ( 14) 

FIGURE I .22 - WAREHOUSE COLLAPSE DUE TO SHEET-P!LE 

BULKHEAD FAILURE.NllGATA - FRO M ( 14) 
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0 .12 or 0 .13 the structure cannot any longer be asstlmed to act mono­

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

forward, ippage, and sinking of blocks. and inclination and 

sliding of the structures. Damage was severe. 

The general soil profile of the Niigata a;~ea consists of a layer of 

sand about 130 ft deep underlain by clays and conta.ining pockets of fine 

sil t:y 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 

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

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

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

In general, the deeper the structure was em1,edded in the soil the less 

severe the damage. 

Based on the damage caused by the 1964 earthquakes, replacement 

structures have been de signed and built based on a seismic coefficient 

of 0 .2. 

1.4.4. San Fernando, California 

T'.n.e 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 l{eference [21], Lew, l,eyendecker 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 Cha.nuel which were located in an area where transient lateral 

accelerations may have been as high as 50%g. 

The Wilson. Canyon Chan.nel 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 1.05 to 16 feet; it is about 3 miles long. 

The Lopez Canyon Diversion Channel is an ope:r£, rectangular 

reinforced concrete channel abou~ 1.8 miles long, with widths varying 

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

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

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

design criteria with no seismic consideration. Allowable design 

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

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

heig.hts 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 'l'li1 son 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 hairl in.e cracks to major shear and moment failures in 
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FIGURE i .24 - WILSON CANY ON cr.A; J ~~ EL : WALL TOP DISPLACED 4 11 WI TH RESPECT 

TO THE BRIDGE ABUTMENT AT LEFT - FROM (6 7) 

FIGURE I .25 - WILSON CANYON CHAN NEL:C RACK ING IN SOIL AS A 

RESULT OF WALL DISPLACEMENT - FROM C67) 
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walls. Inward deflections of up to 12 inches at midheight were measured 

at the most severely damaged sections. 

Complete failure occu.:r:red in sections of the Lop1n Canyon Channel, 

but the failed sections were close to a surface expression of the 

faulting associated with the earthquake and probably perm~nent ground 

displacements contributed significantly to the damage. 

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

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

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

consideration in design and construction might not be economically 

warranted except for replacement costs. 

1.4.5. Friuli, Italy 

Similar in magnitn.de to the San Fernando Earthquake were the 1976 

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

6 .5 while two September aftershocks had :magnitudes around 6 .O. There 

was some damage to earth retaining structures [10,57]. 

Along the Ledra River a retai11ing wal 1 was consider.ably 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-Ca:rnia-Ta:rvisio highway due 

to movement by the retaining structures below it was observed 
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FI GURE 1.2 6 - WE IR ON THE LE DRA RIVER:DAMAG :: D RETA INING WALL - FROM ( I 0) 

FIGURE 1.2 7 - WEIR ON T HE LE DRA RIVER: DAMAGE D RETA IN ING WALL - F ROM CI 0) 
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(Figs. 1.28, 1.29). This is where the highway :runs be tween f~ canal and 

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

high wall built on piles. Figure 1.30 illus n normal section of 

the road axis shows the relative positions cf the canalp th..;i retaining 

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

soil profile. 

Perhaps the fact that the entire embankment was underlain by an 

inclined rock formation contributed to the slipping of the retaining 

wall towards the canal and probably to th~ 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 consequen~e 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. Tan~~.i_.Q_Ji!11a 

Ymdan [70] reports bridge failure du:dng the 1976 Tangshan 

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

7.8. The failure came from falling of superst:ructurez; 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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FIGUHE 1. 29 - DAMAGE TO EMBANK MC.N T RET AINING WALL... AND 

CANAL, UD INE- CARNIA-TA RVISIO HIGHWAY - FROM ( l·C) 
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FIGURE 1.30 - UDINE-CARNI A- TARVISIO HIGHWAY, SECTION THROUGH EMBANKMC:NT 

RE T AIN ING STRUCTURE ADJACEN T TO CANAL - FROM (I 0) 



- 47 -

have otherwise remained standing. No details were given on design 

criteria or construction methods. 

1.4. 7. M.iyag_i-Ken-Oki.1. JJl.Q_an 

The 7 A mr:::.gni tu.de Miyagi-Ken-Oki, Japan earthquake of 1978 caused 

failures in several sites where earth retaining structures were in place 

due 111.ainly to soil liquefaction (Yanev [ 6] and Ell i:ugwood [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 oue 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 liqu~f ied, causing 

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

been dredged from the seafloor and placed hydraulically with no compac­

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

liquefaction damage followed the contact very closely; the beach 

deposits were not involyed in the liquefaction. 

In addition, there were reports of cracking and settlements of 

bridge abutments. A comparison was made between the Japanese and 

American c:d teria for bridge de sign under ea:rthqnake conditions. 

According to the 1971 Japa11 Road Association (JRA) bridge de sign code a 

provision is made for the inclusion of a design force for lateral 

seismic earth pressure, whereas the 1977 American Association of State 
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FIGURE 1.3 I - REPA IRED 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 ea:i:thqu2ke damage descri:P"· 

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

earth retaining st1:nctures are inadequate. No count:i::·y, whether weal thy 

ox poor, where there is seismic activity seems to 'be iliwune from this 

type of damage. 
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CHAPTER II 

CEN11UFUGE M:ODEL TESTING 

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

ful tool in the modelling of soil mechanics p:roblems. Most soil 

properties are ge:nerally dependent on contirnn.1!11 stresses whic".i1 are 

generally gravity-induced. Thus, it is very difficult and inconvenierd:, 

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 wou.ld obviously not 

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

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

prototype, it is necessary to increase the gravitational acceleration by 

the lineal scale factor. Thus, if a 1/ 50th scale model. made of the 

same material as the prototype is subjected to a gravitational accelera­

tion 50 times that of the prototype, the confining stresses, and thus 

the properties and behavior of the model are the same' ~cs 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 p!:operly 

scaled to provide accurate results. The ratio of the accelerations in 

model and prototype structures is i:twersely pro:rio::r.tional 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 
' ? then the ratio of arell is N~ and 

volumes N3 • 1ne scaling relations indicate that the forces in the 

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

st:resse:; (force per unit area) are d. 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 a1u1 strains at 

homologous points. 

In the experiments, it was necessary to model the reinforced 

concrete walls by means of almni:uum due to the difficulty in properly 

scaling do-.vn both the reinforcement bars and co:ncrete to a small scale 

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

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

N3 times that in the model. 

Where dynamic problems a.re involved, it turns out that the 

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

model f~equencies 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 I 
(Prototype) Model at Ng's I 

. ---·-· ----, 
1 N I 

1 

1 

l 

1 

1 

1 

1 

1 

1 

1 

1/N 

1 

1 

1 

I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
!Weight Density (Unit Wei,(ht) 1 N 

I Time (dynamic) 1 

Time (consolidation) 1 

Frequency 1 

Unit stiffness, EI 1 
·~~~~~~~~~~~-

1/N 

11N1 

N I 
I 

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

excitations at levels equivalent to strong earthquake motions. 

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

centrifugal method is that the stresses and strains in the model are 

identical to those in the prototype so that it avoids problems 

associated with testing, at earth gravity, small soil models involving 
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material with strongly nonlinear behavior. The disadva11tages are 

associated with performing the tests on models which are rotating at 

rates of 100 to 500 rpm in a centrifuge. Power and s ig:nal s have to be 

passed i11 and out through electric and hydraulic slip:rings. There are 

problems associated with the addition of electrical noise in recording 

transducer output. Tb.e noise comes from ambient sources, the electric 

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

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

amplification and filtering of output signals as well as numerical 

smoothing of the digitized data. 

In initiating a program of centrifuge testing several questions 

must be asked concerning the proof or the accuracy of the techn.ique. 

How well does a model test predict a prototype behavior? Do the scaling 

relations tell the whole story? In addition, particularly when models 

of particularly small dimensions such as retaining walls are considered 

for testing, there is a problem in deciding at what soil grain scale the 

applicability of continuum constitutive laws to both model and prototype 

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

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

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

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

grains per .model retaining wall unit. width. It is 1 ikely that gravity 

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

sions in the first example. In the second exa~ple, 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 :r.epresent the behavior of a prototype :retaining 

wall in the same coarse sand, hut that of a retaining wall with a 

backfill composed of boulders. 

T'ne use o:f the centrifuge in geomechanics dates back to the early 

1930' s when Bucky [4] first used one in the study of smur~ simple mining 

problems. The use of a soil mechanics centrifuge w8s al so reported in 

the Soviet Union a1:onnd the same time [52]. The use of t:he centri 

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 bnil t and used for 

soil testing. TI1ere are three in the United Kingdom, two at Cambridge 

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

capabilities up to 200g. It has been reported that "several dozen" 

centrifuges for soil testing purposes are in use in the Soviet Union 

[41]. In addition, centrifuges are currently used for geotechnical 

research in Sweden, DePJllark, F:rance, and Japan. Surprisingly, in the 

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

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

at Colorado, and one is being developed at the Am.es Research Center by 

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

Caltech. 1ne reasons for their limited usage have not been determined. 
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A compilation of references on centrifugal testing, worldwide, extends 

to mo:re 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 bee11 satisfactorily answered by this time; that many 

comparisons would have been made between models and prototypes. Study 

of the accessible literature does not show this to be the case in the 

quantitative sense, although a fair number of studies show qualitatively 

similar behavior and mechanisms. 1ne particular type of testing 

involved in this case, the dynamic centrifuge testing of flexible 

retaining walls, however, has, as far as known, no precedent. 
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CHAPTER III 

EQUIPMENT AND INSTRUMENTATION 

The centrifuge (Figure 3 .1) used is a Model A1030 Genisco 

G-accele:rator", which consists of an 80-inch diameter almninruiralloy arm 

which rotates in the horizontal plane and is rated at 10,000 g-pounds 

payload capacity. At each end of the a:rm 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 meaus of a Sabina Electric an.d 

Engineering Type RG 2600 Single phase Ful 1 Wave Regenerative Sta tic D, C, 

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

ended electric drive motor. For accurate determin~tion of the rota­

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

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

The pulses are read by an electronic counter which converts them to an 

LED display of RPM acctI:rate 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 alu.minum enclosure, with all the controls and instrumentation, 

in the interests of safety, located remotely. 
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Electrical power and signals to a.nd from the rota ting arm o.r fra..-ne 

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 a line capacity 

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

of rotary unions (hydrau.lic sliprings). Operations on the centrifuge 

can be observed by means of a television camera mounted on the arra close 

to the axis; its signal is conveyed either through the rings mentioned 

above or through coaxial cable and related, separate sliprings to a 

monitor TV in the instrumentation room. 

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

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

containn1ent that it can sustain is limited to 200 lbs (taken up to 50g). 

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

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

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

Tlle "earthquake-generating" mechanism (Figures 3.3, 3.4) consists 

of a. 14 .6" X 11.6"X 10" :reinforced al un1inum container mounted on a bed 

of ball bearings which lie in horizohtal parallel grooves in a steel 

plate attached to the swinging magneshun 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 spriug 
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FIGURE 3.5 - BALL BEARINGS SEP.L\RATED BY TEFLON SHEET 

FI GURE 3.6 - REACTION SPRING 



- 63 -

(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 fore th.e bu.eke t to move, def o:rmi:ng the sp:r ing at the 

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

by the sudden energy release of tha spring. and the soil container snaps 

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

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

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

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

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

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

simplicity of the "earthquake generating" mechanism, the motion attairi.e<l 

resembles that which. would occur near e 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 Reta_ining ~!alls 

Ideally, a model retaining wall made of (properly scaled) 

reinforced concrete similar to one described in the design example of 

Section 12.7 of Wallg and Salmon's Rei_!);fQrJ::..ed. Concret_e_ Desi.fill [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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F IGURE 3.7 - P!STON,TCGGLE,AND BUMF' ER <FRONT VIEW) 

FIGURE 3.8 -- PISTON,TOGGLE,AND BUMPER <TOP VIEW) 
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Design sketch fur cantilever retaining wall. 

FIGURE 3.9 - FROM (64) 
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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 alTI.minum 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. Des~gn 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 back.fill is to be level. A 

lateral earthquake acceleration of 0.25g is expected for design purposes 

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

for design: 

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

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

Elastic Modulus EA= 10 X 106 psi 

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

state of equilibrium. A M:ononobe-Okabe analysis (see Section 1.1) with 

kH = 0.25 will be used. 

The Mononobe-Okabe parameters are: 

-1 14° 0 = 00 
& = tan (0.25) -· 

0.092kcf i 
0 

r :;:: = 0 

cl ;::: 35° j3 = 00 
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Therefore: 

and the total force PAE is thus 

['Jill (3.1) 

or 

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

This is t:be total lateral force acting on the wall. As 

recommended by Seed and Whitman [55], the force increnent on the wall, 

APAE, due to the earthquake load should be assumed to act 0.6 h or so 

above the base. Thus, it is necessary to find the static force PA an~l 

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 =:: 
A 

where: 

For the soil involved KA= 0.27 so: 

I 2-rr 1 2yh 1'-A 

1-siM 
l+sind 

PA = (1/2)(0.092)(18.3) 2 (0.27) = 4.2kips/ft. 

(3.2) 

(3.3) 
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which acts at h/3 above the base of the wall. Thus: 

6.6-4.2 2.4kips/ft 

which acts at 0.6 h above the base. 

The weight of the backfill, Vi, is: 

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

Summing moments about point B. (I>~ = O) 

Consequently: 

Therefore: 

x -

~= 
2 

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

[ll . .LU.~.dH<l/3) C4.21 + <o._§J (2.42.l]l/2 
1.6 8.1 ft. 

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

approximately: 

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

The base length w~s thus decided upon to be 15.25 feet long (3.66 in 

long in the 1/50 scale model) which gives about an ext~a 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: 

W = 1.6x ~ (1.6)(10.2) 16 .3kiris/ ft. 

Taking momen.ts about point A of the base and neglecting the weight of 

the wall, the resisting moment is: 

(10.2)(16.3) 

The ove£"tu:rning moment is: 

Thus: 

M 
0 

166 .3 ft k/ ft 

M = (18.3)[(1/3)(4.2) + (0.6)(2.4)] = 52.0ft-k/ft 
0 

Therefore, the factor of safety against overturning is: 

F. S. _, ~~ = 166.3 --M 52 .o 3.2 
0 

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 wall must now be designed to resist the bending 

mor11ent H given by: 

M = H(1/3PA + 0.6b.PAE) - 1/ 

where PPE is the resultant of the passive force provided by the frost 

cove~ of depth Hf (Figure 3.10). 

The coefficient of passive earth pressure, KPE' for a Uononobe-

Okabe analysis is given by 

and: 

Therefore: 

Therefore: 

Th.us: 

_tint cl_ -:;:~ti11i d-fi+Ji) 
2 

cos(p-o--O)cos(p-i) 

~E == 3 .18 

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

(3 .4) 

(3.5) 

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

With a bending factor of safety of 1.7, the design monent is: 

MD = 86.1 ft k/ft 
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T'ne thickness of the stem is determined by the use of the bending 

formula for a beam: 

M/S (3.6) 

Where: 

a = stress of the material 

S = unit section modulus of cross se~tion 

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

s 
{3.7} 

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

the almninmn fA as er, the stem thickness is determined: 

d = 

This corresponds to a thickness of 0 .065 inches in the mode:l wall, at 

1/50 scale. 

Two models of the 16 ft high cantilever retaining wall were bu.il t 

(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. T'ne thicknesses stated are 

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

is approxirna tely the correct size for th!} de sign cortdi tions imposed with 

the appropriate safety factors. Wall No. 2 has no safety factor (F.S. = 

1.0) at all. (Its prototype wall would have a moment capacity of 

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

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

larger walls than Hnece ssa1:y"), and in n~ost cases is not even used (nor 

is any other m(:t:hod) when a seismic design is in ord01.·. 

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

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

To do this a rectangular piece of the same 0 .063" thic:k plate used to 

make the walls 6.555" long and 1.493 11 wide was cut. The piece was then 

clamped and held horizontal so that it formed a cantilever beam 5 .026" 

long. Weights of 0, 0.220, 0.441, 0.661 and 0.772 lbs (0, 100, 200, 

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

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

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

with an end point load is: 

Yr.tAX = Pl 3 

3EI 

where P is the load, 1 the beam length, and I the bending moment of 

inertia it follows that: 

E = 

(3.8) 

(3.9) 

The average E then determined from the rueasurements was found to 

be 9.699 X 106 psi. 



- 75 -

Recalling that the, moment of ine:r.tia per unit width I of a 

~ rectangular cross section is i
2

• where h is tho section depth, for 

retaining wall No. 1 (RW1) the EI was determine cl as 202 .1 lb in2 I in. and 

for (RW2) as 101,0 lb in2 /in. 

3 • 3 • 3 • De term i ti.J!U-9_!1---2._Ll:J±.L.E1!!lllill'l.1;';PJ;.aJ_j"'<_;SL q]l__Cl..AQ..~2J:_th e. W a 11-So i l 
_System 

T'ne fundamental frequency of the wall-soil system was deterznined 

by an examination. of the Fourier Amplitude Spectra of the accelerog:i:aiil.s 

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

tests 1CN0001,* 1CN0002, and 1CN1003 for I\.Wl, and from tcst 2CN0011 for 

RW2 using the FORTRAN program IVMAIN de scribed in Section 4 .2. The 

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

system vrhile those at the bottom ere a measure of the input excitation 

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

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

amplitude is a maximum provides an accurate determination of the 

system's natural frequencies. 

Upon examination of the Fourier spectra (Figures 3.12 through 

3 .19). it was determined that the fundamental frequencies we:.:e 2 .3 Hz 

for lCNOOOl, 2.7 Hz for 1CN0002, and 2,7 Hz for 1CN1003. Tb.ere was 

* The following nomenclature was chosen for test numbering: 

a b c ..£_ .iL 
Test l C N 00 01 

a = wall number; b = type of wall; c = type of sand; d 
angle (in degrees); e = test number; C == cantilever; N 

backfill 
Nevada 120. 
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very little relative difference between the frequencies determined from 

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

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

for RW1. The fundamev.tal frequency of the tests whfJ:ce RWl vrns u.sed was 

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

Similarly from the spectra for 2CN0011, the fundamental f:recrr1.ency of RW2 

was taken to be 2 .5 Hz ( 123 Hz model). This is al so very close to the 

frequencies of tests ns:ing RWl, so there is little variation of 

frequency with regard to wall stiffness as well. 

From examination of the Fourier spectra it can also be seen that 

there is only a significant contribution to the response of the systems 

by only one frequenc.:y. the fundamental. This is conf irmerl upon exam ina-

tion of the di£placcmcnt cnrvcs presented in Chapter 5. 

As will be explained in section 5 .1, the fundamental frequencies 

of the systems are used to create dimensionless time parameters since 

they are a characteristic of each system. 

3.4. Soil 

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

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

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

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

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

medium density soil, the angle of internal friction d is about 35°. 



G
R

AD
IN

G
 
;
~
N
A
L
Y
S
l
S
 

,-
--
~-
~1
g_
cJ
1:
i,
 

S
rv

v:
i 

5.
i::i

;s
 

"'i
 

5 
10

 
2

0
' 

<
C

D
27

u2
C

O
 

!C
O

 
~{
) 

::
o

 
IS

 
8 

4 
f 

f 
1

1
•
tz

rj
 

ttJ
C~ 

i 
-m

 
-,

-:
-i

-r
-1

-
. =i

: =:-
-

~~ 
10

0 

~~
i-
=~
f 

----
-1-

1 
----

!~--
~-
~-
--
=r
=~
~-
==
\ l

l:~~oo
 

i~
l~
--
--
·-
==
i-
-.
 

·=r
= 

r--1
-f 

-r
--

r-
--

]-
:-\

-t!
O

 
~ 
~
~
~
~
~
.
 -
-
-
~
 

cR
 _

-
--
--
1-
-1
~-
H~
 

;i
 ~
 

1-
I 

--1
 

-L
i 

l 
1

-
. ~

j!;
Q 

~ 
,
-
1

-
-
·
-
-
1

-
,
 

--
-1

 
l 

-
-
-

~ 
I 

1
_

_
 

. -
. .

 
f 

. 
-~
-t
--
1 

lit
 

-
-

. 
. 

I 
'! 

: 
j 

I 
I 

I 
I 

_
, 

SOH
 

-
-l

 
. 

-
-

-
~-_

JI 
_

F
-l

 
jj

=
 ;12

0 
' 

. 
. 

-
-

! 
-
-

-
-~
-J
 

~ 
+

-
-I-t

i·--
-
~
 

1-
1-

---
-1

±1
· ~ 

0
0

 
._,,

 

f: 
I 

I 
-
}

-
-
-
-
)
_

_
_

_
_

 
l 

f
-
-

1 _
_

 
±

 l
--

i 
I B

 
(;~

 
I 

I 
I 

LL
U

_[
_L

J_
LL

 
' 

LL
! 

I 
l I 

! 
l I

 
! 

'.
 
_l
}-
.-
lL
.~
' 

] 
0 

! 
5 

10
 
_

3
 

•lC
O

 2
70

 2
0

0
 

ico
 

50
 

30
 

1s
 

8 
4 

.~ 
llr

U
 ~

-
H

r 
lf 

1L
 ,1:

:-2
: :r

 s.:
w

'"
1 

--
--

-:
-:

-y
 

£
::

l 
~
 

11
\lf

'i.
:J

t<
:O

 
oo

 r
ow

 
~
 <.

o :
..s 

z:
i 
za

 1
0 

~~
 

ri 
10

 
7 

\t 
5 

~l
 

•:t
; 

O
j;:

v.
c.

g 
UJ

c.
rc

ns
 

S:
1:.

.'r
:l 

Si
z~
:i
 

I 
"{ 

I
O
~
N
 

~o
 

~:
o 

~c
o 

IC<
.~<

) 
!J

.O
X

l 
. 

'-7
'('-

"0
 

'.\
C

(D
(J

 
iJ

'.c
ro

u 
L
i
:
·
,
S
c
d
~
 

t 
, 

_ ..
....

. _
_ 

... 
_

_
_

 • 
_L

....
_.

._
_1

 
-
.
4

1
.
 
1~
_L
..
..
L.
..
.L
..
L.
.L
 

-i
-_
,,
..
..
..
.,
..
..
J_
1.~

+L
,.

.L
,.

L.
LL

..
l_

,,
_.

..
..

i.
..

.,
..

..
..
..
.1
-<
-.
L.
..
.L
..
..
L.
L.
L.
J-
'r
-r
-~
-·
.L
 .

. •
 •

...
...

J _
_ 

J 
L

 
..

 -
-
'
-
~
-

, 
I 

r 
' 

~ 
',

_
_

_
_

_
_

,.
.-

.
.
.
.
 T

.
1
1 

' 
' 

I 
,-

-r
-r

--
-r

 
' 

f 
• 

i 
' 

I 
' 

'. 
l 

' 
i 

' 
1

1 
' 

' 
' 

' 
I 

.. -
,-

r 
I 

I 
I 

! 
l 

I 
I!

--
--

--
..

 
l 

·-
r-

: 
,., 0

;.>
t: 

co
:x

..
\.

~ 
L1

.'.)
.)0

! 
er

-
<i

5 
or

o 
cu
.i
~.
 

GC
1 

C
i;

3 
cu

 
C

3 
1 

i 
3 

l!-.
::..

'cs
 

c~
,,
..
n 9 

F
IG

U
R

E
 3

.2
0

 -
G

R
A

IN
 S

IZ
E

 
D

IS
T

R
IB

U
T

IO
N

 O
F

 
N

E
V

A
D

A
 

1
2

0
 S

A
N

D
 

. 



·- 86 -· 

The soil was chosen because of its fine grained size which is 

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

A cross section of tho retaining walls indica the location of 

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

3.21. 

3 .5 .1. ~tr~~ 

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 (RWl) is instrumented with seven pairs of 

Micromeasurements Model CEA-13-0621.TW--350 strain gages located at 

distances 1.50'1 , 2 .25'f, 275", 3 .15", 3 .50", 3. 75" and 4 .oou from the top 

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

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

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

of 1.50", 2. 7 5", 3 .50" and 4 .00" (Figure 3 .22). T'ne type of strain gage 

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

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

integral. coppe1-coated terminals. Tb.is co11.stru.ction :provides optimum 

capability for direct leadwire attachment. The gage is extremely thin 

and flexible (0.0022 11
). The gage length is 0 ,062" and the grid width is 

0 .062;'. The resistance is 350 ± 0 .3% n with a strain range of ± 3%. 
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Ground Level 

0.063 11 IN RW I 

0.050 11 IN RW2 

I® (1.50) 

(VARIES) I 

2.,,,(2.75) 
(VARIES) . 2 

3 ~J(3.50) 
<VARIES) .

1
3 

(VARIES) 4 

I. 2 2 II 

3.66 II ---

o Accelerometer and 6- beam !ocations 

• Strain gage locations 

x Pressure transducer locations 

(Parentheses indicate distance of 
transducer from top of wall in inches) 

FIGURE 3.2 I - MODEL WALL CROSS SECTION 
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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 epo:z:y 

resin adhesive. Solde:red to each gage are two 1~111gths of Belden AWG32 

magnet wire. The leads were laid on the faces of the wnll a:nd coated 

with a flexible, impermeable protective coating (BUI Bar:rier 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 u.sed as well as the number of sliprings 

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

The excitation voltage is SV DC. 

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

roof of Thomas Laboratory in close pro::::imh:y to air conditioniJ.:.g units 

aud 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 amp! ified with one LF352 ampl ifie:r {Figure 3 .24) 

for each pair of strain gages. This is done inside the centrifuge 

itself as the amplifiers are loaded on the centrifuge arm. Th.e gain is 

set at 50. The amplified signals then pass through the slip:dngs to the 

control room where they ar<; 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 Visico:rder 

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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~F 352 J 4558 

--·1 '''>-- l~ r--v/ ~ ·-1 
+~· 

I I 

~ LF 352 4558 I 

--o--i 

r1I 
~ I l 

I 

SLIPRINGS q 

FIGURE 3.23 - STRAIN GAGE CIRCUIT 

HONEYWELL 
VISICORDER 
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TO OFFSET 
ADJUST 

-15 558 

FIGURE 3.24 - AMPLIFIERS FOR STRAIN GAGES AND ACCELEROMETERS 
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place at.a rate of from 50 to 80 inches per second of recording paper 

depending on the particular test. 

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

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

miniature accelerometer. In most tests there is an additional one 

located in. the backfill npprox:i.ma tely half way be tween the wall and the 

wall of the bucket and is buried near the surface. 

The accelerometers employ a fully active Wheatstone Bridge 

consisting of semiconductor strain gages. rhc strain gages are bonded 

to a simple c~u1tilever beam which is end-loaded with a mass (Figure 

3 .26). Under acceleration, a "g'? force, the force on the cantilever is 

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

creates a force which in turn provides a bending moment to the beam. 

The moment creates a strain (proportional to the acceleration) which 

results in a bridge unbalance. With an applied voltage, this unbalance 

produces a millivolt deviation at the bridge output, which is propor­

tional to the acceleration vector. 

A very attractive feature of this type of acceleroilleter is its 

very small size. The entire unit (minus the leads) weighs only 0 .02 oz. 

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

weight of 525 lb/ft3) high and is mounted on a 0.270rr X 0.370" X 0.040" 

flange as shown in Figure 3 .27. The bold-faced arrows indicate the 

sensitive axis. The accelerometers are attached to the model walls with 
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SEISMIC MJ>.SS 

FIGURE 3.26 - ACCELEROMETER CUT;~.WP.Y <FROM ENTRAN DEVICES) 

-r· 
. 135"' 

(3.43mm) 
J__ 

-j-,. 
LI I r A .210 .. i I T 16.86mml 

-+---'-----'- __ J_ 
I I 

l .270" I 
i"4--(6.86mm)--l 

.145" 
-...,,j t-13.&amm) 

I I : 
.040" I · I 

(1.03mm) j~· ·-r : + .145" 

!_ C ' (3.68mm) 

t-L._ .~o .. ~_J-
1 

i9.39mm) 

FLANGED UNIT 

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

.:k: 500g with a nominal se11s:i.tivity of about 0.5 mV/g (varies slightly 

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

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

Hz. In addition, tho unit is damped to 0.7 of critical usiug a viscous 

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

frequency range of DC to 10';)0 Hz. The excitation voltage is 15 V DC. 

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

suitably amplified and filtered to minimize the high frequency noise 

inherent with centrifuge testing. The accelerometer circuit is shown in 

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

signals recorded on the Honeywell Visicorder at an amplitude of 200 

mV/division, The accelerometer signals were recorded dix:ectly alongside 

those of the strain gages on the recording paper. 

Originally, it was planned to obtain pressure distribution£: behind 

the retaining walls by means of differentiating the mument distributions 

twice with respect to the length co or din.ate x. From elementary rel a-

tionships it is well k.110wn that the sheaz Q is: 

Q 
(3.10) 



TRANSDUCER 
BRIDGE 

TRANSDUCER 

[7v- 2ov] 
0 

+ 
(OV -7V) 

{ov - ?v} 

FIGURE 3.28 
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where ~.f. is the moment distribution. The load (pressure) distribution P 

is: 

_(}jl a.2!"' p :;: ' 
Bx. ax2 (3.11} 

Unfortun.etely, because of inaccuracies which develop and propagate in 

numerical differentiation it wa::: found that these simple relations did 

not give adequate or accurate pressu:ce distributions. 

Figure 3 .29 (which is fully expldned in Section 5 .3) shows how 

inaccurate the use of moment differentiation to arrive at pressure 

distributions is. It was thus necessary to measure pressure directly by 

the use of pressure transducers and then integrate the determined pres-

sure distributions (numerical integration is much more stable and 

accurate than differentiation) to obtain the shear distributions. 

Ezcept for test 1CN0001, four miniature, low profile pressure 

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

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

1CN0002, 1CN1003, and 1CN0004, the pressure transducers were located 

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

1CN1505, 1CN0006 at 1.79", 2.75", 3.60", 4.16", in tests :lCND007, 

1CN0508, 1CN1009, 1CN1510 at 1.86", 2.77';• 3.59", 4.21", <>,nd in tests 

2CN0011, 2t"'N0012, 2CN1013, 2CN1514 at 1.83"., 2.92", 3.36", 3.91". 

The pressure t:ra1'.sducers used are Entran Devices Inc. Model EPF-

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

semiconductor strain gaged circular diaphragm less than 0 .2" in dianH:,ter 

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

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

create a strain (proportional to the pressure) which result& in a br 

unbalance. With an applied voltage, this unbalance p:r:od.uce::: a millivolt 

deviation at the bridge output, whic11 is proportional to the pressure, 

The transducer is very small (Figure 3 .30) and thin being only 

0.040'u thick. It has a range of 0 to 50 psis with a nominal sensitiv 

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

unit), an input impedance of about 750 !2, an ou.tput impedance of about 

250 n and a resonant frequency of 50 kHz. The ex~iti;.tio11 voltage is 6 V 

DC. 

As previously described with the other ty1Jes of transcli.;cers, the 

output signal is suitably am.pl ified and f il t:ered. The p:ressure trans­

ducer circuit (Figure 3.28) is similar to that of the accelerometers 

with the exception that the signals are amplified with a CA3030 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 m.V/div. 

In order to dete:rmine 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 beaJJ1: 

--M 
El 

it follows that the deflected shape y is given by: 

y = 
1 Ff. If, 

EI J J 
0 0 

Mdxdx + Ax + B. 

(3.12} 

(3.13) 

where A and B are constants of integration dependent on the boundary 

conditions of the wall. A and B can be determined knowing the displace~ 

ments at the top and the bottom of the wall. Tne displacements at these 

locations can be deduced by integrating the accelerometer :records twice 

with respect to time. This, however, requ.i:res the dete:r·mination of two 

additional constants of integration dependent on time-imposed condi-

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

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

the pair of time imposed constants of integration can be determined, and 

thus the relative displacements between. the walls and bucket can be 

determined at the top and bottom of the wall. K.nowi:ng this, A, B, and 

the full displacement curves can thus he determined. 

Initial and final displacements at the top and bottoin 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 ver.v 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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loug. 1.00° wide of spring steel attached to a rigid base and strain 

gaged, so that, properly calibrated, they can record displacements over 

a relatively wide range. 

The 11.-beam clrcuit is similar: to that of the pressure transducers 

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

signals are only recorded on the Visicorder during the static portions 

of the test. The circuit excitation is 5 V, the gain 25, ar,.d the 

Visicorde:r amplitude is 100 mV/div. 

3 .6. £alibratiQ1L..Q.f Ir_~11J:.!iuc;er~ 

All pre-test calibrations were carried out using the entire 

electronic circuitry, i.e. the calibration signals were routed through 

those ter1uinals, amplifier channels, filters, sliprings, and Visicorder 

channels which they would use during the actual testing. 'P.ue excita­

tions, gains, and recording amp~itudes used in calibration were likewise 

the same as in the tests. The outputs recorded 011 the Visico:rder were 

converted directly to parameter (moment, displacement, acceleration, 

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

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

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

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

All calibrations were recorded on the Visicorder and the traces 

digitized with a Benson-Lehner 099D data reducer unit. T'ne digitizer 

had a resolution of 790.B digitize1 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 paI:ametcr 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. -~Jnin Gag_!~Jii. 

The strain gages are c:alibrated to measure moments directly. To 

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

secured to the bottom of the centrifuge nrngnesim11 frame which was 

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

1" thick (each) Plexiglas beams were then clamped in s:andy;ich fashion to 

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

tion arrangement is shown in Figure 3.32. The Plexiglas beams 

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

in effect a cantilever 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 Visico:rtler at the other 

end of the system. 

3 .6 .2. Accelerom_ej:_!2_rs 

In o;,:·der to calibrate the accelerometers, they were placed with 

the sensitive axis facing downward on the upper 1 ip 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 lg. The centrifuge was then taken up to 

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

brations vrere then determined in relation to this. 

3 .6 .3. 

The pressure transducers were cal ib:rated by placing tlrnm 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 th'3 

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

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

weight by N (see Table 2.r) 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. h.-belb111S 

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

displacements with the aid of a Federal dial gauge accurate to 0.001 in. 

Displacements of 0 1 0.01, 0.02, 0.03, 0.04, 0.05, and 0.10 inches were 

measured (Figure 3.33). 
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CHAPTEH .IV 

In every test pclt"fo:nued, .the followint sequence of expc:: imental 

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 o:r denser 

conditions described above (Figure 4 .3). The total depth of se.nd (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 tile container 

up to 50g / s the transducers were thus zeroed. In this manner, the vral ls 

were subjected to no moment, lateral acceleration, or displaceraent and 

an accurate zero was recorded on the Visicorder at the test centrifuge 
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FIGURE 4 .1 

FIGURE 4 .2 
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FIGURE 4.3 

FIGURE 4.4 



- 110 -

acceleration. The expe1:iment was then returned to one g where the sand 

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

Tsble 4.1 Soil Densities 

-, ----·---~-·---·----~------·-·-' 
I 

I Test Density lg Density@ SOg Test De:nsi lg De:n~i ty@ 50g I 
I (pcf) (pcf) (pcf) {pcf) I 
I I 
I 1CN0001 92 .6 4630 1CN0508 9569 4797 I 
I 1CN0002 91.2 4561 1CN1009 97.0 4849 I 
I 1CN1003 92 .o 4597 1CN1510 95.3 4764 I 
I 1C.N0004 93.9 4695 2CN0011 98.8 494-1 I 
I 1CN1505 92 .4 4621 2CN0012 95.8 4790 I 
I 1CN0006 94.S 4726 2CN1013 97.3 4865 I 
I 1CN0007 98 • .t 4906 2CN1514 97 .7 4886 I 
L __ I 

The system was next taken back up to 50g' s where aI 1 the ~;ta tic 

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

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

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

measurements. After this, the container was subjected to the 

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

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

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

were 4 strain gag'i.'l, 3 accelero!neter and 4 pressure transdu.cer outputs 

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

to say, there, was some overlapping of traces, and ;:i. high tlensi ty of ana-

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

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

during part of the 

case). 

Following the 

ic portion of a typical test (2CN0012 in this 

, the two A-boam channels were turned back 

on, and th:::ir outputs taken along with those from the other transduce:i~s 

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

concluded the actual experiment itself. Data reduction of the 

Visicorder output followed. 

4.2. Data Reduction 

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

unit a:n.d the following procedure used. The cross hairs are manually set 

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

converted to digital position figures by means of a magnetic readout 

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

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

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

The Visicord,;r paper is placed on the 24" X 16" digitiziv.g table with 

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

ing up of the paper need not be too accurate since it will be corrected 

with respect to a baseline recorded on the paper. All traces are 

digitized without moving the record on the table. 

First of all, a baseline, which will be used to make corrections 

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

Visicorder paper is then digitized individually as follows. The zero 
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point of the trace is first dig,itized. This is the point at SOg where 

sand is on both sides of the wall. For tho pressure transducers and the 

A-beams the zero point is the reading when the c0ntr is at :rest. 

Next the static point at 50g (normal expe:dment, backfill sand only} is 

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

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

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

significant peaks, points of inflection, 0tc., are picked, al.ong with as 

many intermediate points as a:re needed for an accurate definition of 

shape. 

Th~ digitized. dz. ta are directly punched on cards which are then 

read into magnetic disks on a VAX 11 Wordprocessing sy£tem. Program 

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

coordinates monotonically increase. It also searches for possible 

disproportionate jumps of the amplitude dl'.ta. If any error is found, 

the program prints out the message. Small errors a:r~e corrected 

immediately. The data are then plotted to the same scale as t!le 

digitized record, and the two versions are compared to check the 

accuracy of digi t:i.za ti on. Any portion that is digi tiz;;;d opc:rly has 

to be redigitized and replotted until the final plot agrees well with 

the digitized record. 

The corrected digitized data is now fed into the data processing 

program WALL which will be described below and which is 1 isted in 

Appendix B. WALL prints out static, maximT' .. m 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 

distxib-u.tions at the locatio11 of each 1.naximum respo11se at equal time 

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

each of the three accele:1.·omete:i-: location.s, as well as other data per-

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

properties, and calibration factors. In addition plots are made of the 

above-mentioned distributions. Contour plots of moment, pressn:cep 

shear, and displacement distributions with respect to location and time 

are also made. Tnis 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 purpo:->e, 

some of the accelerometer records were given the routine computer 

processing of strong-motion accelerograms developed at Caltech by 

Trifunac and Lee [63]. Programs PlCRECX, P2SCALE, and P3TAPE form 

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

scaled, accelerogra.m data. Program IHiAIN creates Volume II which con­

tains corrected accel erogra:m, velod. ty, and displacement C.a ta. Vol u.me 

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

program III.MAIN. Program IVMAIN creates Volume I"i cont&ining the 

Foiu:ier 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 :ln Figii_re 

4.6. 

The results from the tests are obtained by pl:ocessing the 

digitized data with the FORTRAN program WALL. 'I11e program is nm o.n an 

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

After the raw digitized data is checked by program the 

corrected data from the transducers is fed into W.f.J_,L, ahing with other 

experimental data, namely centrifuge speed, distance from centrifuge 

axis to top of wall, wall/soil prope:t'ties, order of polynomial desired 

for least-squares fit (see below), type, number, and location of t:nms­

ducers used, and calibration factors. 

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

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

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

particularly important in the accelerometer records since double 

integrations can introduce errors proportional to the square of the run­

ning time with just a small initial slope present. 

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

calibration factors. 

Since all the separate traces are digitized individually, it is 

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

done by smoothing the individual trace data point by point with a cubic 

spline and then picking off the values f:rom the spline at pa:i:ticular 

time intervals. For convenience (see Section 5.1), it was decid.;:d to 

use a dimensionless time group tf1 to express time. t is the real 
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STANDARD ACCELEF~OGRA/\/t PROCESSING 

RAW DATA 

. £ 
VOL. I PROCESSING: l 

L SCALED DATA j!---=f€~. VOUREPORT 
2. VOL. I TAPE __j CONTAINING: 

1) PLOTS OF SCALED DATA 
2) PRINTOUT OF SC1\LED 

DATA 

I VOL. II PRO\. ESS!~G: 1,_ __ ~ 
, . D ~ t;1.... V 0 L. 11 R E P 0 RT 1. CORREv TED A TA 

1 
2. VOL. II TAPE CONTAlf\!ING: 

1) PLOTS OF ACCELERATION, 
VELOCITY I AND D!SPLACL­
MENT 

2) PRINTOUT OF ACCELER,~,TlON 

r----~~~--~~-~~~~~-1 

~ ~ 

f VOL. Ill PROCESSING: r VOL. IV PROCESSING-;--] 

1. RESPONSE SPECTRA 1. FOURIER SPECTRA I 
2. VOL. ll! TAPE 2. VOL. IV TAPE '"" I 
3. VOL. V TAPE __J 

VOL. Ill REPORT 

CONTAINING: 

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

2) LINEAR PLOT OF TRUE­
VELOCITY RESPONSE 
AND FOURIER SPECTRA 

3) PRINTOUT OF ACCEL­
ERA Tl Or( VELOCITY1 
DISPLACEMENT I ANU 
P SEUD 0-VE LOCI TY 
RESPONSE VALUES 

I 
VOL. IV REPORT 

CONTAINING: 

1) LINE/l.R PLOT OF 
FOURIER SPECTRA 

2) LOG-LOG PLOT OF 
FOURIER SPECTRA 

FIGURE 4.6 - FROM (63) 
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prototype (or model) tim0 and f 1 is the real prototype (or model) f1,mda-

mental frequency of the system. tf is the sane for both model and l 

prototype. Tlte discrete time ste1)s are -::hos:en at 150 per for the 

first six tf1 and 75 per tf1 the~eafter. Because of the nature of the 

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

response occurs when 0 ~ tf1 i 6.0. 

'rne mow.en ts are determined frorn the scaled strain gage data. It 

is intended to USO B quintic (fifth order) spline fit to the eata points 

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

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

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

a:re kr101Tn. The moment and shear (first derivative) a:re zero since th.is 

is the f:r:ee end of a c:an.tilever beam. The pressure (second derivative) 

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

some distance fxom the base of the wall (Section 3 .5 .1), the boundary 

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

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

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

conditions ar:e determined from this. Once this is done, the quintic 

spline is fitted to the data points and the moment dist:dbutio:n 

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 pressn:res. (This is 

why a quintic-spline was u.sed, 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 vrns determined tht»t first 

derivatives were margin~lly satisfactory and second derivatives very 

inaccurate (recall Figure 3 .29). This spavmed 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 cnbic spline fitted in a manner similar to the 

moments. An advantage of the cubic spline is that it requi:res no 

boundary conditions to be specified. The pressure distribution. at 0f~,ch 

time step is thus read directly from tl:i.e spline. The location of the 

resultants is then determined by fiuding the centroids of the pressure 

distril:mtions. Tiie shear distributions ara 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. 1ne accelerograms are 

integrated twice and the A-beam :readings are used to tie iu 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 tho 

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

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

accelerometer locations are also calculated in this process. 
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After each parameter distribution was determined, the corret>pond--

ing printing and otting described in tho previous section was done. 

The data processing proced.m:e is outlined in. the flow chart of 

program WALL in Figure 4. 7. 
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FLOWCHART FOR PROGRAM "WALL11 
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FIGURE 4.7 
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CHAPTER V 

RESULTS 

5 .1. 

Henceforth, fox convenience, all parameters will be discussed as 

dimensionless groups. This will mvJ:::e the discussion iildiffe:rent as to 

model or prototype. 

The principles of dimensional analysis (J;efere:nce [3] and 

Appendix A) are used to determine the dimensior'i.less groups. From the 

tests, the following parameters are involved in influe1H.:h .. g the ;:esul ts: 

TABLE 5 .1 

Parameters Involved in Tests 

x vertical location 
H height of wall 
EI stiffness of wall* 
M wall moment* 
Q wall shear force* 
y lateral displacement of wall 
P lateral earth pressure 
y density of soil 
d angle of internal friction of soil 
e soil void ratio 
g gravitational acceleration 
a lateral acceleration 
v lateral velocity 
t time 
f 1 fundamental frequency of system 

(< 

per unit width 
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Parameters like Young's Modulus, Poisso:us's ratio and wave 

velocities for the soil we:;~e not us0c1 since these imply the soil is 

elastic, and are itens that can only b~ asSllliled, not nrnasnred. 

Table 5.1 gives a total number of par&meters u of 14. From the 

Buckingham theorem, the total number of independent dimensionless 

groups k that can be derived is n minus the rank :r of the dimension.al 

matrix: 

k = n - r (5.1) 

For the parameters listed the dimensional matrix is shown as Table 

5 .2. 

'.fABLE 5 .2 

Dimensional ~fa tr ix of Test Parameters 

I Parameter Force (F) Length (L) Time (T) 

I x. 0 1 0 

I II 0 1 0 

I EI 1 1 0 

I M 1 0 0 

I Q 1 -1 0 
I y 0 1 0 

I p 1 -2 0 

I r 1 _,3 0 

I <f, 0 0 0 

I e 0 0 0 
g 0 1 -2 
a 0 1 -2 
t 0 0 1 

fl 0 0 1 

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

indepe1ulent dimensionless groups can be dt'.:termined. They were chosen as 

follows: 

TABLE 5 .3 

Dimensionless Parfu~eters 
~----= .. -----------

J_~-~~mete! Symbo! Dimensionless Group I 
TL~ ti on x x/H --, 
I I 
f Time t tf1 I 
I I 
!Moment (bending) M 1-.ffi/EI I 
I I 
!Moment (overturning) M 6M/yII3 I 
I I 
!Shear force Q Q/(1/2yH2 ) I 
I I 
!Pressure P P/yll I 
I I 
IDisplace:went y y/H II 
i 
IVeloci ty v v/ f 1 H I 
I I I Acceleration a a/g I 
I I 
'Friction angle d <I I 
Void :ratio e e 

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

non-independent dimensionless gr01:i.ping yR4 /6EI which can be used as an 

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

Iu the following sections, unless otherwise noted, a :reference to 

Pressure (P) will imply its dimensionless group {P/yR), ::reference to 



- 124 -

time (t) will imply tf1 , and so forth. This will avoid s.ny 

model/prototype confusion, and will also simpl the discussion. 

Al though the "es.rthquake generatingn mechanism employed in the 

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

within the realm of strong earthquake grom1d 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 various experiments, are displayed in Figures 5.la through 

5 .40a. Their corresponding velocities and displt,.cements are shown in 

Figures 5.lb through 5.40b and S.lc through 5.40c xespectively. 

The displf.cement curves include both the initial static displace·­

ments due to the backfill load (asswning 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 equilibrimn 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. How.ever, dne to the 

inherent complexity of the experimental system, this basic pattern is 

enhanced by some extra acceleration noise probably generated from 

reverberations, collisions, nonlinearities, et~., of the 



0 
• 

.
-
i 

I 
a 

o 
o 

Kl 
\ 1

J/\
Ji 

;:;:
~ 1 

• 
.Ir'

 i
·~

WW
"I
 
~
~
~
 

. 

I
i 

M
I 

I 
-
~
 

O
.Q

 
3.

Q
 

6.
Q

 
9

.0
 

1
2

.0
 

15
.Q

 
1

8
.0

 
2

1
.0

 
24

e0
 

27
.Q

 
30

.Q
 

~
 

AC
CE

LE
RO

M
ET

ER
 

N
O

.l 
CT

OP
 

OF
 

W
RL

L)
 

~
l
b
 

. 
' 

-

0 .--
. • 

o
· 

I 
I 

.
_

I
 _

_
 

_
_

.
_

 

o.
o 

3
.0

 

I 
I 

I 
I 

18
.0

 
21

.0
 

24
.0

 
27

.0
 

3
0
~
0
 

1
1

-1
2

-8
0

 

I 
l 

I 
_

..
..

_
_

 _
_

 _
_

._
_

 _
_

 _
..

_
 _

_
_

_
 _

_
J
'
-
-
-
-
-
-
'
-
-
·
-
-
-
'
-
-
-
-
-
.
.
A

.
.
.
.
.
-
-
-
'
-
-
-
-
'
 

6
.0

 
9

-0
 

12
.Q

 
15

.Q
 

1
8

.0
 

2
1

s0
 

24
.Q

 
2
7
~
0
 

30
90

 
TI

 M
E 

( T
 *F

 1
 ) 

FI
G

U
R

E 
S

.1
 



0 
• 

.
-
i 

a 

7
L

_
_

 
L 

I 
_ 

1 
L 

_J
 

0
.0

 
3

.0
 

6
.0

 
9

.0
 

12
.0

 
15

.0
 

18
.0

 
21

.0
 

24
.0

 
2

7
.0

 
3

0
.0

 

~
 

RC
CE

LE
F1

LJ
M

ET
ER

 
N

O
. 2

 
C

 B_
OT

TC
'JM

 
CJ

F 
W

RL
L_

L.
 

.__
_, 

. 
0 

lb
 

~
 

@\
 

·J
l:·

O
 

~
o
 

-
-
-

. 
__

. 
-

. 
~
~
 
~
 
"
=
'
~
-

-
=

-
-

--
-

""-
->

 
• 
L 

-
9 

_
_

 _,_
_ _

_
 ~
 _

_
 .....

__ _
_

 L
_

 _
_

 l 
_

_
_

_
 l_

_
_

J
 

0
. 0

 
3 

&
 
0 

' 
6

. 0
 

9
. 0

 
1

2
. 0

 
1

5
. 0

 
18

. 0
 

21
 •

 0 
2

4
. 0

 
2

7
. 0

 

S 
TE

ST
 

lC
NO

OO
l 

11
-1

2-
80

 
~
r
e
 

::c
 C

J 
-
-
-

" 
0 

'-
--

-.
..

. 
-
-

_,._
 

-=
-::

:::
:::

 

>-
-
-

' 
. -

.,._
 -
-
-
-
-
-
-

!-
' 

·
N

 
I 

°" 
JI

 
30

v0
 

~ 
__

__
 L

. 
__

__
 _

L
 

L 
I 

I 
_J 

0
.0

 
3

.0
 

6
.0

 
9

.0
 

12
.0

 
15

.0
 

18
.0

 
21

.0
 

24
.0

 
27

.0
 

3
0

.0
 

TI
 Mr

~ 
( 

T
 *F

 1
 ) 

FI
GU

RE
 5

.2
 



~
 

a ~ 
'1 

C
J 

c; 
,h
r~
ll
\,
t~
 .... 

22:
 

·1
 

\ 
,
,
,
~
 

-
-
·
 

~ 
~ 

I 
_

l 
I 

I 

o.
o 

2
.0

 
4.

o 
6.

o 
s.

o
 

10
$0

 
12

.0
 

1
~
.
o
 

16
.o

 
1e

.o
 

20
.0

 

~ 
r 

8C
C

EL
EA

l'J
M

ET
ER

 
N

l'J
. 1

 
( 

TO
P 

l'JF
 

W
RL

L 
) 

_ 
-
-
-
i
 

~
~
 

' 
~
 

"
-o

 
>

 
. (? 
. 

I v
 

l 
_ 

_
L

_
_

_
 

_
],

 _
_

 __
,1 _

_
_

 __
_,

__
 _

_
 __

,, 

0
.0

 
2

.0
 

4
.0

 
6

.0
 

8
.0

 
10

.0
 

12
.0

 
lij

m
O

 
1

6
.0

 
1

8
.0

 
20

.0
 

TE
ST

 
1C

N
00

02
 

3
-

4-
81

 
a 
I 

---
---

---
---

---
---

---
--

::r
: c

; 1
--

. 
-
-
-

--
---

. -
-

~
 
~
-
~
~
~
~
-
-
~
~
~
-
-
~
-
-
~
-

-
~
~
 

>-
~L
J_
 __ L

_ 

I 

I 
__

J 

0 ..
-
I 

~
-
·
-
-
-
-
-
.
e
:
i
 

. ._
_

_
_

_
L

 
__ L

_
 

_ _,,,
_· -

0
.0

 
2

.0
 

4
.0

 
6

.0
 

8
.0

 
10

.0
 

12
30

 
1
4
~
0
 

16
.0

 
18

.0
 

20
.0

 
TT

 
g 

..1.
 

( 
*

F
 ·! 

1 
t 

.;;
. 

j.
 

FI
G

U
R

E
 
5

.3
 



0 
-·

--
­

~
-
-
-
-
-

~
r
 

-
-
-

I 
~
o
 

"-
a

 
a

: 
I 

~""""""
'--

-1
 I I 

_ _
.
_
_
_
_
L
_
_
~
 

,....
. ~I 

I 
I 

I 
_

L
 

L
n

 
0 

0
.0

 

....
....

... -
-
.
 

0 
1

b
 

2
s0

 
4

.0
 

6
.0

 
B

.Q
 

10
.Q

 
12

.Q
 

l4
a0

 
16

.0
 

--
--
-'
-'
-R
~C

 C
EL

E 
R

 lJ M
ET

E 
A

 N
 (J_

_C
!_L

IB
O 

TT
 Cl

 M
 C

J F
 i

~ R
 LL

 )
 

1
8

.0
 

20
.0

 

I *
o

 
~
 il

 
br.

.+l
--1

\/l
---

-J.
t::

..!
'.:

.__
_-.

'.\
~,-

---
=-·

 --..
.:· =

=::
:::=

---
;,,_

· .. 
-
~
 -

-=
-=

=
 =

·
 

--
-

1 ~
 

>
~
 

I' 
9 

_
_

_
 L 

_ 
_

l
_

_
 

J_
 

_
_

 
_

_
L

_
 __

_ 
I 

l ,, _
 

_
J
 

0
.0

 
2

.0
 

4
.0

 
6

.0
 

8
.0

 
10

.0
 

12
.0

 
1
4
~
0
 

1
6
~
0
 

18
.0

 
20

.0
 

S 
TE

ST
 

1C
N

00
02

 
3

-
4-

81
 

. 
·-

--
-

·
"
-
-
-
·
-
-
-

l 

~
;
~
 

~ 
C

l 
I 

I 
~
L
 

_
L

_
 

_
J 

J 
O

.Q
 

2.
Q

 
4.

Q
 

6.
Q

 
8e

0 
10

.Q
 

12
.Q

 
li

j.Q
 

16
.Q

 
1

8
.0

 
20

.0
 

TI
M

 
CT

 *F
 1

 ) 
FI

GU
RE

 5
.!A

 



~1
. 

I 
I 

L
b
~
 

'-
..

a
 

0
: 

,
_

-
~
t
J
~
~
~
~
 

a
l 

. 
~ 

I 
j
_

 _
_

 j_
_

_
 

I 
_

J
_

_
 

! 
J 

0
.0

 
2

.0
 

4
.0

 
6

.0
 

8
.0

 
10

.0
 

12
.0

 
14

.0
 

16
.0

 
18

.0
 

20
.0

 

~ 
fb

 
/
\
:
-
-
-
-
-
-R

CC
El

EF
LO

_M
ET

ER
 

N
O

. 3
 

C
 FR
~E

 
F

I E
LD

) 
~
 

I 
I 

.. / 
J' 

·
~
 ,
~
-
-

.. -=
==

---
--

I 
i
~
 

! 
'O

 

I 
, 

I j 

:c
 

~
8
 t 

• 
L

L
 o

 1--
r
, -
-
-
-
-
+

-
· 

I 
(-

/'
L

O
 

>
 ~ L

_J
 

I 
-
-

_
L

 _
_

 ~
-
-
~
 

J 
_

_
 _ 

0
.0

 
2

.0
 

4
.0

 
6

.0
 

8
.0

 
lO

eO
 

12
.0

 
14

.0
 

16
.0

 
18

.0
 

2
0

.0
 

~
 

__ 
TE

ST
 

1C
N

00
02

 
3

-
4~

81
 

0 
IC 

~
~
~
-
-

==
---

-~
··

·-
-

I 
~ 

L
__

L
 __

__
 _L

 
_

l_
_

_
_

_
 

_
J
_

 
I 

L
_

_
L

 
j 1 

0
.0

 
2

.0
 

4
.0

 
6

.0
 

8
.0

 
1
0
~
0
 

1
2
~
0
 

14
.0

 
16

.0
 

18
.0

 
2
0
~
0
 

TI
 !v

!E 
( 

T
 *
f 

1 
) 

FI
G

U
R

E 
S

.5
 



N
 

a 
~ 

-
l 

~
o
 

,.
 

a
:o

 
J
:
t
~
~
·
~
-
~
 

-
-

OL
 

~ 
I 

~ 
I 

I 
I 

I 
_J

 _
_

_
 _I 

l 
_

J 
0

.0
 

~
-
0
 

4
.0

 
. 

6
.0

 
8

.0
 

10
.0

 
12

.0
 

14
.0

 
16

.0
 

18
.0

 
20

.0
 

A
 

RC
CE

U
RO

M
ET

EB
 __

 t-lO
. 1

 
C

 TO
P 

OF
 

W
RL

L)
 

l 
..

.L
 *
o

 
\ 
~
 

I 

0
-
~
~
 
~
-
=
 

1~
 

/""
"'>

. 

.-
--

i 
~
 i

..
,.

.-
-
1

'­

L
L

 o
 

~~
I 

v 
>

 
9 

I 
o.

o 
2

.0
 

L
 

LL
O

 
·-
~-
--
_J
 

J~
 

6.
Q

 
8.

Q
 

10
$0

 
12

o0
 

14
.Q

 
1
6
~
0
 

18
00

 
2
0
~
0
 

~,
c 

e
-

_T
E

ST
 
l~
Nl
00
3 

3
-

9-
81

 

::r
: 0

 
,.

 
>

-0
 

C
)
 

-
~
 9 
I 

I 
4

.0
 

0.
0 

2.
0 

I 6
~
0
 

1 
-
-
~
~
_
_
_
_
.
_
~
~
-
-
~
~
~
 

8e
0 

10
.0

 
12

.Q
 

li
j.Q

 
16

.Q
 

18
s0

 
2

0
.0

 
TI

 ME
~ 

( T
 *F

 1
 ) 

FI
G

U
R

E
 
5

.6
 



~
-
~
~
~
~
~
-
-
~
~
~
~
~
~
~
~
~
-
-
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
-
-
i
 I I I 

""""
'""'

~-..
....

___.
. 
--

--
--

· -
_

_
j_

j 

C
l 
~ 

-
. 8

 
0 

2
0

. 0
 

'-
a
 

t 
• 

a:
 0 

• 
0

1
 

I 

·--
-i 

-=
=

-·
--

--
--

-J
 I I r

:; 17
 

-'
--
~-
'-
-~
_.
__
__
 

l 
i 

4
.0

 
6

.0
 

8
.0

 
10

.0
 

12
.0

 
14

.0
 

16
.0

 
18

.0
 

2
0

.0
 

S 
TE

ST
 

1C
N

10
03

 
3

-
9-

81
 

~
r
e
-
-

-
. 

-
-
i
 

.-
-

0 
-

-
-

-
..

.J
--

B
 
~
 
~
 

~
~
 

L
W

L
 

• 
~
~
~
-
-

""-.
... 

o 
>-

a ....
... 9 
l 

J _
__

__
__

_ L
_

 

-~ 
_.
_~
_.
_~
L 

I 
~
 

0
.0

 
2

.0
 

4
.0

 
6

.0
 

8
.0

 
10

.0
 

12
.0

 
1l

1.
0 

1
6

.0
 

18
GQ

 
20

.0
 

TI
M

E 
( 

T
*

F
l)

 
FI

G
U

R
E 

5
. 7

 



0 
• 

..
..

-i
 
1a

 
-

l I 
o

o
 

....... ,
c
:)

--
--

I 
-
-
-
·
-

I 
-

I 
~
 

J 
0

::
 

I 
o

' 71 
I 

I 
I 

J_
_ 

·-
-

l 
o.

o 
2

.0
 

4
.0

 
6 

.. 0
 

8
.0

 
10

$0
 

12
.0

 
1
4
~
0
 

16
.0

 
1

8
.0

 
2

0
s0

 

~
 

A
C

C
EL

ER
O

M
ET

ER
 

N
O

. 1
 

(T
O

P 
Cl

F 
WR,

...:.=:
L=-=

L:.....
:...) _

_
_

_
_

 _ 
0

1
b

 
,....

,, 
I *

o
 

u: ~
 r-
~
 

\ 
:?
'"

""
=-

--
-~

 :
_
;
?
~
:
:
:
:
:
:
;
r
-
<
~
 

--
=

=
-

~ 
'\

..
./

 
~
 

"
-
6

 
>

ti
 

9 
_]

 
_

_
 l 

! 

0
.0

 
0 .....

.... 

2@
0 

LL
O

 
69

0 
8.

Q
 

10
.Q

 
12

.Q
 

1
4
~
0
 

l6
o0

 
-

J 
n;

::i
 

Q
,
 

J
.v

 e
 

2
0
~
0
 

_
_

_
_

_
 T..::...

..:E=-=
_ 5:;._

_:_T
___:

::._:1
 C

 N
 0 
0 

0 
Li 

3
-

1
6

-8
1

 
aC

/ 
· 

·-1
 

~
 

i 

~
-
-

-
-
-
-

I 
I
O

 
I 

"" 
·
-
-
~
~
~
~
~
 
'
~
~
~
~
~
~
~
~
 

>
-0

 
0 

l 

~
 

I 

9 
_

L
_

_
_

_
 

_
_

 
_

_
j 

o.
o 

2
.0

 
4

.0
 

6
.0

 
8

.0
 

T
IV

:F
 

I 
j 
L
~
 

1
0

.0
 

1
2

.0
 

( T
 *F

 1
 ) 

FI
G

U
R

E
 
5

.8
 

ll
L

O
 

16
ft0

 
1

8
.0

 
20

.0
 !-

-'
 

(.
A

) ""' 



a ~~
C.
..
..
--
-~
-~
--
--
-___

_ -
_ -

~
 

_ 
_ 

I 

CL
~L
 

-
I 

-
I 

J_
 

_
J 

O
.Q

 
2.

Q
 

4.
Q

 
6.

Q
 

8
~
0
 

1
0
~
0
 

l2
e0

 
14

.0
 

16
u0

 
1

8
.0

 
2n

 
a·· 

\,
)
. 

g 
AC

CE
LE

RO
M

ET
ER

 
N0
~2
 

(
B
~
T
T
~
M
 
~F

 
W

AL
L)

 
:1 

. 
. 

--
I 

;' 4
--

=-
~-

--
--

-=
 -~
 ~

 ~
 

-i 
~
I
 

-
-
-
-
-
-

I w
 

'-
B

 
l I

 

:::>
9 

_
L

 
I 

I 
l 

_
L

 
I 

! 
J_

_
 

I 
A

 

0
.0

 
D

 
.
-
I
 

0 
IC

 

2
.0

 
4

.0
 

6.
Q

 
8.

Q
 

1
0
~
0
 

12
.Q

 
1
4
~
0
 

l6
e0

 
l8

e0
 

"'O
' 

0 
i'.:

 
• 

TE
ST

 
1C

N
00

04
 

3-
16

-8
1 "

-
-
-
-
-
· 

I 

:r
: 0

 
~_
_.

/'
 

-
-

-
-

~
 

~~I
 

I 
I 

L 
I 

I 
-
~.
 

-
-

I 

Q
.Q

 
2.

Q
 

4.
Q

 
6.

Q
 

8
.0

 
lO

oO
 

12
.0

 
14

.Q
 

16
o0

 
18

.Q
 

20
@

0 
TI

 M
E 

( T
 *F

 1
 ) 

FI
GU

RE
 S

.9
 



0 
&

 

r
-
f
 

I 
a 

~
~
 

'-.
,_

 0
 

cc
 0 

• 
r
-
t l 

l 
~
 

I 
I 

I 
_ 

I 
I 

I 
_J

 
I 

l 
o.

o 
2

.0
 

4
.0

 
6

.0
 

8
.0

 
10

.0
 

12
.0

 
14

.0
 

16
.0

 
1

8
.0

 
2
0
~
0
 

:::r
 

a . 
·
-
-
-
-
-
-
R
~
~
C
~
C
E
L
E
_
R
~
M
E
T
E
R
 

NO
 •

 3
 

C
 FA

EE
 

F
I E

=L=
-0-=

--) _
_

 _ 
0 

lb
 

,,...
.,_ 

I *
o

 
..

.-
4

 
~
 ,

-
-

L
L

 o
 I 

'\,.
../ 

:::
r 

..
 
~
~
.
.
-
/
~
:
:
:
:
:
:
:
:
:
:
:
-
-
"
 

• 
•
c
.
·
·
.
~
-

lo
>' w
 

.t.
. 

'-..
.. 

a 

>
 9

 L 
I 

Ll
.O

 

. 
I 

I 
I 

_
L

 
.L

 
_

j 
0

.0
 

2.
0 

6
.0

 
8

.0
 

1
0

.0
 

1
2

.0
 

li
j~

O 
1
6
~
0
 

1
8
~
0
 

2
0

.0
 

S 
TE

ST
 

1C
N

00
04

 
3-

16
-8

1 
•
r:

 
-

. 
-

0 
c 

~
.
_
 __

 _ 
:J

:O
 

'-.
,_

 
. 

..,
,_

o 
---

---
~
~
~
~
~
~
~
-
~
~
 

~
~
~
-
~
~
-

/ 

I 
0 .....

.. • 9
l.

 
I 

I 
I 

L
. 

' 
J _

_
 _ 

o.
o 

2.
0 

4
.0

 
6

.0
 

8
.0

 
10

.0
 

12
.0

 
14

.0
 

16
.0

 
1
8
~
0
 

2
0

.0
 

T
I M

E: 
( 

T
 *
f 

1 
) 

FI
 

5
.1

0
 



l{
)
 ·
.
-
-
~
~
~
~
-
~
~
~
~
~
~
 

.....
. 

a I 
C

JD
 

"""
 ~

 
a
:o

 
l{

)
 • ..-:
 I

 
-

I 
-
~
-
_
.
_
_
_
~
_
_
_
_
.
.
 

l 

~
L
 

_
_

_
_

L
 

0
.0

 
2.

Q
 

4
.0

 
6

.0
. 

8
.0

 
10

.Q
 

1
2

.0
 

14
.Q

 
16

BQ
 

18
.Q

 
2

0
.0

 
~ 

RC
CE

LE
RD

M
ET

ER
 

N
O

.l 
CT

OP
 

DF
 

W
AL

L)
 

~
a
 lb

 
I\

 
::C

 
I 

*· 
o 

I 
.-

io
j 

I 
\ 
~
~
 

....
.--

..._
 
~
 

....::
::::::

: 
-· 

-
-

LL
 a

 -'
\]

 
: 
7
~
 
~
-

==
= 

=
 

• 
-

...._
,, J

, 

"""
0' 

>a
l 

I 
,_

_
_

 _ 
_

j
_

_
_

 
_ 

_ 
_

,_
 _

_
 __

,._
__

. 
' 

! 

I-
' 

·
~
 

v
. 

0
.0

 
2
~
0
 

4
.0

 
6

.0
 

8
~
0
 

1
0

.0
 

12
e0

 
14

.Q
 

16
o0

 
18

o0
 

20
e0

 
8 

TE
ST

 
1C

N
15

05
 

or 
~
 

~
~
~
~
-
-
~
~
-
-
~
-
~
,
 

r_
/ 

...._
__ 

-
I 

·
-
-
-
.
.
-

I I I 

~
 ~
 1

-
-
r
-
-
-
-
-
-
-
-
-
-
-
-
-
·
 

>
-0

 
D

I ~ L
 

I 
I 

_
_

J
_

_
_

_
L

_
 

o.
o 

2 
.. 0

 
4

.0
 

6
.0

 
8

.0
 

10
00

 
12

.0
 

14
.0

 
16

.0
 

TI
M

E 
C

 T*
F 

1)
 

5.
11

 

--
--

-4
 

1
8

.0
 

20
o0

 



lf
)
 . 

~
 

L'
J 

o 
j 

,.
 

C
IO

 
-

11
1 • I 

L 
I 

l 
I 

l 
I 

lf
) 

0 

o.
o 

2.
Q

 
4.

Q
 

6e
0 

8s
0 

10
.Q

 
12

.Q
 

ll
L

O
 

1
6

.0
 

18
 .. 

0 

GF
 

W
RL

L)
 

l 20
.0

 

--
--

--
--

--
1 

. _
_

 R~
C
C
E
L
E
R
O
M
E
T
E
R
 

N
u 

•. 2
-U

3J
JT

TL
JM

 
0 

f IJ 
,/

"'
"\

. ! ~
 4
~
~
·
 

~·-
~.o

r-:
:::

:::
::;

::;
;>"

-
-

·-
__

__
 i, 

L
L

o
 

~
·
 
~
,
.
.
.
.
.
.
.
 . ...

.--
...,.

 

~
~
 

1
~
 

;;
: q

 I' 
I 

I 
9 

I 
_

L
 _

_
_

 _
J
_

 
_

L
 

_ 
_

_
L

_
J
 

0
.0

 
2
~
0
 

4
.0

 
6

.0
 

8
.0

 
10

.0
 

12
.0

 
14

.0
 

16
.0

 
l8

n
0

 
20

.0
 

8 
TE

ST
 

1C
N

15
05

 
0 

c 
"
"
-
-
-
~
~
-
~
~
~
-
-
~
~
-
-
~
-
·
 

:J
:O

 
' 

• 
l,

..
-

>-
0
1
-
-
~
 

-
-
-
-
-
-

-~
 

! 
~
~
-
-
-
-
-
-

-
-
-
-
-
-

0 ..__
, • 9 
I 

I 
I 

_. _
 
_

. _
_

 ___
_. _

_
 __

._ _
_

 ~
-
-
-

o.
o 

2
.0

 
4 

.0
 

6
.0

 
8

.0
 

10
.0

 
12

.0
 

ll
L

Q
 

1
6

.0
 

1
8

.0
 

20
.0

 
T

I M
E 

( 
T

 *
f 1

 ) 
FI

G
UR

E 
5.

12
 



m
 

, 
• 

..
-I

 
I 
a 

(_
JO

 
'-.

.. 
. 

a
:o

 
~
 

-

~L
 __ _

L
 

i 
_

J 
I 

l 
I 

o.
o 

2
.0

 
IL

 0 
6 

• 0
 

8 
• 0

 
l 0

 9 0
 

12
.Q

 
14

.Q
 

16
a0

 
18

.Q
 

20
m

0 
....

--_
_,

__
 _

_
_

_
 _:_:

Rc.=
.CC

=-=
EL 

ER
 ()

M
E 

TE
R _

_ N
 lJ 

8 
3 

C
 FR

EE
 

FI
 E

LD
 )

 
-
i
 

. 
i
~
J
s
 

6.
Q

 
8.

Q
 

lO
oO

 
12

.Q
 

14
.Q

 
16

n0
 

18
m

0 
2
0
~
0
 

. 
TE

ST
 

1C
N1

50
'-'-

==
5,_

_ _
_

_
_

_
_

_
_

_
_

_
_

 _,,
 

.....
. 

a 
le

 

~-
-
-
-

~ 
-
.o

 
-1

-.
...

 
Q

 

'-
..

. 
0 

>-
· a .....

. 

/e
-.

..
__

__
 

. ..
L

 
_.,

;_ 
-~--

----
-

-
-

----
----

- -
=
=
=
=
~
 

91
 

. _
L

 
i 

_ _
,_

 _
_

_
 ! ... _

__
__

_ 
L 

o.
o 

2
.0

 
4

.0
 

6
.0

 
8

.0
 

10
.0

 
12

.0
 

·r· 
r ~

iF
 

.i.
 

! 
L

_ 
,,
.~
I 

1=
"1

"'
 

\ 
*1

 
l 

/ 

FI
G

U
RE

 5
. l

3 

L 
_

_
_

_
 L 

J _
 

_J
 

14
.Q

 
16

n0
 

• '"
' 

01 
1

0
. 

: 
?Q

 
ri

 
-

•'
-'

 



0 V-.
: .

-
-
-
-
I
 

a 
-
-

··
--

--
· 

I 

~
~
~
~
~
 

-
I 

al
( 

I 
...

.: 
' 

l 
I 

I 
I 

l
_

_
 

I 
I 

! 
_

j
_

 
J 

0
.0

 
2

.0
 

4
.0

 
6

.0
 

8
.0

 
10

.0
 

l2
a0

 
1

4
.0

 
16

Q
O

 
18

.0
 

2
0

.0
 

~
 

RC
CE

LE
RD

M
ET

ER
 
N~
§l
 

CT
~P

 
DF

 
W

RL
L)

 
0 

lb
 

-
. 

. 
. 

l 
~a
l 

I 
~
i
i
~
~
 
~
-
-
-
=
-
~
£
 

-
-
-
1

 ~ 
>
.
.
_
~
I
 

I 
I 

9 
L

 
I 

._
L

_
_

 
L 
_

_
 ,_L

 
l 

._
,I 

,,...
... 

O
.Q

 
2

.0
 

4.
Q

 
6

.0
 

8
.0

 
lO

aO
 

l2
a0

 
14

.0
 

16
.0

 
1
8
~
0
 

20
.Q

 
S 

TE
ST

 
1C

N
00

06
 

8-
6-

81
 

af
&

 
· 
-
-

-1
 

I 
I 

~
 

E
r
·-

I 

~ 
~ 1

-
----

--=
--=

-
-

-
-

. -
--

--
~-

]'
 

~ l_
 

__
J_

__
__

__
_ 

I 
I 

_ 
I 

I 
_ 

O
.Q

 
2$

0 
4

.0
 

6
.0

 
8

.0
 

10
.Q

 
12

.Q
 

14
.0

 
l6

e0
 

1
8

.0
 

20
.Q

 
TI

 
E

 
( T

 *F
 1

 ) 
FI

 
S.

l~
i 



0 
• 

\M
 

a 

CJ
O~
 

~ 
0 

~r
 

-
-
-
-
-
-
-
-
-
-
J
'f

\ 
I 

,...
---

--_
__

 _
_

_
_

_
_

_
 _ 

c:;
 I (!.

 

~
~
 

I 
I 

'
-
-

LO
 

0 

o.
 o

 
2

.0
 

I 
I 

I 
__ 

I 
J 

' 
i 

~ 
4o

0 
6.

Q
 

8.
Q

 
10

.Q
 

12
.Q

 
14

.Q
 

16
.Q

 
1

8
.0

 
20

$0
 

RC
CE

LE
RD

M
ET

ER
 

NO
c2

 
(B

OT
TO

M
 

OF
 

W
RL

L)
 

. ~
-
-
·
 
-
-
-

·-
--

-
·
-
-
·
-
-
-
-
-
-
-
-
-
·
-
-
-
-
·
-
-
-
-
~
-
-
-
-
-
-
,
 

a 
, 

~
 

I ' 

I 
I 

·*-
o 

,,
..

..
..

_
_

_
_

--
--

--
I 

u: 
~ 
/
~
~
 --=:

:=
::

;:
::

li
' 
-
=
·
~
 =

 
=

:J
 

-
-
-
~
-
-
-
-
-
~
-
1
1
 ~

 
~
~
 

~
 

~
0
 

I 

>
 

. l
' 

l 
9 

I 
I 

_
_

1
 

_ 
I 

.l
_

 
I 

] 
O

.Q
 

28
0 

4
.0

 
60

0 
8.

Q
 

10
.Q

 
12

$0
 

14
.Q

 
16

.0
 

l8
o0

 
20

.Q
 

S 
TE

ST
 

1C
N

00
06

 
8-

6-
81

 
0 
r 

~
-
-
-
-
-
-
-
-
-

l 
-~
 

=
 

-
I 

:r
: c

: L
 

~
~
,
~
-

--
--

-
a 

J 
I 

I 
-

-
-
-
-
1

. 
-
·
-
-
-
'
-
-
-
-
-
'
-
-

_
j _

_
 J 

0
. Q

 
2

.0
 

4
~
0
 

6
.0

 
8

.0
 

10
.0

 
1
2
~
0
 

14
.0

 
16

.0
 

1
8

.0
 

20
.0

 
TI

 M
E 

( T
*F

 1
 ) 

FI
G

UR
E 

5.
15

 



0 .-.
. 

a . ..
...

.-
--

--
,_

__
__

__
__

_ 
l 

I 
I 

. 
I 

~
~
~
~
-
-
.
~
~
I
 l 

I 
I 

I 
_

L
_

. _
 

_
,_

_
_

 
4
~
0
 

6
.0

 
8.

Q
 

lO
nO

 
l2

e0
 

lij
.Q

 
16

.Q
 

18
.0

 
20

.Q
 

~
 

RC
CE

LE
RC

JM
ET

ER
, 

N_
O 

m
 3

 
C

 FR
EE

 
F

I E
LD

) _
_

_
_

_
 _ 

0 
,/

""
'.

. 
~
 

I 
I I 

I 
,..

...
...

._
 
m

w
x

-
-
-

I 

I 
i 

" 
._

_
_

 _
_

 .
.
_

 _
_

 ..
_

_
_

 _
_

 _
_

1
_

 _
_

 ~
-
-
-
~
-
-
-
~
-
-
-
_
J
_
-
,
~
-
-
-
'
 

!-
" *"' 0 

4
.0

 
6.

Q
 

8.
Q

 
l0

s0
 

12
.Q

 
1

4
.0

 
1
6
~
0
 

18
BQ

 
20

.Q
 

TE
ST

 
1C

N
00

06
 

8
-6

-8
1

 

or
 

l 

~:
[~
 

-
-
-

I 

9 
_ 

' 
__ 

I 
_

j 
j 

O
.Q

 
2.

Q
 

4.
Q

 
6

.0
 

8
.0

 
10

,Q
 

12
.Q

 
14

o0
 

16
00

 
1
8
~
0
 

20
.Q

 
TI

 M
E 

( T
*F

 1
 ) 

f 
5.

16
 



0 ~.
.-

--
-a
 -
-
-
·
-
-
-
-
·
1

 
C

J 
0 
r~'

 t· t
:~\ 

-
I 

"-
a 
\
,
\
v
~
~
'
I
N
~
~
~
 
~
 

a
: c

; 
1'1

, 

'i1 
I 

Iii 
I 

I 
_ 

_,
._

__
__

,._
 _

 
__

._
__

_.
_ _

 _
_

_
,_

_
_

 
0 

. 0
 
t 

2 
• 8

 
5 

.. 6
 

8 
• l

l 
11

 .
 2

 
1l

L
0 

16
 o 

8 
19

 . 
6 

22
 •

 4 
25

.2
 

28
.0

 
_

_
_

 
RC

C_
EL

ER
G

M
ET

[B
_r

iO
 e 

1 
C

 T~
P
 
~
F
 

W
R

lL
) 
-
-
-
-
-
-
· 

..r
""

'\ 

I 

1 I 
* 

0 
'-

--
,,

.-
-

~
 

• 
t-

:;
::

--
t-

...
.. 

u_
 a

 
I 

~~
L_
 

>
 

. 
0 I 

__ _
L

 _ 
_

l
 

_
J
 

J
_

 _
_

 _
L

 __
 . _

 
__

. 

I-
' 

..,,,
_ 

!-
" 

0
.0

 
5

.6
 

8.
4.

 
11

.2
 

1
4
~
0
 

1
6
~
8
 

19
.6

 
22

.i
j 

25
e2

 
28

.Q
 

0 ..
. -

1
 . 

0 
IC

 

TE
ST

 
1C

N
00

07
 

2-
15

-8
2 

. 
-·

 
_

_
_

 I 
-
··

-
-
-
· 

I 
:c

 0 
c
_

 
\. 

__
 ........ 

-
-
-
-
-
-
-

( 
~
 0

 ,
-
-
~
-
-
·
·
 

~--
-i 

sl 
I 

9 
I 

-
L

 
I 

I 
O

.Q
 

2
.8

 
5

.6
 

8
.4

 
11

e2
 

l4
o0

 
16

.8
 

1
9
~
6
 

22
.4

 
2

5
"2

 
28

.0
 

TI
 M

E 
( 

T
 *
f 

1 
) 

f 
IG

UA
E 

5 
.1

7 



"'
 

:r
: ~ 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

(\
f 

a 

-
0 

• 
(\

} I 
I 

_
_

 L
_

 
l _

 
l 

I 
_

L
_

_
_

_
L

_
_

L
 _

_
 j 

Q
.Q

 
2

.8
 

5
.6

 
8

.4
 

ll
a2

 
14

.Q
 

16
.8

 
19

.6
 

22
.i

j 
•"

'C
: 

2 
,C

.,J
 *

 
2

""o·
~ 

n 
t'J 

-~
 

~ 
AC

CE
LE

RO
M

ET
ER

 
N

0.
2 

CB
OT

TO
M

 
OF

 
W

RL
L)

 
• 

r
:.

-
-
-
-

-
" 
-
-
-
-
-
-
·
 

. 
o

l!
:l

 
--

1
 I 

~"
'l
l 

4 
JQ

J!
l!\

ld
Jl

lU
:Z

: 
..
.-
-~
'l
lk
 

~t§
!::

j 
,...

,, 
~
 

!'
C

"
' 

i 
I 

*
o

 
...

...
-I 

• 
Id

 
I 

.r
.-

--
-3

,-
-

L
L

 0
 

'\_
/ 

co
 

'-
-o

 
>·

 
. 9 
l 

! 
I 

I 
• 

0
.0

 
0 

2
~
8
 

5
.6

 
8

.4
 

ll
s2

 
14

.Q
 

16
e8

 
19

06
 

22
m

4 
25

e2
 

28
.Q

 
.,

--
l . 

TE
ST

 
1C

NO
Q0

7 
2-

15
-8

2 
0 

c 

l 
I 

! 
I 

5.
6 

8.
4 

11
.2

 
14

00
 

1
6
~
8
 

19
.6

 
22

.4
 

25
m

2 
28

00
 

TI
 M

E 
( 

T
 *F

 1
 ) 

FI
G

U
R

E 
5.

18
 

!-
• 
~
 '" 



0 
• 

0
J 

a 

p-
.JV

,,,.
....

._.
..,.

.__
 _

_
_

_
 __

,.,
. _

_
_

_
_

_
_

_
_

 ~
 

-
.. 

'"
'if

l• 
-

. <(
'! 

l 
I 

I 
I 

! 
-

• 
j 

o.
o 

2
.8

 
5e

6 
8.

ij
 

11
.2

 
i4

e0
 

16
.8

 
1
9
~
6
 

22
ei

j 
25

e2
 

28
.Q

 

./"
"'-

\ 

I '-
/c

o
 

'-
-.

..
o 

>
 

. 
0 I 

RC
CE

LE
Re

JM
ET

ER
 

NC
J B

 
3 

(F
R

EE
 

FI
 E
L~

O __
__ ) _

_
_

_
 _ 

·
~
 I 

·~ 
,. 
~
 

. 
. 
-
-
-
-
·
-
~
-
-

-
-
-
·
·
·
·
-
-
-
-
' 

-
-
"
"
~
~
-

·
-
~
-
-
-
-
-
-

-
-
-
-
-

·~
--
__
__
_,
~ .

...
 ~~

--
"'
" 

fi
lk

,\
$l

JS
U

' 
~
!
;
$
~
~
~
-
-
-
-
-
-
-
,
 

' 
·-
--
J_
~-
~-
'-
-~
~.
..
.1
.-
~~
-'
 

I j
_

_
_

_
_

j
j
 

I-
' 

~,
.,
, 

(.
\)

 

0
.0

 
0 

2
.8

 
5

.6
 

8
.4

 
11

s2
 

14
e0

 
16

.8
 

19
.6

 
22

ro
4 

25
e2

 
28

.Q
 

·--
--

--
T"

-=
E:

::.
..:

::c
S_

:;_
T 

1 C
N

00
07

 
2

-1
5

-8
2

 
~
 r
-

---
--·

·--
·--

---
---

· 

~ ~ 
I 

I
~
 

--
--

-
·
-

I 
I
o

 
~
 

. 
--

...
 

--
·
-
-
-
·
-
-
-
-
-

• 
-

~
 

;:
::

 0
 

-
-
-
··

·-
-

=
-
-
~
·
~
~
.
.
-
.
.
-
-
-

! 

~I
 

I 
9 
L 

__
 _L

 _
_

_
 ' 

_
_

_
_

 I 
! 

l 
_

L
 _ 
_

_
J
 

.-
1

 

0 
. 0

 
2 

. 8
 

5 
. 6

 
8 

el
! 

11
 ~ 

2 
ll

L
 0

 
16

 ~ 
8 

19
. 6

 
22

 & 
4 

25
 ~ 

2 
28

 •
 0 

TI
M

E 
( 

T
*F

l)
 

FI
G

U
R

E 
5

, 1
9 



~
-
l
a
~
~
~
-
-
~
~
-
-
~
~
~
~
~
~
~
~
-
-
~
~
·
 

l I 

c:
i 

a 
~~
\ I 

~~,J1·· 
" 

0 
'¥

 1 ~ 
11V

¥t1 

er
: 

I 
. 

I 
~I 

~I
 

u 
-

'(
 ~
 

I 
I 

L, _
_

 _.
__

., 

/
I
;
.
.
.
/
'
+
"
·
~
~
~
~
-

...
...

. 
"'

"'
 

--
'"

' 
-
·
-

J 
o.

o 
3

.2
 

6
.4

 
9

.6
 

1
2

.8
 

1
6

.0
 

1
9

.2
 

22
.4

. 
2

5
.6

 
28

.8
 

32
.0

 
~
 

RC
CE

LE
AO

M
ET

EA
 

NO
rel

 
CT

OP
 

OF
 

W
RL

L)
 

~
a
n
-
;
-
-
-
-
-

. 
-

I 

~ ~
 t 

Jj 
~~

..
..
.,
,.
..
..
..
.,
--
-=
--

. ...
......

.,,...
 _

_
_

 ' 
.;;;

: 
.. 

__
__

 _.;
;-.;

;::-
"'''"

'··--
--H

 
>

 
. 

I 
9 

-
l 

l 
l 
l
'
 

l 
J 

o.
o 

3
.2

 
6

.4
 

9
.6

 
12

.8
 

1
6

.0
 

19
.2

 
2

2
.4

 
25

06
 

28
®

8 
3

2
.0

 

:,
, 

A
 
~
T
 ~
N
~
~
-

l 
J 

\ 
/
-
~
 

I 

:r
.~
 L

 
'-.

/ 
~~

, .....
.. • 

! 

9 
L

 _
_

_
 '--:

-_
_ 

r~
 

0 
u

. 
3

.2
 

6
.4

 
9

.6
 

1
2
~
8
 

TI
M

E 

L _
_

_
 ___

.__
 __

 
1

6
.0

 
1

9
.2

 
C

 T
 >}~

F 
1 

) 

FI
 

5
~
2
0
 

' 
! 

j 
-
-
'
-
-
~
~
_
,
_
_
~
~
-
'
-
~
~
~
 

22
.4

 
25

.6
 

28
08

 
3

2
.0

 



0 
• C\
JI .

..
.-

-.
 _

_
_

_
 _ 

~
~
~
-
.
.
.
.
.
 

-
. 

~l 
I 

I 
I 

-~1
~--

-'-
~~.

__~
_._

~~~
 

0
.0

 
3$

2 
6

.4
 

9
.6

 
12

.8
 

16
.0

 
19

.2
 

22
.4

 
25

.6
 

RC
CE

LE
RC

JM
ET

ER
 

NC
J. 

2 
( 

BC
JT

TC
JM

 
CJ

F 
W

RL
I 

) 

I I 
L 

I 
28

e8
 

32
.Q

 

·
-
-
~
-
-
_
_
.
_
_
 _

_
 ...
...

.._
,_

__
 

I 
I 

. 
I 

§ 

6
.4

 
9

.6
 

12
.8

 
16

60
 

19
.2

 
22

o4
 

2
5
~
6
 

28
b8

 
32

,,0
 

~
 r

-
TE

ST
 

1 C
N0

5_
08

 
2

-1
6

-8
2

 
O

 
IC

 

-
-

0 .....
.., . 

! 
I 

0 
I 

'
-
-
·
-
-
-
-

I 
l 

0
.0

 
3 

~
)
 

• c
. 

6
.4

 
9

.6
 

12
.S

 
1

6
.0

 
1

9
.2

 
22

.4
 

25
.6

 
28

.8
 

32
$0

 
TI

M
E 

( T
*F

l)
 

FI
G

U
R

E
 

5
.2

1
 



0 
• ~
I
 

J
.
~
~
_
.
_
_
~
~
.
_
_
~
_
.
_
~
~
~
·
 
-
~
_
,
_
_
~
_
.
.
_
~
~
_
.
_
~
_
_
_
.
.
~
-
-
-
~
 

o.
o 

ro
 

3
.2

 
6

.4
 

9
.6

 
12

.8
 

16
.0

 
19

.2
 

22
.4

 
25

06
 

0 a 
b 

. R
CC

EL
EA

OM
ET

ER
 

N
ua

3 
CF

RE
E 

FI
EL

D
) 

,,...
..,.,

 

T
 -* 

0 
~ 

.-
-
! 

• 
_

_
 , 

L
L

O
 

..... _
/ 

ro
 I 

~~
1 o 

I 
I 
-
-
-
-
-
-
'
 

L 
__ 

I 
I 

I 
o.

o 
3

.2
 

6 
e 

!.! 
9

.6
 

12
.8

 
16

.0
 

19
.2

 
22

.4
 

25
.6

 
~ 

TE
ST

 
1C

N
05

Q
8.

 
2

-1
6

-8
2

=
--

-

2
8

.8
 

32
e0

 

28
.8

 
3

2
.0

 

~;
 1

2
. ~·

 .. e
-

-
,
,
,
,
,
_
~
 

0 .....
.. • 9
l_

 
I 

I 
0

.0
 

3
.2

 
6.

4 
n 
i 

I 
9

.6
 

12
.8

 
TI

M
E 

_
L

 __
 . 

l 
1

6
.0

 
1

9
.2

 
( T

 *F
 1

 ) 
F

I G
Ui

1E
 5

 • 2
2 

' 
I 

_
L

_
_

 
. 

-
-
~
-
-

.!
 

"?
2 

11
 

2c
 ,

...D
 

C.
. 

o
'-

t 
;:

).
 

28
.8

 
3

2
.0

 



0 
• 

C
\I 

1a
 

D
C

? 
""

-
0 

a:
 

"'
 

I 

0 
. 

(
\!

 
!
~
,
 

o.
o 

tO
 

a 
• 

r 
I 

I 
a 

1b
 

*
o

 

.. fi
 J

~% 
N~

~ 
I 

L 3
.2

 
.
_
_
~
_
,
_
~
~
~
J
~
-
-
-
J
~
 

6
.4

 
9

.6
 

12
.8

 
16

.0
 

RC
CE

LE
RD

M
ET

ER
 

N
0.

1 

I 
-
<
-
~
-
-
L
~
~
.
i
 

_
_

._
_

J 

19
.2

 
22

.4
 

25
.6

 
28

.8
 

3
2

.0
 

(T
O

P 
DF

 
WA_

:_:
;;;

.L=
L~)

 _
_

_
_

_
_

 _ 

~
i
r
t
n
~
 

~
.
 

"" --
~
 ~
-

~ 
I 

>
 9

 L_
 N

 
I 

I 
_

J
_

 _
_

 L 
J_

_
J 

.....
 

.t.
'· 

-.
J 

O
.Q

 
3

.2
 

6c
4 

9
.6

 
1

2
.8

 
1
6
~
0
 

19
.2

 
2

2
.4

 
2

5
.6

 
28

c8
 

32
.Q

 

0 
~
 

T
E
5
~
~
9
 

2
-1

7
-8

2
 

-
J 

:c
a

 I 
....

__
 _

_
_

_
_

_
 _ 

"
"
-

• 
1

-
-
-

>-
o 0 ..--

. 

a .__
. • 9 
I 

_ _
_L

_.
 _

_
 ._

J
_

 
I 

I 
1 

I 
-1

 
I 

I 
o.

o 
3

.2
 

6
.4

 
9

.6
 

1
2

.8
 

16
.Q

 
1

9
.2

 
22

s4
 

25
.6

 
28

.8
 

32
.0

 
TI

M
E 

(T
*

fl
) 

FI
 

5.
 



~
~
~
~
~
~
~
~
-
-
~
-

(\
! 

a 

I 

o
~
I
 

'-.
..

 0
 

cc
 0 
. 

~I
 

J _
_

_
 _

J
 

I 
I 

I 
_

_
L

 _
_

 J_
 

O
.Q

 
3

.2
 

6
.4

 
9

.6
 

1
2

.8
 

16
.Q

 
1

9
.2

 
2

2
.4

 
2

5
.6

 
28

e8
 

3
2

.0
 

~
 

AC
CE

LE
RO

M
ET

ER
 

N
0.

2 
CB

OT
TD

M
 

OF
 

W
AI

L)
 

. 
-
-
-
-
-
-

·
=

=
-
-
=

-
-
-
-
-
-

0 
!h

 
/"

""
\ 

J
: ·)\
-

0 
..

--
lo

,.
 

I 
•
1

1
 

\ 
_

.,
,.

,,
 

J
_

 0
 

,.r
 

I\
 

:;
;>

" 
...

...
.. 
~
 
~
"
=
"
"
"
 

,,
 

"\.
...

/~,
-

.... 
0 

->
 

• 0
1

 
I 

l-
-

Q
. Q

 
0 .-

4
 

~
r
 

:c
o

 
'-.

.. 
. 

>
-0

 
0 .....

.. . l 
" 

J 
I 

3
~
2
 

6
.4

 
~
-
~
-
-
-
_
J
_
_
 

l
_

 _
_

 _
J
, _

_
 

J_
 

-
-
-
-
A

 

9
.6

 
1

2
.8

 
16

.Q
 

1
9

.2
 

22
a4

 
2

5
.6

 
T

[5
T

 
1C

ti
J0

09
 

2
-1

7
-8

2
 

28
.8

 
3
2
~
0
 l I 

.
-
-
-
"
w
"
"
~
 

-
-
-
-
-
-
-

I 
-
-
-
-
-
-
-

I 
9 

L
_

 _
_

_
 

l 
_

_
_

_
 L 

__
__

__
 L

 __
__

__
 L~

-
,..

.t;
n,

__
__

 
l 

I 
I 

o.
 o

 
3

.2
 

6
.4

 
9

.6
 

i2
.s

 
16

00
 

1
9

.2
 

2
2

.4
 

25
e6

 
2

8
.8

 
32

.Q
 

TI
 M

er:
 

I 
l.

 
( T

 *F
l 

) 
;;; 1

 
5

. 



~
.
.
.
-
-
-
-
-
-
-
-

(
\!

 
a 

C
J
~
 

"
-o

 
0

: 

0 
• (~
 

1-
.~

~-
--

L.
.~

~-
I 

l 
' 

-
-
-
~
-
_
_
_
J
_
~
-

(D
 

0 

o.
o 

3
.2

 
6

.4
 

9
.6

 
12

.8
 

16
.0

 
18

.2
 

22
.4

 
2

5
.6

 

l ' 

28
.8

 
3

2
.0

 
RC

CE
LE

RC
'JM

ET
ER

 
N.

O.
 3

 
C

 FR
EE

 
F 

I.[
L=

O _
___ )

 _
_

 . 

~
n
 

~
 

~ o 
I I 

\ 
:r

=
 ~ . ..

._-
£.~

---
-=-

--.
.~-
~
 

--
--

~~
 c~

 [
l _

_ \
 

I 
~
 

L
L

o
 I 

I 
i I 

, !-
-' 

_;,
,, 

~
~
L
 

>
 

. 
0 I 

o.
o 

0 .,..,
. 
~
l
e
 

3M
2 

6.
4 

I 
I 

l 
9

.6
 

12
.8

 
16

.0
 

TE
ST

 
1C

N
10

09
 

! 
l 

l9
a2

 
2

2
.4

 

2
-1

 7 -
-8
~2
=-
--

\0
 

l 
_

L
 _

_
_

_
 _ 

25
.6

 
28

n8
 

3
2
~
0
 

l ! 
·-

--
--

--
--

--
--

--
-==

==
==

==
==

---t
 I l 

I 
I 

I 
I 

_
L

_
_

_
 

__
__

 
__

j 
3

.2
 

6
.4

 
9

.6
 

12
.8

 
16

.0
 

19
.2

 
22

 •
 l.l 

25
.6

 
28

Q
8 

32
.0

 
TI

M
E 

C
T

*F
l)

 
5

. 



a • 
N

 
I a

 II ~ 
(\

J
 

: 
' 

I 
L

_-
-:

-©
 

. 
a.o

n 
3

.2
 

6.
1!

 
9

.6
 

1
2

.8
 

~
 

· 
R
C
C
E
L
E
R
~
M
E
T
E
R
 

fl
 

f 
.. m

,.
 

_
, _

_
_

_
_

 , 

0 
lb

 
,/

""
"\

. 

l 

I 
I 

__
 L

_
 

I 

16
.Q

 
1

9
.2

 
22

m
4 

2
5
~
6
 

2
8

.8
 

32
.Q

 
NO

ml
 

<T
OP

 
~
F
 

W
RL

l) 
--

-,
 I I 

;;
::
~ 

I 
_

J
 I 

0 
I 

I 
_

J
 

· 
I 
-
-
~
 

-
_ 

_
_

_
._

 _
_

 _
_

._
_

_
_

_
_

_
, _

 
_

_
_

.
_

 _ 
_

_
._

_
. 

0
.0

 
a ...

.-
t . 

0 
IC

: 

3
.2

 
6
~
4
 

9
.6

 
12

.8
 

16
.0

 
19

.2
 

2
2

.4
 

2
5

.6
 

TE
ST

 
1C

N
15

10
 

2-
19

-8
2 

28
.8

 
3

2
.0

 

----
-1 i 

~q
 ~

 
~
 

-
-
-
-

-,1
 

>
-0

 
0 __

, 9 
I 

_
l
 _
_

_
_

_
_

 l 
' 

! 
j 

0
.0

 
3

.2
 

6
.4

 
9

.6
 

12
.8

 
16

00
 

19
.2

 
2

2
.4

 
25

e6
 

2
8

.8
 

32
.Q

 
TI

 M
E 

CT
 *

F 
1 

) 
5

"2
6

 



0 
·
.
.
.
-
-
~
~
~
-
~
~
-
-
~
~
~
~
~
-
-
~
~
~
~
~
~
~
~
-
-
~
~
~
~
~
~
 

N
 

1

a I 
CJ

 0
 
~
/
J
 A
~P

. ....
....

 .
 

;;
:~

I 
"'

r 
... "

' 
-
·
 

-
. 

-
-

~
I
 

l 
J
~
_
 

I 
o.

o 
3

.2
 

6
.4

 
9

.6
 

12
.8

 
16

.0
 

19
.2

 
22

.4
 

25
.6

 
28

.8
 

32
.0

 
~
 

RC
CE

LE
RD

M
ET

ER
 

N
G

.2
 

<B
OT

TG
M

 
DF

 
WR

! 
L)

 
al

b 
· 

1 

!~
~ 

-
--

·-
J
,
 

L
L

o
 I 

I 
"""" 

~t
h 

l ~
 

>
~
~
 

__
 

I 
I 

J 
1 

o.
o 

3
.2

 
6.

4 
9

.6
 

12
.8

 
16

.0
 

19
.2

 
22

.4
 

25
.6

 
28

.8
 

32
.0

 
S 

TE
ST

 
1C

N
15

10
 

2-
19

-8
2 

aj
c 

-
~
-

1 
~~
 v
~
 

--
--

=
=

 
I 

"
-

0 
'-.

...
...

. 
/ 

--
--

---
-

--
SI

 
9l

 
-

_
L

_
 

_ _
._
·~
~~
~~
"'
--
~-
-'
-

0
.0

 
3

.2
 

6.
4 

9
.6

 
12

.8
 

16
.0

 
19

.2
 

22
.4

 
25

.6
 

28
.8

 
3

2
.0

 
TI

M
E 

(T
*

F
l)

 
FI

GU
RE

 5
.2

7 



0 
• 

C
\I 

a 

C
J
~
 

"-
. 

0 
a:

 0 
• 

(
\!

 
I 

0
.0

 
3

.2
 

~
-
~
-
-
,
~
-
-
,
-
,
_
_
,
_
_
-
-
~
-
-
-
-
"
-

6 
.4

 
9

.6
 

12
.8

 
16

.0
 

19
.2

 
22

.4
 

2
5

.6
 

~
 

AC
CE

LE
RO

M
ET

ER
 

N
0.

3 
CF

RE
E 

FI
EL

D
) 

a 
I b

 
--

--
· 

-
-
-
-
-
-
-
-
-
-
-
-
-
-

/'
""

. 

I 

~
<
 

_:
:;

:z
>~

'.
:P

""
' 

,,:
.uJ

~::
:::

;:.
...

. 
~!t

 
-

_
. 

T
 

~
~
-
~
 

J 
28

.8
 

I 
I 

_J
 

3
2

.0
 l -1 
~ 

I 
I 

1 
· 

I 

6
.4

 
25

.6
 

28
.8

 
3

2
.0

 
0 .
-
I
 

9
.6

 
12

.8
 

16
.0

 
19

.2
 

22
.4

 
TE

ST
 

1C
N

15
10

 
2-

19
-8

2 
~
;
 ,,

 _
_

_
_

 _
_

_
_

_
,
 

. 
_

,_
_

_
 

. 
-
-
=

-
-
-
-
-
-

_
_

 -
,
 

-
--
--
--
,~
I 

r 
I 

s 
I 

9 
_

I 
-

_
L

 
_

_
_

_
_

 l
 

I 
I 

0
.0

 
3

.2
 

6
.4

 
9

.6
 

12
.8

 
16

.0
 

19
.2

 
22

.4
 

2
~
 

-'."' 
..

.,
.b

 
28

.8
 

3
2

.0
 

TI
M

E 
(T

*
F

l)
 

FI
 

5.
28

 



0 NI
 

~~
~~
I 

-···
 .

 
er

: 
I ·

v 
\ 

r 
~I
 

11\
 

~
 I

 
11

 
I 

_
l
 _
_

_
 __

._ 
_

_
 --'

-1
 _

_
 _._

__
 _

_
 __

.._
__

 
O

.Q
 

2
.8

 
5

.6
 

8.
ij

 
11

.2
 

14
.Q

 
16

.8
 

19
.6

 
22

.4
 

25
o2

 
'"'8

 
'J~

 
c. 

• t 
~
 

R
C
C
E
L
E
R
~
M
E
T
E
R
 

NO
cl 

CT
~P

 
GF

 
W

AL
L)

 
/""". 

a 
b 

-
-
·
·
-
-
·
 

· 
_ .. .

.
:
:
=

.
=

-
;
:
.
.
_

_
 _

_
 • 

1 
::c

 *
o

 
. 

SO
L 

~
~
~
~
~
-
-
-
-
1
~
 

""
' §

5 
' 

I 

>9
 

I 
I 

I 
I 

I 
I 

_J
 

0
.0

 
2

.8
 

5
.6

 
8.

ij
 

11
.2

 
14

.0
 

16
.8

 
19

.6
 

22
.ij

 
25

.2
 

28
.0

 
8 

TE
ST

 
2C

N
00

11
 

2-
25

-8
2 

a 
I c

 
. 

-
-
~
-
-
-
-
-
-
·
·
 

0 
I~

· 
\ 

~
 

""'0
 

-
\
-
-
.
 
-
~
.
 ~
~
 
' 

>-
I 

~
,
.
.
.
_
.
,
.
_
_
_
_
_
 _

_
_

_
 _ 

o
,
 

-:
 I

 
91

 
I 

._ _
_

 I 

~
 I 

I 
_ 

I 
J 

L
 

__
_ J

 
_

J
 

o.
o 

2
.8

 
5 

6 
8 

LI 
1 

1 
'"

'! 
1 

II
 

0 
l' 
6 

8 
e 

e
K

 
1.

-~
t'

.'
.'

. 
).

'-
k
.J

 
) 

•.
 

1
9
~
6
 

22
 8

ll
 

25
 .2

 
2

8
.,

0
 

T
'T

f,
1

 
( 

T
 F

"I
' 

I 
li
,
 

..
. 

) 

S.
29

 



C
J . 

C
\l 

a 

l 
C
J
~
 

""
"-

0 
0

: 
~
~
~
-
-
~
 """6

11
.o

 
"
"
"
 

..
 

llf
ll:

n 
.,

..
 

·
-

-
,
.
.
_

_
 
~
-
-

0
,
 

~t
 

_
L

 
' 

l 
I 

I 
-

I 
. 

_ _j
 

O
.Q

 
2

.8
 

5
.6

 
8.

ij
 

11
.2

 
14

o0
 

16
.8

 
19

.6
 

22
.4

 
2

,.-
,.,, 

J 
.c:

:. 
2

8
c0

 
~
 

R
C
C
E
L
E
R
~
M
E
T
E
R
 
N~

r2
 

(B
OT

TO
M

 
~F

 
W

AL
L)

 
"or

b 
----

_
, 

I 
~
~
~
-

-
-~
--

-
-
=

-
-
-

.. 
1~ 

~~
 

v 
J' 

-~ 
>

 9.
 

I 
I 

. 
! 

l_
, _

__
_ J

 
I 

! 

O
.Q

 
2

.8
 

5s
6 

8
.4

 
11

e2
 

14
.Q

 
16

a8
 

19
.6

 
22

.4
 

25
.2

 
28

.0
 

~
 

TE
ST

 
2C

NO
O 

11
 

2-
2,
~5
_-
~8
~2

 _
_

_
 _ 

I 
C

J 
i
t
 

-
-

_
_

 
..

 
-
-
!
 

I
O

 
-

. 
-...

.....
. 

C
J 
i-

=
-
-
-
-
-
-
·
 

>-
- 0

 
l ~l
 

I 
__

 J 
o.

o 
2.

8 
5 

.. 6
 

___
 J 8.

4 
1 
1 

"""' 
J. 

• 
c. 

T
rM

•
 

I 
1 

I'
ll
: 

~_
L 

-
F

L
O

 
16

 .8
 

( 
T*

F 
1 

) 
GU

RE
 5

 

l 
1

9
.6

 
22

.L
l 

J 
2

5
.2

 
2

8
e0

 



~
.
.
.
-
a
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
-
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
,
 

C
J
~
 

'-
..

. 
0 

cc
 0 

• ~
L
-

I 
I 

I 
_

l 
I 

I 
I 

O
.Q

 
2

.8
 

5a
6 

88
4 

1
1
~
2
 

1
4
~
0
 

16
.8

 
19

.6
 

22
.i

j 
l _l
_ _

_
_

_
 -
-
'
-
_

 ..
..

 

25
Q

2 
2
8
~
0
 

~
 

·A
CC

EL
ER

OM
ET

ER
 N

um
3 

(F
RE

E 
FI

EL
D

) 
~
o
r
1
 

'
~
-
-
-
.
.
 

!C!
r1 

.. .
.. 

. 
1

1 
L

L
 o

 
_

_
_

 ::
::

;:
:;

;:
::

::
: 

·-
-=

-=
=

--
~
 

~
 

I ~
 

~~
1 

! 
I 

9 
_ 

I 
_ 

I 
0

.0
 

2
.8

 
50

6 
8
s
~
 

11
.2

 
1
~
.
0
 

16
.8

 
19

.6
 

22
.4

 
25

.2
 

2
8
~
0
 

~ 
r. 

TE
ST

 
2C

NO
O

JJ
_ 

2
-2

5
-8

2
 

a 
,c

 
l 

~~
 

~
,
 
-
-
-

I 
-
~
 • 

I 

9 
_

_
 

_
J_

_
_

_
 

_
L

 _
_

_
 · 

I 
I 

o.
o 

2
.8

 
5

.6
 

8
.4

 
1

1
.2

 
14

e0
 

1
6

.8
 

19
06

 
2

2
.4

 
25

o2
 

28
e0

 

TI
 M

E 
( 

T
 F

 1 
) 

F 
5.

31
 



0 
. .
.
.
.
-
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
-
·
 

~
 

a 

c!
Jq

 
""

-..
 0

 
cc

 
).
/M
'"

t-
'"
'-
·-
-~
--
·~
-~
--

~·
--

--
...........

.. -
­

·
1
~
 '1 

V
'V

 V
• "

'f
)'

il
'l

l W
f'

"•
1

1
w

- .
,,

 .,
 .,

_
,.

.,
..

..
..

,-
..

 ...
,.,

...
...

- .
_.

..
..

,,
_,

._
.~

 

s1
 

'II 
~
 L

__
_J

_1
 

. l 
_ _

J
_

 
I 

l j 
O

.Q
 
J 

3
.6

 
7e

2 
10

$8
 

1i
jo

ij 
18

.Q
 

2
1

.6
 

2
5

.2
 

2
8

.8
 

32
.4

 
3

6
s0

 

/"
"'

-

I 

~
 .....

... 
w

 
A

CC
EL

ER
l'J

M
ET

ER
 

NC
J 6

 
1 

( 
TC

JP
 

OF
 

W
RL

L)
 

0 
l!

J
ll

 

I 
I 

L 
L 

! 
' 

,
,
_

_
 _ 

_
_

.
 _

_
_

 _
_

L
_

_
 

-
_

_
_

_
_

 _
j
_

 
' 

1-
-' 

V
o

 
O

'I 

0
.0

 
3 

.. 6
 

7 
.. 2

 
10

.8
 

1
4
c
~
 

l8
a0

 
21

s6
 

25
q2

 
2
8
~
8
 

3
2

.4
 

36
c0

 
~
 

TE
ST

 
2C

N
00

12
 

3
-

8-
82

 
. 

·
·
·
-
-
'
-
-
"
"
"
-
~
-
-
~
-
=
-
-
-
-
-
-
-
-
-
-
-
-
,
 

0 
le

 
-
-
-
e
-
-
-
·
·
-
-
-
-
-
-
~
-

.. 
. .-.

---
---

-
. 
-
-
-
·
-
·
-
~
-
-
"
-

I
O

 

~
~
r
-
-
~
 

I 
~
L
 

I 
9 

_ 
j
_

 
I 

O
.Q

 
3

.6
 

7
.2

 
10

.8
 

14
a4

 
18

.Q
 

21
 ..

 6
 

2
5
~
2
 

28
e8

 
32

 s 
ll: 

36
00

 
TI

M
E 

( 
T

 
F 

1 
) 

' 
i 

' 
;. 

, 

FI
 

5 
.3

2 



-
-
-
-
-
i I 

L.
. 

I 
J_ 
_

_
_

 j 
18

.Q
 

2
1

.6
 

25
m

2 
2
8
~
8
 

';
I"

' 
I!

 . 
.:

JC
..

'-
!:

 
36

&
0 

NL
J 

~ 2
 

( 
B_
(]
TT
CJ
M_
J)
LJ
~R
ll
.)
 

L
L

 a
 
r 

\ I
 

-\;:-
_,,, 

"""""
""' ....

.......
 ,._,

,.. ~
-
.
.
 

-®
-·'-

--..
. 

-
.. 

~~
1 

-..
. 

-
9

l 
I 

'-
-
-
·-

I 
, 
_

_
 L.

 _
_

 

!-
-' 

V
i 

-J
I 

J 
I 

O
.Q

 
3a

6 
7

.2
 

10
.8

 
1~
.i
j 

18
m

0 
2
1
~
6
 

25
e2

 
28

.8
 

32
m

4 
3
6
~
0
 

~
 

TE
ST

 
2C

N
00

12
 

3-
8-

8?
 

0
~
 

·-
··

 
·=

--
--

--
-1

 
:r

:o
 
~
-
-
-

-
! 

~
a
 

.
.
 

-
-

-
1

 

~[ 
I 

J 
I 

I 
I 

I 
~ 

O
.Q

 
3

.6
 

7
~
2
 

1
0

.8
 

14
e4

 
18

e0
 

2
1

.6
 

2
5
~
2
 

28
e8

 
3

2
.4

 
3

6
.0

 
TI

 M
E 

( T
 *F

 1
 ) 

FI
GU

flE
 S

.3
3 



0 
·
.
-
-
~
~
~
~
~
~
~
~
~
~
~
~
~
·
·
 

(
\I

 
a 

~:
I\
 

---
-. 

--
.. -

--.
....

. -
--

(~ 
l 

-
J 

. 
-

-
-
-
-
-
'
-
-
-
-
~
-
-
~
 

Q
,Q

 
3

.6
 

7
.2

 
l0

e8
 

14
$i

j 
18

.Q
 

21
.6

 
25

.2
 

2
8
~
8
 

3
2
~
~
 

~
 

R
C
C
E
L
E
R
~
M
E
T
E
R
 

NG
a3

 
CF

RE
E 

FI
EL

D
) 

;: ~
!
"
 

~~
V 

\I
 ~
~
~
-
-
-
-
-
-
-
-
-
-
-
-

...
.._

,.,
 

1 

""m
 I 

>
,
c
~
L
.
 

0 l 
-
~
-
'
-
~
·
~
-
'
-
~
~
-
'
-
~
~
~
 

_ 
I 

i 

36
.,0

 ,. .. V
i 

co
 

O
.Q

 
3

.6
 

7
.2

 
lQ

.8
 

14
ni

j 
l8

e0
 

21
06

 
25

e2
 

28
.8

 
32

D
ij 

36
.Q

 

~ 
rc

-
_ 

~
~
J
-
~
Q
"
I
D
O
J
.
2
_
3
-

8-
82

 
---

, 
0 

IC
 

,,-
. 
~
 

--
..

._
_

 
. 

. 
(
'
-
/
 

----
---·

 
22 

c;
 L

L
_

 
-

-
-
~
~
-
~
-

' 
~ 

>
-0

 I 
I 

0
1

 I 
i 

~l
 

I 
• 

I 
9 

I 
I 

I 
I 

I 
I 

j 
Q

.Q
 

3
.6

 
76

2 
10

.8
 

14
.4

 
18

.Q
 

21
.6

 
25

a2
 

28
m

8 
32

.4
 

36
a0

 
TI

 
E

 
( 

T
 *F

 1
 ) 

GU
HE

 5
. 



a • 
C"

J 
a 

C
J
~
 

"-
a

 
C

I 

0 c-.i
 !

 
I 

I 
_

L
_

 
. 

_
L

_
_

_
L

 _
_

 

1
4
~
0
 

16
.8

 
19

.6
 

2
2
~
4
 

25
.2

 
~
 

RC
CE

LE
RD

M
ET

ER
 

NO
el 

CT
OP

 
DF

 
W

RL
L)

 
r,::;

 
b 

--
-
-
-

=
-=

--
-

·-
·-

1
 

~
 

! 
I 

I 
*

o
 

I 

u:. 
0 

rv· 
~
~
-
~
-
-
-
-

· 
'.
2:
s£
::
~-
1 

~ 
~
~
 

~
 

"-
'•'

--
' 

>
~
L
 

--
I 

L
_

 
f 

_
j 

I 

Q
.Q

 
2
~
8
 

5
.6

 
8.

ij
 

ll
o

2
 

lij
.Q

 
16

.8
 

19
.6

 
22

o4
 

25
.2

 
2
8
~
0
 

~
 

TF
ST

 2
CN

10
13

 
3-

8-
82

 

(\
I _ _. • 9 

L 
--

--
l.

_ 
o.

o 
2

.8
 

-
-
-

-
-
-
-
-
-
-
-
-
·
 

-
-
-
b
~
 

l 
~-
-~
--
--
--
--

~
 I I 

. 
I 

! 
l 

I 
I 

I 
5
~
6
 

8
.4

 
11

s2
 

14
.Q

 
16

e8
 

1
9

.6
 

22
e4

 
25

a2
 

28
.0

 
T

r M
C

 
r 

i-"
'<:

f ~1
 

'l 
,_

I 
1L

. 
\ 

"'
 

/ 

5 



~,.
 

I 

5$
6 

ro
 

0 
• 

• 
b 

,,
..
..
..
ol
~ 

:r:
 

v '1
':

:0
 

..-
·-

I 
0 

L
L

D
 

'-.
/ 

co
 

'-.
,,.

 0
 

>·
 

. 

I 

..__
_ _

 
_.

_ _
_

 __
._ _

_
_

 _,_
_ _

 
__

,, _
_ .
_

J
 

14
.0

 
16

.8
 

1
9
~
6
 

22
g4

 
.2

 
2

8
.0

 
N
~
~
2
 

<B
DT

TO
M

 
~
F
 

W
AL

L)
 

I 
I I ,

 

1~
 

9 
I 

I 
-

_
j_

 _
_

_
_

 . _
 _

L _
_

_
 -

I 
l 

I 
J' 

0
.0

 
2c

8 
S

.6
 

8
.4

 
11

o2
 

14
e0

 
1
6
~
8
 

19
.6

 
22

6i
j 

2
5

.2
 

2
8

o
0

 

~
 

TE
ST

 
2C

N
10

13
 

3
-

8-
82

 
. 

·
~
-
-
-
-
~
-
-
-
-
-
-
~
~
~
~
 

0 
,c

 

1 5
.6

 
I 

I 
I 

L 
-1

 
J 

8.
4 

1
1

.2
 

14
.Q

 
16

.8
 

19
.6

 
22

.ij
 

25
e2

 
28

.Q
 

TI
 

E
 

( 
T

 *F
 1

 ) 
FI

GU
RE

 5
 



~
.
.
-
-
~
~
~
~
~
~
~
~
~
~
~
 

N
 

,a
 

'-"
 c

o 
"
-o

 
>s

JI 
I 

o.
o 

2
.8

 
I 

I 
I 

5m
6 

8.
ij

 
11

e2
 

l4
oQ

 
1
6
~
8
 

19
m

6 

I-
< 

0
\ 

J_
_

 
r 

22
.4

 
25

o2
 

2
8

.0
 

(
\I

 
.-

-!
 

_
_

_
_

_
_

 T-'-=
E=-

=S-
'-T--

"2=
-=C

 N
 10

13
 

3
-

8'--
--=

-82
=c

.--_
_

 _ 
I 

. _
_

 .l
 _

_
_

 L
_

_
_

,_
_

 
5

.6
 

8
.4

 
11

 •
 2

 
25

$2
 

TI
M

E 
FI

 
5.

37
 



,,...
..., 

I 

0 
. ..

..
.-

--
--

--
--

--
--

--
--

--
--

--
--
--
--
--
--
--
--
-~
--
--
--
--
--
-

l I 

(\
! 

1a
 

I 
I 

_
j_

 
i 

l8
o0

 
2

1
.6

 
2

5
.2

 
28

s8
 

3
2

.4
 

36
.Q

 
co

 
~
 

..
 , 

"' 
..

. _
.. 

. 
.. 

N
~
.
 1

 
C.

TL
JP

 
(J

f 
H

R
LL

) 
0 

I 
b 

::;
1_

 

:..
 q

 
IV

" 
. 

--=
 -
-
-
-
-
-
=
=
-
~
.
 . 

-
=

=
--

--
-·

-I
 ' 

~~
 

LI 
-W

W
W

 
I~ 

9 
~
-
1
 

·-
I 

L 
_ 

__
. 

o.
o 

3
.6

 
7

.2
 

10
.8

 
14

.4
 

18
.0

 
21

.6
 

25
.2

 
28

.8
 

32
~1
! 

36
m

0 
TF

S
T 

2C
N

 1
5

1
4

 
3

-
9

-8
2

 ·
-
-

. _
_

_
_

 _,..
,.,. 
_

_
 __

_ 
0 ,,

-4
 

~
r
e
-

-

)
-

"" 
---

~ 
I 

..__
__

__
__

 
-

. -
-
-
-
-

I 
9

· 
_

l
 _
_

 
l 

_ 
__

L 
_

J
 

I 
I 

_
j 

o.
o 

3
.6

 
7

.2
 

10
.8

 
14

.4
 

1
8

.0
 

21
.6

 
25

.2
 

28
.8

 
3
2
~
4
 

36
.0

 
T

l. 
M

F 
( 

T'
*F

 1 
) 

I 
, 
I
'-

. 
• 

~.
 

FI
GU

RE
 5

. 



C
J 
~
~
,
a
~
-
~
~
-
~
~
~
~
~
~
~
~
~
~
~
~
~
~
-
-
~
,
 

c:
io

lw
h 

·~ 
I 

2i:
ofl

-\i,
1 
~
 

-

~L
 _ _

.. 
_

j
_

 
i 

I 
I 

J 
L 

_
J 

l 
_

J
 

0
.0

 
3

.6
 

7
.2

 
10

.8
 

1
4
s
~
 

18
$0

 
21

.6
 

25
.2

 
28

.8
 

3
2
~
4
 

36
00

 
~
 

AC
CE

I 
ER

O
M

ET
ER

 
N0

 ~
2 

( 
Bu

TT
C'

JM
 

CJ
F 

W
A

LL
) _

_
_

_
_

_
 --

, 
0 

11
:1 

' 

r
\
 

I.
' 

I 
~ 

0 
I 

I!
 

s ~ 
. 

-"
--
"-

--
--

~ 
-

. ----
-~

~-
~
~
-
~
-

. -
~
 

I 
~ 

;:
~ 

I ! 
91

 
I 

I _
_

 
1 

l 
_

.I
 

l _
_

 _
_

j 

O
.Q

 
3

.6
 

7
.2

 
10

.8
 

14
~i

j 
18

00
 

21
e6

 
25

.2
 

2
8
~
8
 

3
2

.4
 

':
).

I"
' 

0 
.:>

O
r. 

·-
--

--
-'

-'
T

E
S

T
 2

C
f\J

15
14

 
3

-
9

-
8

2
=

-
-
-
-
·-

-
-
-
-
-
. 

o .
-
I
 . 

a 
I 
c 

-
.a

 

s ~
 ~
-~
--
:-
--

-
=

-=
 

I 

~ 
L 

_J
 

I 
J 

o.
o 

3e
6 

7
.2

 
1
0
~
8
 

1
4

.4
 

18
o0

 
2

1
.6

 
25

e2
 

2
8

.8
 

3
2

.4
 

36
.Q

 
TI

 ME
~ 

( T
 *F

 1
 ) 

FX
GU

RE
 5

.3
9

 



0 
• 

C
\l 

a 

C
J
~
 

"
-o

 
0

: 

0 
• 

(\
J
 

I 

0
.0

 
ro

 
a 
. 

a 
"""

 
:r

: *
a
 

..
--

1
 

• 
L

L
O

 

'-
I
' 

ro
 

'-
..

..
a

 
>

 
. 

a I 

O
aO

 
0 ..,

..-
; a 
I c

 

3
.6

 

l I l 
I 

I 
__

J 
7

.2
 

10
.8

 
14

.ij
 

18
.Q

 
21

.6
 

25
.2

 
28

m
8 

32
.4

 
36

e0
 

RC
CE

 L
E 

R
 LJ

ME
 I 

ER
 

NL
J 

D
 
3 

( F
R 

EE
 _.::

..F_
_:::

Ic..
=E

:..=
L:D

=-.
.;.._

) -
-
-
-
-
-
·
 

I 
I 

_
L
~
_
_
,
.
_
_
_
~
-
L
-
-
~
~
'
-
-
-
~
~
~
-
-
-
'
-
-
~
-
'
-

3
. 6

 
7e

2 
1

0
.8

 
1

4
.4

 
18

.Q
 

2
8
~
8
 

3
2

)4
 

3
6

e0
 

--
--

-"
-T

=
=

-E
 S=-

T"-
-=2

· C
 N

 15
14

 
_ 

_ 

:
c
a
~
/
 
~
·
 

-
. 

. 
.. 

;:-
:a

-
~
 

-
a .,...

. . l 9_
 

l 
. 

_ 
I 

0
.0

 
3

.6
 

7
.2

 
L_

 
1

0
.8

 
._

_
_

._
_

 _
_

 _
_

_
.
_

_
_

 
. _

 
_

.
_

_
 _

_
 _
_

,_
1

 _
_

 __
_,l.

__
_ _

_
 _

_
j_

_
_

J
 

llL
L

l 
18

.Q
 

21
.6

 
25

o2
 

28
.8

 
32

ei
j 

36
®

0 
TI

M
E 

( 
T

 *
f 1

 ) 
FI

G
UR

E 
S

. 



- 165 -~ 

centr ifuge-fra:me-bucke t-toggle-sp:ring·-1rn.mper-wal 1- soil system, The 

accelerogriuns recorded in the free-field are very similar to the 

corresponding ones at the base of the wall {which indicate the input 

excitation i~to the wall-soil syst , although they are not exactly 

alike. The peak amplitudes ;:ange from about 0.25 to 0.70 depending on 

the test, and the duration of shi;;king is from about 18 to &bout 33 (note 

the dimensionless variables). The accelerog:rams recorded at the top of 

the wall i,ndicate 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 :i.3 the accelerogram (Figure 5 .41) recorded at Station 2 of 

the Cholame-Shandon array during the Parkf ield, California earthquake of 

June 27, 1966 (~1r, = 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. 

Al though the maximum recorded ground acceleration was 50% of gravity, 

there was little damage to nearby structures presumably because of the 

narrowness of the acceleration spikes (low energy content) and because 

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

From an engineering standpoint, the response spectrum is very 

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

structure to an e~rthquake will be. Comparing the response spectra of 

the centrifuge accelerog:rarus of tests lCNOOOl, 1CN0002, 1CN0003, and 
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TEST 1CN0001 CENTRIFUGE ERRTHQURKE 11-12-80 
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R -S s u 

TEST 1CN0002 3~· li-81 
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TEST 1CN0002 CENTRIFUGE ERRTHQURKE 3- 14:-81 
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2CN0011 (Figures 5 .42 through 5 .51} with that of the stronger horizontal 

component of PaTkfield (F e 5.52), it can be seen that they are all 

hr,.ve peaks fo:r periods between 0.4 and 1.5 seconds 

(prototype) which are at similar levels for similar dampings. TI1e main 

diffe1~e11ce lies in t1J.e observation that the centrifuge shaking lacks the 

longer ( > 2 .O sec) period component:; which the Pa:d;:.f ield 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 

ar~ earthquake similar to Parkfield, had it been. close to the rupturing 

fault. 

The comparisons clearly show that, although the shaking mechanis:n 

employed in the centrifuge is not sophisticated, it does give rr;otions 

which have realistic characteristics and thus can be used to p~ovide 

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 impoxtant. 

Figure::.. 5 .53 through 5 .107 show the moment, pressure, shear force, 

and lateral displacement distributions obtained from the 14 tests 

performed. As explained in Section 4.~. these figures show the entire 

response of the system to the particular shaking it was subjected to. 

Table 5.4 should be used as a key to the interpretation of the figures. 
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TABLE 5 .4 
Key To Figures 5.53 Through 5.107 

Frame a - Contour map of the paramctf'r dist:ribut3on with :<eesIJect to 
location and time. 

Frame b - Paramete1' distribution with :respect to time at loca t:ion whe:t('; 
maximum occurs {Section A-A of contour ir;a,p). 

Frame c - Parameter distribution with respect to static, 
maximum dynanic (section B-B of the contour map), a:nd final 
static after motion ceases. 

+ Location of strain gages 

x Location of pressure transducers 

0 :Maximum 

A Data point 

On F:rame c of pressure distribution plots, the following symbols 

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

0 Location of static resultant 

0 Location of maximum resultant 

() Location of final static resultant 

Rankine /Coulomb (static) and Mono:nobe-Okabe (maxirnmn dynamic) pressure 

distributions are also shown in this frame. 

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

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

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

final 80% over the other 50%. This was done to enhance the presentation 

of the more critical part of the tests. 
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5.4 

Al though the mi>. in as is of the research p1:oj ect was the study of 

the dynat1ic bchavio1~ cf retaining walls, come interest rcsul ts were 

obtained from R static nt of view as wel 1. An tant indication 

that an IH~t::uratt:: model ha:; bt;en used is to examine how it behaves stati·-

cally and compare the results with the ed Rankine and Coulomb 

static lateral earth pressure theories. 

The Rankine lateral earth pressu:1::e theory gives the resultant 

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

-~L 
1/2yfi' 

i.L.=_sJJl(tl. 
( 1 + siud) 

The coefficieat KA is l:eforred to as the rwtive earth pressu.re 

(5.2) 

coefficient. The as ions tu:u:ler which this theory is formulated arc 

very approximately fulfilled by the model tests which haye 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 as ions as the Mononobe-Okabe 

theory (Section 5.5), with the exception that there are no lateral or 
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vertical acceleration coefficients or kv ( l • e • 0 = 0 °) • The 

resultant force act on the wal 1 is expressed as: 

For the previously :mentioned ttss1Dnpt with the exception that 

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

1/2yH2 
K A cos

2 d [ 1 + 
(5.4) 

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

sloping backfills. 

In the Rankine and C0ulomb theories, ·c.:nder the assumptions listed, 

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

the pressux:~ distribution is e,~swned t1:i ar:. Therefo!:e, the over-· 

turning moment 6:t.f/yll3 from the Pankine/Coulomb theory is: 

(5.5) 

The n.uuimum bending moment is: 

~ 4 .,1{ 

= ~ KA EI 6EI (5.6) 

Table 5 .5 gives a comparison of the maximun1 measured static parame-

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

the friction angle of the soil used is 35°. 

The lateral earth pressure theories (both static and dynamic) 

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

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

resultant forces. 

Com par the Rankine/Coulonb resultant forces with the naximum 

shear forces (which are an integration of the pressure distribution 

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

between theory and experiment in this respect, the maxinrmu difference 

being of the order of 25% between the two. 'I:te sole exc ions &re 

tests 1CN1505 and especially 1CN0006 where the pressure distributions 

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

increase rapidly he low that (Figures 5 .69c and 5, 73c). This then con-· 

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

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

From. frames c of the pressu:ee 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 cf 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 fle:xi·­

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

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

wall) are much greater in all case's, except 2CN0011 (Figii.re 5 .93c), than 

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

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

those than the Ra-:1.kine/Coulomb theories would give. From these figures 
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it can, however, he see:r1 that the traditional thcorit:s do seem to 

predict a correct Ji:.Y!.?_:f.:"l:J'.& prcssn:re dist1:ibution. 

Since the traditional lateral earth pressure theories are based on 

the ass1w1ption th.at the wall holding back th0 soil is rigid, one can 

only make a qualitative ove 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 tho base. The bending (reaction) 

moments recorded in the tests are generally greater than the overturning 

(action) moments given by Rankine/CouloTib. 111e actual test moments 

generally vary from just a few percent to about 35% greater than those 

predicted. Since stems of cantilever walls are designed as bending 

beams, the actual factor of safety could thus actually be much less th&n 

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

(static} would then only be 1.25. 

Looking at the parameters that do nor. involve the wall stiffness 

3 _2 
EI, namely, 6M/yH , P/yH, and Q/(1/2yfr), it can be seen that there is 

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

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

system stiffness has little or no effect on the static responsa. T'ne 

stiffness of RWl is about twice that of RW2, but its moments MR/EI are 

about half. Thus the dimensional moments would be correspondingly 

similar also demonstrating the independence of wall flexibility on the 

response. 



As far as is nobody has eve:r measured actual moments, static 

or otherwise, in a cantilever reta wall, or has ever considered it 

to be a flexible bending beam, "which it: obviously is. Tb.us the moments 

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

insight into actual moments in c;antileve;:: walls due to lateral earth 

pressures. 

The measurement of lateral displacements seems also to be 

unprecedented. The static displaceIDents for all the tests indicate that 

the wall has initially displaced laterally at least 1/2% of ih height 

and thus a state of plastic ibriu.m in the traditional sense can be 

assumed to exist behind the wall, and thus comparisons with the t:radi-

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

The maximum static di acemeuts are of the order of 3% to 4% in RWl Rnd 

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

top of the wall. On so£ie of the displacement cu:rves (frames c), one may 

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

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

and should be considered numerical and not physical. T11is also ies 

to the maximum dynanic and final static curves. 

5.5. ~afilic Re~ults 

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 L1) fox similar ci::rcnmstances. 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 explainec1 below. In 

addition, Mononobe-Okabe distributions with respect to the lnteral 

accele;2ation coefficients ~ for an average test soil density are shown 

in Figures 5.108, 5.111, 5.114 and 5.117. 

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

tha total resultant active force 

reduces from equations (l.1) and (1.2) to: 

• p .A.E_ = cos2 

1/2yH2 cos2 e 
[ 1 + 

givtm by Mononobe-Okabe, 

(5.8) 

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

1/2yH2 ?, fl cos u (5.9) 

These equations form the ba~is for. comparison with the maximum 

dynamic results obtained from the tests. 

In the M:on.onobe-Okabe theory, the resultant force is as::::UX'.led to act 

at one third of the height ii,bove the base of the wall. T'nerefore, the 

overturning moment 6MAr/·(H3 fr.om the Mononobe-Okabe theory is: 

The maximum bending moment is: 

~M~ -­
yH3 

u4 
l'..1A-- K 
6EI AE 

(5 .10) 

(5.11) 
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On the basis of previous studies (up to 1970), Seed and Whitman 

[55] suggest that the portion of the morient acts at 0 .6 of the 

height above, the 1Hi,se;; of the wall. 'rhe::refore tho ove:r: 

where: 

6MM~ __ 

rH3 

Likewise, the bending 11:10ment is: 

MAJ'.<:~ 
EI 

moment 1.s: 

(5.12) 

(5.13) 

TJ1is suggestion is also used in the moment comparisons with the 

expe~riments, and is shown (for an average test soil density) in Figures 

5 .108 rnd 5 .1lL 

The maxinnun pressure RAE/yH at the base of the wall is: 

(5.15) 

One should keep i:ti mind that the Ifononobe-Okabe T'noory is based on 

the assumption that the coefficient of lateral earth pressure ~ is 

representative of a constant lateral acceleration which provi<les a 

constc.nt lateral body-type force to the system. There a:re no inertia 

effects. The wall is also assumed to be rigid. In the experiment how-

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

for inertia effects, and the retaining walls were flexible. 
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From equation (S.9) it can be seen that the Mononobe-Okabe equation 

goes singular when (r:/ - S·-·:i.) is less thi\n ze:ro since the term under the 

radical goes negative. For 0 35° and a flat backfill (i = 0°) this 

means that 9 has to be less than or equal to 35° or kh ~ 0.70. Like-

wise, for a 5° backfill slope 9 ~ 3U 0 or i 0.58, for a 10° backfill 

slope 9 ~ 25° or kh ~ 0.47 and for a 15° backfill slope, 9 ~ 20° or 

kh ~ 0.36. From the lateral acc:eleration values (comparable to kh) 

listed in Table 5.6, it can be seen that the upper limits just mentioned 

are exceeded, o:r very nearly exceeded, in some of the tests, especially 

in those where sloping backfills were used. From a Mononobe-Okabe 

analysis one would then have expected a complete collapse of the walls. 

In fact, there was never a complete col se in a:n.y of the tests 

although lateral displacements were in some cases quite high (about 10% 

of the wall height in tests 1CN0508, 2CN1013, and 2CN1514). Complete 

collapse would probably have occurred if the lateral acceleration was 

constant and inertia.less as assumed by Mononobe-Okabe. The level of 

maximnm acceleration was only achieved momentarily, however, being 

followed by cha11ges in. acceleration which in time would lead to a res~ 

toring force holding the -wall back. T'.uere might have been a momentary 

collapse of the system in some cases, which was quickly arrested. It 

should be noted that ln most tests the maximum accelerations recorded 

(especially at the top of the wall) occur while tho wall is being 
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11pushed" back into the backfill (i.e., while the system is being 

restrained from collapse). 

The envelopes of the various parameters with :resrect to the 

motion characteristics were arrived at in the following manner: 

As mentioned in Section 5.2, the ground motion of the centrifuge 

earthquakes has the shape mainly of a decaying sinusoid with so:me addi-­

tional noise added (see the bottcr.rrr-of-wall accelerog:ram3). In most of 

the tests there is an initial acceleration spike (positive acceleration) 

followed by a trough (negative acceleration), then a smaller spike, then 

a smaller trough, and thereafter low amplitude acceler::~tions. The 

co:r:r.esponding velocity diagrams, which, as one would expect, have their 

extreme values when the acceleration curves cross the zero axis, give 

the total aJ:ea under tht: acccle:;:ation curves. The velocity char,g.::s f:rom 

one extreme velocity to the other thus give the area under their 

respective acceleration spikes. The velocity and velocity changes are 

important i~ that they can be used as an indication of the energy 

content of the acceleration spikes, which is thus &n indication of the 

energy put into the system by the earthquake. Recall that there was 

little dmn:.i.ge from the Parkfie1d earthquake (Section 5 .2), al though 

there were high r.ccelerati.ons, bec~n1se of the low energy content of the 

acceleration spikes. 

It was observed, from the frames b of the parameter diag:rams 

(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 tb.cdr peaks and the time when they 

crossed the zero axis (where the corresponcling velocities reached their 

peaks). It wus likewise observed that troughs in the ma:z:inmin moi:rnnt, 

pressure antl shear distributions were obtained in between the times when 

accelerations reached troughs (negative maxima) and the times when they 

recrossed the zero axis (where the corresponding velocities reached 

their negative maxima). The opposite correlation between 

acceleration/velocity extremes and the maximum displacements at the top 

of the walls was also observed. 

The peaks and troughs of the parameter distributions were then 

plotted with respect to their corresponding accelerations, velocities, 

and velocity changes (which are the areas under individual acceleration 

spikes) in Figures 5.108 through 5.122. These values are also tabulated 

in Table 5.6. It should be noted that static values were not included 

as peaks or troughs in the analysis, as they are probably neither. 

These values would have been plotted along the axis where acceleration 

and velocity are zero. However, in dynamic motio~. when the accelera-

tion is zero. the velocity might not be, and vice-versa, so the inclu-

sion of static values in the envelope analysis would not have been 

appropriate to the other dynamic points. Only dynamic values were 

included. 

It should also be noted that the Mononobe-Okabe analysis reduces to 

the static Rankine/Coulomb analysis for no lateral acceleration which 

does not seem accurate from a dynamic motion point ;: . 
O..L view. 
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The extreme points seem to follow, witli the exc ion of the dis-

placement, a general trend; that i3, the the lateral accelera-

tion, velocity or change in velocity, th& higher the extreme. It was 

decided to fit leas~-squares straight lihcs each of the sets of 

points one for. each backfill slope; o0
, 10°, 15°. The max:inn:un 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 nts to 

the individual sets of points. From the linear carrel tion coefficients 

of the least--squares fits, it was determined that the btHt fits were the 

maximum mo:c'ient vs. change in velocity {Figures 5 .110 and 5 .113), the 

maximum. pressure vs, velocity e $,115) and, the maxima~ shear vs. 

acceleration (Figure 5 .117). No co:nclusions cculd be drawn fr.om the 

displacement curves (Figures 5.120 through 5.122). 

The best fits wouJ.d indicate that moment and pressure are L.J.ore 

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 l'etter :related to acceleration. 

The envelopes presented thus prov icle an upper bound for the va:d.ous 

parameters with respect to actual ic strong motion characteristics 

for at least a range of system stiffnesses (y0/6EI) between about 0,75 

and 1.75 which the experiments encompassed (ford: 35°). 

As in the static case, the various parameters are indicated to be 

indepeneent 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, ~ince the actual walls tested 

appeared qnite flexible as indicated by the deflection shapes. 

The only logical comparism:u: that can be made are those between the 

envelopes ohtaint:d and the co1~re Mononobe-Ob:J;e predictions 

(which have been s ified for an·a~erage of the soil densities 

encountered). Th.ese can be seen in Figu:rc;s 5 .108 and S .111 for moments, 

5.114 for pressures, and 5.117 for shears. In addition, Figures 5.108 

an.d 5.111 show the values for moments gested Seed and Whitman 

which were previously discussed. No comparisons with previous investi-

gators can be made in terms of tile envelopes involving the veloci 

parameters since this does not seem to have been examb.i.ed before. Rav·-

ing the envelopes with respect to accelerations, velocity and clu~nge in 

velocity shot~.ld, b.owever, l:elp in better un,1erstanding the prol1lcm ~t 

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 raethods 

nnde;:estim.:tte the actual values of max:imurn oornents 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 maxinmm values and those 

predicted by the theory. For example, from Figure 5 .111, for a flat 

backfill and a lateral acceleration of 0 .25g the ~1ononobe·-Okabe method 

gives a maxinnu11 1110:ment around 60% as large as that determined from the 

envelope, Seed and Whitman indicate one about 80% as 1 arge. For 0 .50g, 
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however, Mononobe-Okabe 1>:redicts a maximu.n1 moment about as large as the 

envelope while Seed and Whitman shows one 1.5 times la:rger. Similar 

comparisons can readily be made for the other parameters as well by eza-

mining the :respective diagrams. '.Ehe designer would observe., therefore, 

that the envelopes obtained from the experilr,ents generally give what 

appear to be conservative values for lateral accelerations less than 

about 0.50g (which is probably the practical extreme for the use of the 

.Mononobe-Okabe theory in any case). It should also be noted that the 

envelopes do not seem to be as sensitive to backfill 3lope as the 

Mononobe-01:.abe theory is. 

From the pau.ni.eter diagrams (Figures 5 .53 through 5 .107) it can be 

observed that the maxim.um moments recorded ranged from about 40% to 

~,bout 100% higher t.t.an the max:tffia recorded statically (with the e.xcep--

tion of test 1CN0007 which had a relatively very low static maximum 

moment). As mentioned previously, this ratio is !i!Ore dependent on the 

energy input into the system (represented by the velocity) than on the 

peak accelerations. The moment distributions with respect to the loca­

tion (frames c and vertical cu.ts of frames a) seem to be smooth curves 

which could possibly be approximated using low order polynomials, for 

example, quadratic functions. 

The lll.aximum dynamic pressures ranged anywhere from 1 to 2-1/2 times 

the maxinum static ones and like the moments this ratio was mox:e 

dependent on the velocities recorded. Although the pressure distribu­

tions are by no means 1 inear (as assumed by the Hononobe-Okabe theo:r:y), 

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 p:ressu;,;:e 

distributions, this indicates that the distributions are like an 

"average" of a linear pressure dist:l~ibntion al are ger;.eral 

difficult to relate to a !fononobe-OJ.rnbe distribution, In any case, the 

dynamic centroid appears to hold steady at around 1/3 the he t above 

the base :Lu contradiction to Seed and Whitman [55] and Prakash and 

Ba savanna [42] (see Section 1.3). 

The maximum shear forces :recorded in the tests are generally 50% to 

100% higher than the IDaximum. :recorded statically for the range of 

maximum test accelerations. It appears that the percentage is more 

closely associated with the acceleration than the velocity l:vels. One 

sho!:ild keep in nind that shear require::01er:ts are usually an:rply :uet 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} pe:do:rmed some tests on a fil'.'avit_y retaining 

wall on a (lg) shaking table which was subjected to a scaled El Centro, 

California (1940) earthquake record. They measured the displacements on 

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

backfill and continued to move outward until the shaking ceased. By 
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contrast, barring the author's prejudice towaxd lg shaking ta.ble tests 

(Section 1.2), in the cantilever retaining wall tests of th.is investiga-­

tion, the walls were observed to displace both outwardly and inwardly 

with respect to the backfill. 1n.e 111a1:imu.m displacements we1·.;, observed 

to he not neccissarily the final ones although i:u some tests they were. 

This is as it should be. At lg, the soil grains ase tmdex low stresses 

and are rigid, so the only displacements are due to grain slipping which 

is all irreversible. In the centrifuge, the soil behavior is properly 

elastic/plastic so dynamic to and fro movements are observed. In addi­

tion to the sliding and rotation of the base, there is also the flexing 

of the stem (and base) so the elastic wall can rebound so11wvrht,t as wcl.L 

The maximum deflections ranged from 5% to 9% of the wall height fox RW1 

and from 7% to 11% for the more flexible RW2. TI1ese magnitudes of 

deflections could lead to some severe cracking in reinforced concrete 

walls although it should be remembered that part of the deflection is 

due to a rotation of the base. 

From the shape of the deflection curves (frames c and vertical sec­

tions through fr8lles a of the parameter diagrams) it can be seen that 

the wall motion is basically in tho first mode with apparently little or 

no contrib<1tion from other modes. Th.is is also confi:n;1ed by the Fourier 

Spectra discussed in Section 3.3.3. 

5.6. Final .Static (Resi~_Result~ 

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

walls can be observed from Figures 5 .123 (Test 1CN0007), 5 .124 (Test 



- 268 -

I­
~ 
'-' 

5: 
w 
> .... 
co 
ld 
I-
I­
(/) 

0 
CL . 
f'-
0 
0 
0 
z 
() 

I­
C/) 
w 
I-

I 
!<') 
C\l . 
l[) 

w 
0::: 
;:) 
(!) 

u.. 



- 269 -

FIGURE 5.124 - TEST I CN I 009,POST TEST VIEW <AT I G) 

FIGURE 5.12 5 - TEST 2CNOO I I ,POST TEST VIEW CAT I G) 
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1CN1009), and 5 .125 ('fest 2CN0011). Al though the photogr y;ere taken 

after the cen.tri was brought back down to rest, one can see that 

there was a large amov,.nt of motion of the backfill and wal 1. There was, 

of course, an runom1t of "i~ebound.ing" of the systt:;m as the a1:tificial 

gravitational field decreased. One can observe that the backfill, which 

was originally flush with the lip of the wsll, has displaMd downward 

1/4 to 1/2 of an inch. These kinds of displacements are quite sizeable 

and it can be safe to speculate that, if colored sand, or slightly 

moistened sand (with some apparent cohesion.) had been used, some cracks 

in the backfill would have been cbserved. 

Not apparu1t from the photographs is a uru.oundin.g" of the sand 

observed at the base of the wal 1. This was obviously prod need 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 feat11:i::es were 

uniform across the width of the wall and there was no apparent change 

near the edges. This can be taken as a good indication that the system 

behaved in a plane strain fashion (as assumed) and th~t the eJge 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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snbstantial portion of the. maximum pressure deve,loped during the excita­

tion. This staternE;nt is quantitatively demonstrated by the experiments. 

The m<>,xinrrun residual parameters are listed in Table 5, 7 and their 

ratios to ma:d.mum static and maximur,1 dynamic values in Table 5.8. 

One can observe that, al though the :maxi:muJu residual pressure is 

always somewhat lower than the maximum static p:r essure (5% to 25%), and 

considerably lower than the I11aximum 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 tha1;, the static! This 

appears to be 1:andom with respect to the slope. From frarues c of the 

pressure distribution diagrams, it can also be observed that the fin~l 

residual resultant is usually located scne 20% to 40% above the static 

and dynamic resultants indicating that a triangular (or ''average 

triangular") pressure distribution no longer exists. 

The residual moments are also substantially higher than the static 

and are only a few percent lower than the maxinruru. Tnis, again, 

develops regardless of the magnitude of the shaking the wall was 

subjected to. This could indicate that a retaining wall which h~,s 

survived an earthquake intact could be pre-stressed for the following 

earthquake or aftershock to the point where there is virtually no safety 

factor and thns fail under an even mild event. It should be noted that 

in Test lCN1505 the centrifuge was left running for 3 hours after the 

shaking occurred. This is the equivalent of 1:'0 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 (:w,(m1ent) or pressure transducer read-· 

ings. 

As mentioned in Section 5 .5 the walls di aced out and in with 

respect to the backfill and th.en generally crept. out toward some final 

displacement which in so1,rn tests was· the maximum observed. The final 

displacements wE,re foand to be much greatex than the static O::les in any 

case. This then givc-s rise to the question of whether or not such large 

displacements can be tolerated f:r.om a safety or aesthetic point of viev; 

although the retaining wall survived the earthquake. 
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CHlLPTER VI 

CONCLUSIONS AND RECOl\fl;ffiNDATIONS 

The in1::::-pos.e of this investigation was to observe t2:e i::ti.tural 

behavior of an 18 ft high cantilever retaining wall when s ected to 

only a gravity body force with a dynamic later::d ea:rthq'.:.ske excitation. 

The retaini:ng walls were pr modelled and were e ct ed to some 

earthquake-like motions which were considered to be in a realistic 

, pressure, shear, and di acement distri~utions (statl0, 

dynamic. and residual) •ere obtained. It was also novel that the 

retaining walls were considered flexible (as arc in real life) as 

opposed to rigid, which seems to be the norm in lg model retaining wall 

studies and in theoretical anclyses. A large amount of dnta was 

obtained directly from transducers and indirectly from s e mathemat\ 

cal manipulations cf transducer 1ata and was presented in as concise a 

manner as possible. Some empirical cu:~ves for relating the upper boun,! 

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. Conclnsions 

1. The simple "earthquake gen.era tiug'r mechanism empl oy,'d was found t., 

give realistic characteristics and could thus be ~~r;iployed in the 
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studies 'of other ear ated ems in geotechnics in the 

2. The static \;ia:rth p:ressure dist:rih1::tions obtained were not 

ar as t'ile Rankine 01i1b late:rsl earth pressures assume. tr 

'I'he al centroids weie generally located at about 1/3 the 

height above th.e ba::;e of the wall. The resultant forces (areas 

under the pressure curves) were in reasonable agreement with the 

Rankine/Con.lornb theory. This i1c1.Hcates that the Rankine/Coulcmb 

theory estimates an 11 pressure distribution which is taken 

as t:d angul a:r. 

3. The static moments measured we!.'e genc:i:a1 higher than those which 

would be obtained using 11 Rankine/Cor.lomb resultant force with a 

1/3 of the hei moment arm (by as fuuch as 35%), indica t:ha t 

the properly desi wall might have a safety factor lower than 

estimated. 

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

full active p:re:;;su.re behind the wall. 

5. Sta tic and dynamic reaction pa:t"amete;:s (:moments, pressures, etc.) 

appear to be independent of wall stiffness, at least for the range 

of experimental system. stiffnesses (0,75 .5. yH4 /6EI .S. 1.75, rJ:::; 35°} 

6a. The only significant dynamic response of the system is in the fun­

damenta.l mode. 

6b. The two walls had fundamental frequencies of 2 .6 Hz and 2.5 Hz with 

the soils employed. 
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7. T'.ne dynamic response of the em 1s not only ndcnt on lateral 

acceleratio:i.s, as the Mononobe-Okabe theory assumes, hut also on 

the en~rgy content of the earthquake indicated by the velocities. 

:Maximum moments we~:e to be more closely associated with the 

areas under the individual acceleration spikes ( 

velocity), maximum pressures with the velocities, and ms.xinrnxn shear 

(resultant) forces with the accelerations. although there is a 

general dependence on all the st!:ong motion characteristics. Tne:re 

is a strong cor:relat:io:u hetv;-een ma::idITn'l.ln and minimuJrr (maxhrnm 

negative) accelerations, velocities, and changes in velocities; and 

peaks and troughs in the maximum response curves, 

8. The cxperinrnntal envelopes presented in Chapter V provide an u1>:f.Jtu: 

bound for the various parsJneters with respect to actual ic 

strong motion characteristics for at least the system stiffness 

range {0.75 ~ rR4 /6EI ~ 1.75, <J;: 35°) which was studied. These 

envelopes can be used as a design aid (Section 6.2). 

9. The tfononobc-Okabe theory underestimates responses (in some cases 

severely) below certain lateral acceleration levels for each 

individual case (Figures 5.108. S.111, 5.114, and 5.117) and 

overestimates them above that acceleration when compared to the 

experimental envelopes. 'This :i.s du1;; to the steep '§ilope of 

intersection (at only one point) betwt;en the reco1:ded parameter 

envelopes and the Mononobe-Okabe curves. This makes the envelopes 

appear conservative for ~ values less than O.Sg, bnt they are not, 

because they came from tests. 
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10. The experimental envelDpes are not as sensitive to backfill slope 

.'l.s the Mononobe-Okabe is. 

11. Dynamic moment distributions with respect to wal 1. location are 

generally smooth, monotonic curves wh.ich resemble some low o:rder 

polynomial, possibly atic. 

12. As in the static c&ses, the dynamic pressures were not triangular 

as the .Moi:10nobe-Okabe theory assu.'1Jes, al thoueh the centroids did 

remain at about 1/3 the he above the base, contradicting othex 

investigators which state that it rises to between 1/2 and 2/3 of 

the height. The dynamic pr~ssure dist:d.bctions could thus be 

considered an "average 11 of a linear distribution, although they 

could not generally be related to :Mononobe-Okabe. 

13. Tiie wfllls disphced both outwnrdly a!ld i11wardly with 1:espect to the 

backf i11 s dur the severe parts of the shaking and crept out-

wardly during the milder shaking towards the end. Maximum def lec­

tions could be considered excessive in some cases even though the 

structure survived the event intact. Deflected shapes gave an 

indication of first mode (only) flexible bending beam bell.av ior. 

14. The fact was confirmed that, after a retaining structure with a 

granular backfill undergoes severe dynamic excitation, a residual 

pressure acts on it which is substantially greater than the initial 

pressure before excitation, and is a substantial portion of the 

maximum pressure developed during the excitation. This also 

applies to moments, shears, and di acements. 
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15. No noticeable exped_me:ntal effects" were observed, and a 

plane strain condition for tt.e tests could he assumed to hold. 

16. Elastic solutions for retaining wall ;oxob1ems should be avoided" 

This includes the use of ela$tiC fiui te olements (Appendix D). 

Based en the concluded investigation, it is highly recommended 

that some type of dynamic analysis i:n the design of la:r.ge retaining 

structures be employed, as the ic responses generated can be 

considerably greater than the static oues. There should be extreme cau.-

tion in r,,c ing the following quote from Seed and Vihi tmm1 [55]: 

"Thus many walls adequately designed for static earth pressures 

will automatically have the capad to i thst:tnd earthquake ground 

motions of: substantial magnitudes and in many cases, special seismic 

earth pressure provisions need Lvt be required". 

As an exat:!ple 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 

0 with a flat, granular backfill with 4 = 35 • The wall is to be 

subjected to a scaled doy:n. Parkfield Earthquake (Figu1:e 5 .41a} to one 

half the magnitude shown. 

Since the wall/soil description is similar to that of the experi-

men ts, the fundamental frequency can be assu;ned to be about 2 .5 Hz. 

From Figure 5.41, based on test experience1 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 accelerrction is then 215 

I 2 .,_,_ cm1sec , &ne corre ing velocity 39 cm/sec (which occurs at about 4.6 

sec) fUlCT the area uJ:i.der the acceleration 

curve). Based on test 

experiencrn, the peak response of the wall should then oceur sometime 

between tlie 4 and 5 second mark. 

For a == 215 cm/ sec2 , a/ g == 0 .22. Therefor<;, f:i::o~ Figure 5 .111 

For v = ~9 cm,1 se<.=· (f - ~ ~ H-) ~ . 1- ....... "'• 

_y_ 
f H 1 

Therefore, from Figure 5.112, 

For Av= 49 cm/sec, Cf1 = 2.S Hz). 

Therefore, frora Figure 5 .113, 

Av 
f H 1 

= 

0.58. 

:::: 0 .026. 

= 0.55 

0 .032. 

0.57 

The maxim1n:11 moment could then be taken as the average of the three 

values obtained from the envelopes, therefore 

0.57. 
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Having this value, the stet'> could then be dcsi as a :;:egular 

bending beam us , for e, a tic noment distribution for 

simplicity and hav al 1 the de: sign rements ( s was donb in 

Section 3.3.1). 

It should be ~oted that had a Mono~obe-Okabe is been 

performed, using the maximum scaled Pe:rkfield acceleration cf 

240 cm/ sec2 and equation (5 .10), the ma:dmum moment would have l1een: 

0.42 

which is 35% below the one obtained from the other is. It was 

based on one dyna.mic pa:::ameter (the peak acceleratio11) whe:r.eas, the 

other was based on three. If a standard factor cf 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 ba done using identical s of tests with. 

different wall heights, stiffnesses, different soils and longer 

earthquake durations. 

The data analysis should concentrat1; more on the highlights 

(peaks, troughs, etc.) of the dynamic characteristics related to the 

system responses instead of the detail time-,consm11ing, expensive, and 

tedious data analysis which was performed in this investigation. 
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Sheetpilo walls, channel sections, and other types of bending beam 

re walls should also be studied. 

Reta wi;;ll ems with wet OE saturated soils should also be 

examined with the centrifuge, a.l there could be some p:l'.'oblems with_ 

retaining the water in the backfill as v:el 1 as hav 

(dynamic a11d consol id.a ti on --- see Appendix A). 

two time scales 

The centrifuge would al so 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 centri There is also a need for some full-scs.le 

testing of bending beam reta st:nwtures. Sinusoidal shake1:s could 

be used on actual st:nictures to de terruine some na tu:i~al 

frequencies and modes of vibration and s test s0me to failure. 

An actual :retaining wall should also be instrusnented with two 

strong motion accelerographs (one at the base and one at the top) and 

with at least some kind of pressure transducers \vhich could record pres­

sures during an actual earthquake. The recording devices could be 

triggered by the accelerogr 
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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 tho fundamental dimensions: 

M mass F force (F = l\ILT-2 ) 

L length or L 1 

T time T- time 

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

of units. 

By the method of dimensional analysis ([3],[15]) relations between 

the equations governing the states of the model and prototype can be 

derived. 

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

upon the following factors: 

1.) The geometry of the structure. The behavior of a poiut defined by 

the coordinates x, y, z can be d~scribed by a typical le 

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. 



p 

E 
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mass density of the material. 

Youne's modulus of the Date:rial. 

~ Poissou's ratio of the material (dimensionless). 

Other material proparties can be related to p and E by sets of 

dimensionless ratios PR' ER. 

3.) Applied stxese conditions: 

P = external applied load. 

Q exte:rnally ied stress. 

u
0 

= externally induced displaceDent. 

a internal stress. 
0 

g acceleration of gravity. 

externally applied acceleration. 

Other stress conditions are related to P, Q, n
0

, a
0

, a by sets of 

The behavior of a point :z:,y,z in the structure at time t is defined 

by a resulting stress a and a resulting displacement u and depend upon 

the abovementioned p::lrameters and dimensionless ratios. 

The quantities cr, n, x, y, z, t, L, p, E, ~. P, Q, cr
0

, u
0

, g, a are 

all derived from the three fundamental units of force F, length L, and 

time T. The Poisson's re,tio 'V is already dimensionless. 

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

·~1· y z ./- p E u g a A. L. 

0 

0 0 0 0 1 1 0 0 0 

1 :1. l 0 -·4 -2 l 1 1 

0 0 0 1 2 0 -2 

The table consists of a matrix of rank 3. Acco~ding to 

Buckingham's first theorem, one may obtain 16-3 = 13 dimensionless 

independent groups of paramett:rs from those listed. Hoek chooses the 

following: 

2 
ru1_ u x y t.2 a a: \), a -~·o :i:Q~ 
r ' L' L' L' L ' p • p "i' p , 

L • p 

It should be noted that other combinations than those listed above 

are possible. For this particular set, however, all other groups would 

be combinations of those listed. 

Buckingham's second theorem (Buckingham's Theorem) states that a 

diruension.ally homogeneous equation (one wb.ich d.oes not depend on the 

units of measur{>ment) can be reduced to a relationship between a 

complete set of dimensionless products. 

From Buckingham's Theorem then the displacement u, and the 

stress c; at a point (x,y,z) can be expressed by the following dimension-

less equations 
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3 ") 

\}; A. QI:~:_, 
L I p , p p g' p • ,:' 

\ 
PR' ) (A.1) 

a(f·f······ ) (A.2) 

in wb.ich F an.d. G are undetermined f1;mctions. 'DJ.e parameter t is the 

dynamic time scale. 

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

tbe function;;; F and G must be the same for each. The:refo:re, the 

fol lowi:ng co:ndi tions of similitude ax:c established. 

The subscripts m and p will refer to model and prototype parami;:ters 

: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: 

(A.3) 

Combin:i ng the :remaining na tu;;' al properties E and p by dirnensioule ss 

grouping: 

= 
(A.4) 
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Therefore: 

(A.5) 

L 
.. ::Jl 

E 
_Jl _gfll -L E Pm g (A.6) m 1l1 p 

If the model material is identical to the prototype material 

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

L .Ng_ -1! :::::: - N 
L gp " m <> (Ii~ 7) 

It can be thus seen that by use of the centrifuge, scale 

models manufactured of the prototype material are suitable. 

2.) Model similitude in relation to applied stresses: Applied stresses 

are defined by the parameters P, Q, a
0

, u
0 

and a and appear in the 

dimensionless groups: 

2 
EL

2 3 2 u a L2 
~ ,gaL. .§:. _Q. _o _ 

L • p • p fl I p ' L ' p 
"' 

Taking the grouping: 

2 
L .Q :::: 

QL_ . 
E p EL2 (A. 8) 



Therefore: 

s;lso: 

pm .. 

2 E I m 'm 

From the grouping: 

Therefore: 
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or 

= 

Displacements are scaled directly by: 

UOJJ! 

u op 

~m 
L 

p 

(A.9) 

pm 
2 

= ~! p 
E L2 p p p (A.10) 

(A.ll) 

(A. 12) 

(A.13) 

Iner th. an.d gravity forces in the model and the prototype are 

T3 
characterized by the dimensionless groups p_;;ip1-.. and ! which were 

al:ready used in de1:iving expression (A.4). 

Finally, dynamic or inertial forces involve a time scale which 

can be derived from the grouping: 

= 
2 2 j:_!!_ • _P _ • EL __ 
L 3 P 

paL (A.14) 
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'Therefore: 

\ 1/2 

) 
Using a centri model made of the sama material as the 

it to the 

centrifuge artificial gravitational acceleration N • g L~" 7). 

(A.9) reduces to: Q 
m °-P (A.16) 

(A.10) reduces to: 
pm 

- .L 
p N2 p {A,l7) 

cr == crop o:m 
(A.12) reduces to: 

(A.:18) 

uop 
= N u. 

om 
(A.13) reduces to: 

(A.19) 

t 
..:..12 ·- N 
t 
m 

(A.15) reduces to: 
(A.20) 

One can cl.early see the convenience of centrifuge modelling. 

From (A.16). (A.18) and the fact that E = E cal.1. aleo note that 
p m 

the strains in the model and prototype are identical. In the event 

that the soil behe.vior exhibits its usual :nonlin.eari the same 

considerations hold, if prototype and model soils are the same. 

In the experiments, it was necessary to model reinforced 

concrete walls by rneans of almctinum. The stiffness of the wall EI 

is modelled as follows. The dimensions of EI are FL (actually 

FL2L-l). It has been shown, by equation (A, 17) that force scales 

as if, and length of course, scales as N, so that the EI of the 
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model must be equal to 1/J~ the EI of the prototype. Fox a given, 

but arbitrary design of a prototype reinforced concrete wall, the 

EI can be c;alclilated, I:;;, the model, the E of t:b.e almuinum is 

known, and the wall thickness can therefore be selected to produce 

the appropriate, scaled value of EI. 

The yield characteristics cf the wall itself were not 

modelled. In the prototype, yield would be indicated by the crea-

tion of a plastic hinge at the point of :maximum moment, i.e., at 

the base of the stem. In order to model this, a notch oz groove 

would have to be cut along the ba~;e of the model to a point so that 

the stem would fail easi at that point and thus simulate the 

plastic hinge. 

Ccr;.solidation time scale (Rowe f46]): 

In the study of liquefaction, the time rate of flow of water 

from the soil is considered in comparison with the rate at which 

pore pressures are generated. '.I11e consolidation process thus 

requires consolidation time scaling. 

The time factor T of consolidation is defined by: 

T 
CV t~ 

(nH)2 (A.21) 



c is the coefficient of consolidation v 

t it corc.sol ida ti on time c 

n is the height of the strr.tum to be drained 

n is the number of drainage boundaries (l O:': 2) 

It is required that Tm = Tp. If the soil mate:dals 

are identical then: 

s :i:l1ce 

then 

Cv tcU: 

n2 H 2 
ll1 

H _m 
H 

p 

t
0
m 

t :P c 

l --
N 

which establishes the consolidation time scale. 

(A.22) 

(A.23) 
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APPENDIX B 

WALL PROGRAM LISTING 

Following is a listing of the data proces program WllLL 

described in Section 4.2. The following subroutines were devel 

MAIN(prog:ram) DIGIT PAPRNT 

ALGEQN INTEG PRESS 

APL OT MA.P QUINT 

BASCOR MAXA~ .. SHEAR 

BimlAX: f,1Q!iJENT SPLINE 

CRUNCH PA.GE SUBU 

DERIV PAPLOT YD ISP 

The following called subroutines are system sub:i·outi:nes of the 

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

EQSOV 

LSQUAR 

SYSSYM* -

VLABEL* -

XYPLOT* 

XYPLT* 

System of equations solving :routine. 

Polynomial least-squares fitting routine. 

Symbol plotting routine. 

Ax.is/axis label plott 

Line plotting routine. 

Point Plotting routine. 

routine. 

* Calcomp plotter. 
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1-'tfC=SCl<l U-\Hil 
SH;;={CC-EC l/1-YFC 
((Sr1=(CC-Jlll/HYPC 

HtC p, CIC!l ILEC TRilCES 

-cc 3fC J=l,'.1 
- [ ( :;: l 1 K = l t ? C :) 

ll=!5*Kl-<i 
I£"' I l+" 
~Etc Sc3,!lI1(ll,It!J,..,Jl,J=Jl,!2l 
LC :'10 l=ll,!2 
lfll1(l).f~.~SSSSSlGC lC 312 
>X IL ,JJ=fLCtl (IT (L) I 

IC tll,Jl=f-lC!1(J/J(l,Jll 
11 COT!\LE 
Lo IH=l-l 

Et~EllH: ClHECllO. 

l:( ::1:: l=l,!11' 
XC=AX(!,,;I 
'C =ii I I , J l 
) > I I , J l = I { :. C - l C l * C C S 1, l ~ l C 'r C - E C l * S l r, " l 

; l 5 t ( 1 , J) " - ( (A ( - A ( I * S Ir\~ l t { { Y (- t C ) * ( ( S" ) 
c 
( l~E XXI /,JI AkFAY STlRE5 lJVf ~ALL~S lfMfL~AkllV 

c 
c '->t"""**"******"****~>I*""*-**""** 
( "t(l,JI •• !LL ~ETH SE1 CF !RACES Al er,[ G <SH!i() * 
C • t{2,.;l rill EE Tt--t: Sf1 CF HtCES A1 ~1.,lT!PLE G !STOT!CJ * 
l • ~RC~ A(?,JI CF\, 1~t lkACES -ILL EE f~C~ lrE CY~A~!C PCR11LF\ * 
( ~~*"*~*"***************"**" **''* 
( 

( 

ICl-ECt<!~J=C 

>x!l,Jl'-'C.G 
P(2,.;l=C.C 
lfl!H.LE.21 GC 1C 3'1S 
u 34() 1=4.ll'' 

'.:«) >>l!,JJ=n(i,Jl-XX{3,JI 
;xt3,JJ=c.n 
L:l 34S l='•.11~ 
IF IXX{ l1Jl.LE,XX{!-l,JllGC TC 243 
GC TC 34 3 

34~ IU-ECK(JJ=lCrECK{JHl 
FF i F\ 1 t: i: u,", l Cr ECK ( J l, I,~> ( l - l, JI, XX I l , J l 

34E CC~Tl~LE . 
;4s conr..LE 

If !J.Cl.l•t.IU lC 354 
C C 3 : 0 1 = 3 , I l i.t 

3 ':> ·J t t I , .; l " fl l l , v l - tJ ( 2 , J l 
t{l,.;l=f•,O 
~l~rJl-"C.O 



\, \.. IL 

(.( I:: 
l C I ,, 
(1''1') 

( l 7t_ 

( l I 7 
c 
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H re 357 
;:;4 CO.TlNLE 

[C 355 1=2, 11:-i 
355 tll,Jl=tll,~l-A!l 1 J) 

Al J,Jl=C,C 
357 Cli\TlNd 

DIG l T 

C SCALE R~CGRSS 
c 

Ult DC JtC Jzl.ITM 
l(I<; >:X{J,Jl=TCALl-*YX(l,JI 
CU( 30 A(l,Jl=A!l,Jl*Ct·L!U,lH-(ALl!J,Zl 

(ct l 
((£:2 

Cf E: 
Cl f 4 

ll ~ ~ 
I, ( E (, 
CU7 

LC t !: 
lU'1 
l (<, ( 

( ( <-, 1 
l ( .., 2 
cc s; 

{(S<. 

c ( c. 5 
L.\1·:1u 

( ( S7 
l ( <, c 
l ( <; •; 
,, l1.. .; 
t: l c 1 
ll j 1"'1 2 

'·' ll;3 
!.'.l\'.'t 
ClC~ 
ti ht 
( l' 7 
C JC E 
u 1..:.., 
cl j i_l 

iJll 1 
I: 11 2 
(. l l 3 
•J 114 
( l 15 

c 
C ~CCEL PARAMET~RS ~AV~ 1\0~ BtEI\ SCALED 
c 

( 

(. 

( 

c 

IF(l\A,Ei;,.OJG( Tr 310 
lH:l=IT~'.-2 

[,( 365 l=l.l1Ml 
>Xt l .Jl=1J<(J+2 ,JI 

365 .t(l,Jl=A!lt2,Jl 
JH=!Hl 
GC TG 375 

370 lH=l 
A( J,Jl=A{2,JI 

.375 CU, T Hild: 
ll'AXIJl=XX{ITl',JI 
IH'MIJl=lTI' 

:?BJ COT U1UE 

cc 381 !=l,!\1 
IF!!C~tCK!ll.l\E.OJSTC? 

::81 COTll\LE 

(All EIC~AX!1.~AX,NT,Tl'X, !CUI') 
lt'>=ll'>*fll' 
If! Tf'.IX ,Cf ,3 ,0 IGG T G 383 
I1,.=li~X~l50.0J+l.O 

llf-=!11"+1 
Tlll=O.O 
CC 382 I=Z,!T,., 

382 11 ll=HLCATII-ll/15C.Cl/Fll-' 
cc re 3ss 

3E3 111'=( ( 1i''X-3,0l'-'75,Ql+451,0 
ITl>"=ITl'+l 
i(ll=O,() 
CC 3E'1 !=2,450 

384 llll=(HCA1i l-ll/150.01/fl"' 
[( 385 1=451,ITI-' 

.:c; H ll=!fLCA1!I-226l/7'.:.0l/FH' 
lflITM.LE.150CllGC TL 3E8 
PR I NT 6C 1 .I H' 
IH'= 1500 

C S~CCTH Cll CATA ~ITH CLEIC SPLl~E 
( 



( J l t 

c J 17 
u 11e 
(]}', 

(l l £ \) 

(; i;: 1 
tJ l; 2 
lJ 1 2 3 
Cl24 

l.J J;:: 
c 12 t 
[ l '7 
012 c 
tj 1 £ .., 
l'l ;1) 

(1:; 1 
( l; 2 
•J 1:: 3 
( 1: 4 

L l; '.: 

ll:: 1 
( l 3 8 
\) l ~ t, 

cl 4 ,, 
( l 4 l 

Ci.4 2 

(Jl 4 '.J 

Cl4t 

( 

(, 

c 
c 

c 

( 

( 
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CI Cl 1 

3 ct [ ( 3 c; 7 J = 1 ' t, 1 

ll~=IHH..,) 

CC 3S5 l=l,JT:, 
tl(i)=XX(),Jl 

::s-: /l2ill=t!l,JI 
Ct LL SFLll\E(lTS,AJ,A2, 11~,1, 11 ! 
[( 3St !=ldl~ 

39t J{l,Jl=lltll 
2<;7 -{OTll\uE 

HtC II\ jr,ll!AL ~f\C flf\b.L C!Gl1!1Ei_; CiSPL!iCEl-'01 \/ALL,tS 

fl TCF ol\: fCTTCI' CF ~tLL 

~EtJ ~G3,llLF1,JlCPF,ltCII,12CTF 

1Ul=HCtT!!1CPll 
H.H=FLCtllll:::Pf l 
EC l l =FL C ~ 1 I It~; T I l 
E:fH"'f LUT (lfCH l 
,. l =I\ 1 + l 
~2=1\1+2 

If 1r--c.E:;.o)l,l TC 3c,c; 
l l F I= 1 CF l °' C Al l ( ~, l , l l +C ~ L l \ ~ l , 2 l 
l(Ff=TLFHCtllll'l,ll+CtLll"l,.Cl 
Hl~C.f~.llCl 1L 3SS 
Ell l =PC 1 I'< C ,:.l I (I';, 1 l +Cb L l (I' 2, 2) 
EC1f=fC1F"C~llll'~,1JtCtL11~2.2l 

:ss C01!1'LE 
r- 1 = r, n {·I\ s 

: :) 2 
!~3 

f[P'ti1{4iS) 

Hf''tllUlC.Cl 
FC.H't.l\lCltl 

t<~,1 fCl·l-'tl(lX,'"""'UfCr<>:~.; - HACE J=•,J~,• JCrECi<!Jl=',J3,' !='.l'•• 
XS )X(!-l,Jl-=',Flc.2.• )X(!,Jl=',Flc" 21 

tCl tc•~tl(l~l.J),'ACTLAL ~L~eEH Cf lI~ SlEFS ~AS •,14,1,1x, 

X'(~LY t l~S1 151,J T 11'£ 51E!'S CCLJLL: t3 LSEC LUE TC STC:;<Aj~ L!1- [1 :;• l 

FE T\JH\ 
HC 



cc 12 

l((3 

( t( 4 

(C(: 
ll { (; 
L (( 7 
((( t 

Lt l .; 
1J1-; } IJ 

l Ll 1 
('[ l 2 
(JI. 1 j 
l( H 

l L l ~ 
L l 1 '.: 

( 

( 

c 
c 
c 
(. 

( 

( 

( 

( 
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l/\ 1 [ G 

S l f: i': C LT ! ~ E 11, T E G ( /\ , X , Y , SY , !< I 

SL~~CLlll\E 1( /\L~E'ICALL~ 11\lEGRAlE I SEl CF I\ CAlA ?Cl~lS (~,Yl 
C\E": A f'~i:sc"!ttC ll\1E"''vtl LSli\C Tl-E Ti<Al'E2Cl[tL i'UL= 
11-E 11\lEC~AL BElo~Ef\ ~Ill A~C XI J) ~ILL EE E~ALLAlE~ AT [AC.I- SIE? 
~· '"' 0 [ F [ E 1' ( F I ~' T E G F ~ 1 l C f\ " L I ~' T t I ~, F C 
i<=l ffi:.:CR lF l/\HCF.AllCI\ i<EvE~SEC 

Jf(K.E(.llGC TC S 
j\ f\ = ~, 
~\(lJ=CC 

cc l 1=2,t-1\ 
l ~\(!l=~)(j-~)+((X(l)-X{!-il)/2,1)*(Y(!Ji"Y(!-lll 

CC TC s 

: I\ I\= ~- -1 
5)(1\l=(.C 
[l t: .!=l.~.~ 

I= f\ ··J 
l ~ \ l ! )= S \I:+ 1 l t I! x l I+ l l- x (I J l 12 .O l ~ ( Y l l l + 1II+11 l 
., ((~1!r-.LE 



l (cl 

( ( ( : 
l l. ut. 

l ' l 7 
c ( ( t 
( ( ( ,, 
1 L 1 t: 

\• (; 11 
\. c l ~ 
( .~ 1 3 
l ll '< 

( ( : 5 
\...Lll 
( t l I 
t l 1 t 
l c ls 

( f. ''.• [(; l 
I ~22 

l ( 2; 
( l "4 
ct 2 '.; 
r c ;;_ t 

l· c < 7 
( (;2 c 
I c :'. s 

l: I):, J 

l ~ ~ l 
l (:: 2 
cc;: 
l c; ~ 
((~~ 

t C 3L 
( c ~ 7 
L (:; t 
c (:: <, 
(( 4C 
CCLl 
l(~~ 

( (;, 3 
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~ l E f'. C \. 1 I r, E r' t P i f. , Y , l , X ~ L ) , x ~~ l I\ • Y 'CA X , Y 11 l t, , Z 1'' A ) , Z f>t l I\ , ~. X X , \ Y 't , i, C 1 .,,_ ) 

c 
C ~L~h[Lll~E lC ~AKE CCl\lCLR FLClS CF t PECT~l\GLLtR GR!C CCl\t:I\Jl\G 
C CCC~Lll\AlE~ IX,Yl Al\C CCR~ESFCl\Jl~G fL~CllC\ ZIX,YI 
c 

c 

c 
L 
c 

c 

( 

c 
c 

r r 1- u, s 1 c /\ > i 1 1 , v 1 i 1 , cc c 1 : 1 , c 1 Q ' E i i , x >' 1 4 1 , v r 1 "' 1 , z z < 4 l , x c 1 4 1 , " c i ,, 1 • 
X X[(l),)·[(ll,Z!l5C2.li 

-LC 2 I=l,3 
2 [(({lJ=iJ,) 

; E: 1 u- ( ( !\ 1 cl h s 

f· c 1 fl s = I'd .. h - 1 
H~=HCtlll\CHSl 
U=(l•tx-z~nJ/HS 

(H{ll=Ul/\ 
[[ ; I=2,1'Clf 

3 ClH!l=Chll-lHU 

l t. t- = p 
Hr~=-1 

f'.)=\'.>)r-t 
~)=\Y'r-2 

cc 5 ,, l" 1. ~ x 't: 
n 11l=>1 1 i 
Xi.l2l=:Xll+cl 
))(3)">11+() 
)){4)=){ 11 
[( 5G .;= 11 r-, ~. 2 
'l t 1 l ~l { J i 
'r'rl2l=i'IJl 
Y'd.'i='r(J-+21 
~\ (4)='! (..;-+{ J 
i2 lll=ZI l.Jl 
ZlC2l=Z(!+6,vl 
Zl(3l=l(!tc,v+2l 
llt4l=Z(l,v•2l 
cc 50 ~=l,f\Clk 

II< lE:HlUTE 

5 t = (' 
[( 17 I I= l ,.; 
~,,,=."CC! [l ,<;)-t 1 
If ! Cl ~ ! ~ J • CT • Z l I ! l l ICC 1C 7 
lf!ClR(~J.GT.Zl\JJJJCC T.C lJ 
H TC 17 

7 lF IC TR ( i< J • Li: • Ll I J J J l GO TC l') 
Cl TC 1 7 

Fl l = l fl 
if !ZZl II l.~C.ZZ!JJI ICC Tr 12 ' ~ 
Z~l=!ClF<l:<.l-2Zl!ill/!ZZ!JJl-lll I Ill 
> ( IL l =Xx ( l l I~ ( x X ( v J l -X > ( ! l l l * l SL 
H ( L) = n ( l [ l • ( y '! { J J 1-YY ( l r I l *ls l 
cc IC l 7 



( l,4 7 

(( 4 ~ 
c (4 <, 

l . ~ " ,_v 
c ( :: 1 

l ( : ( 

( ( : :: 

( 

(. 

( 

12 X((Ll=XX!lll 

Hlll=\r(lll 
17 CU11f\LE 

fLc111~.c 

lftL.E~.21'.:;L lC ';G 
!f!L.Cl,2JC:C 1C 4C 
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-c All X 'I'~ l C 1 ( L, X l, \ C, > '-' l r,, 11' A~, 'i J, I", 'i I' AY, [( C, l A E: l 

4J CUTJl-.iJE: 
:CC lOTP,LE 



ere 1 

( (C2 

( l l" 

c cc~ 
((cc: 
L l{ I 
t(Ll 

' ( t c; 
( c l l 
11 v I 1 
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( 

( SLIR[Lll~~ ll PICK CLT l~E Lt~CEST AESCLLTE VAL~E CF A 

c 

c 

c 

Cl~E~S!C~ t !1~02,ll 

.t~ t.X"J •'-~ 
-u. 77,) ! =1,10 
.[C 77C: 0=l,~'t 

HUESU(J,vll.CT.tES!t~AXllCC TC HS 
GC H 17 C 

"1t'.: t>~tX=f,(!,J) 

n,~ tix= r 
F,~AX=J 

17·: CCt\ll\LE 



CC Cl 

cl t}; 
l c ( Lj 

CC(:; 

c (( !J 
I (t / 

( t( c 

l · ( l t) 

L ·~ 1 i 

C·L 1 L 

t \.. l.: 
(( l '< 

{, c 1 :i 
re i c 
( l 11 
I. l 1 h 

( ( l <, 

{ (,;I. 

00;i 
u;;;: 

lni2: 
lC2'f 
( c' :; 
t CL t 
l ( d 
l c 2 !: 
(,( z s 
(' (.: c 

( (:: l 
c ..;~ 2 
LC::'3 
l(~4 

l ( 3 t: 
( c:; 7 
cc:; c 

( 

[ 

l 
l 
[ 

c 

c 

c 

c 

( 
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S1..t~CLlll\E ~C~El\1 

SLf~ClllhE lC Fll\L ~Cl'El\1~ ALCl\G lhE h~ll F~k ALL Tl~E 

~ LEtSl-5.Ll~fS PCLYhC~IAl Fil n!LL fE MACE[~ ThE STk~J~ ul~E [61£ 
~ ~ l C r ~ l l l C E I\ f f. A T E f C L ~ L t f< Y C C I\ C i l ! ;:_ ~. S t T 1 r E f: C 1 1 C 1' C F T t- L h l L l 
SC It-Al A Cll~TIC SPLll\~ Fil CA~ BE ~ACE 

C ( I' I' C ~ I ; E-.:, I l ( l '.: (12 , L~ l , l l 15 0 2 ) , t X ( 11 2 l , EX ( 1 12 ) , ( t t I ( 1 : , 2 l , X ( l •. 1 ) , 

~ T ( ,\ L I • l 1 /I 'r, 1 ' r •. A ';, p (Ly ' \ s 2 '"· l 1, 1 • }- ' E l p ' h 11' ' AG s' ::; A ,v 1· !:,. ." ' 
.l< l\1YPE.f].'-',\C,~P(S) 

([~-'U,/C~Lt:f\/C 11 t-'<. !2) ,O lt,{2), !FL 1(L; 
cl I'"' Cf\ I BL L El x 1 i l 12 l • x 2 ! 1 l 2 J • x : ( l 1 2 l , i 1 t 1 ~ '1 2 J , xx ( 1 : r 2 , 112 l , x ,,, ( l l • 

> . 'r!.'{l),Tl'(l),!Tl'i~J.,!Xl't:X 

CC ~ " ( 1'. / 'r El l C ~ I H ( J 1 2 l , 1 S ( l 12 J 
ftll~2 S1CS(ll,2'.:I 
C [ ~ [ f, S l C ~ H ( l .) l , f "' I 1 0 l , ( t 1 t. I 3 , 1 C l , C \ 1 l ) , r (. ( t l , S l i 2 l , S 2 ! 2 l , l S ! Z J , 

)< [[ ( ( ; ) 

Ctlt Sl/'~C•f ','KT 1 /,S2/'~~t-/', 'El'/,LS/f,f/ 

H=t,FClr<l 
I\: l = '.S <- 1 
Cl Ht:"' 
Jr l\l'rFE.~E.llG( TC tC2 
f\ F 1=t,S2 
I f- ~ t\ S 2 J = C e C 
Gl E tC"< 

t,2 ~Pl=1'Sl 

t l 4 I • I l l = d • ·~ 
Cl tC~ !=l,r,~1 

tl'.: [tH(3,ll=l.C 
Ct-lS(=l.C 
Cl tU. I~l,3 

t(o f:((Jl=•;.·1 

[ ( t ~ ,, , .,, l • l 1". 
[ c t s c s .: = l , t\ [ t, 1 

t:CCS lHJl=J>.(!,Jl 
CtlL l~T~l(~J\J,tx,1~,1s,01 

tH2l=1S(2tl 
t~(3J=TS(47l 

t"l'il=lS!SSl 
/H'.:1=1SU:5l 

( [( 6"7 J:o2,~51 

c 6{7 t~(Jl=tl l.J•~t-lJ 

C C t l \; J = 2 , 1\ F l 
Ctlt\lh-ll=~IJl 

llC CAlACZ,J-ll=t"(JI 

( 

( 

M 1 =I.PT- l 

~F1=1'n-11 

(,( t:lt J.,4,6 
clb tCIJl=P.0 



II C; C, 

I C <. (; 
I CL, l 
cl "12 
t ("' 3 
l•L."'" 

( c '; ~ 
(' ( i, t 

(. ( 4 7 
(( l, c 
( c 4 s 
l c:; (' 

( 
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CC 617 ..J=l,f'..S2 
tl7 t,.{J)=L,C 

cc ue J=2,l\~2 
cc ue ~=1,1\F 

ll E t ~ ( JI= t. HJ I+ C (Kl'* X ! J l '* * ( K- l I 
If- I;, l HE. U .• l l t." I I\ S 2 I= C • C 

C (tLCLLAlE ECLl\Ct~Y CCl\C!Tlll\S ftT EClTC~ CF TrE ~All 
-c 

c 

[( UC ..;=l,H 
f C I '< I:!: C ( 4 J + C ( J I >1 X I~. S 2 l * * l J- l 1· 
f C I 5 l =EC ! 5 ) +Fl C 1' T I J- l i ~ ( ! J J * X ( r, S ; l * * ( J- 2 l 

t 2 · J E l I 0 ) = E C It I + F l C h T ( J - 2 I * f l C fl T ( J- l I * C I J I * X ! r, 5 2 I = * ( J- 3 l 
IF!l\lYFE.1'£.llGC TC t24 
Ee 1.:,J=r.c 

C (AlCLLAlt ~C~~l\15 ~[lr Clll\1lC SFLll\E 
( 

CC~l l£i, ULL Clll,111\52,X,thl\IH,O,lS,~Cl 

( .. ; 2 
r. c ~ ~ 
(( : .. 

l t:: 5 
l( ~ l 

cl';; 1 
lt~E 

( ( ': ., 
l ( c ti 
L ( t l 
LC U 
Ut3 
I. ( t .. 
CCt5 
CCU 
\; \, t 7 
( ( lt 

(( c" 
(( /( 

r n i 
Ul.2 
u j 3 
(( j 4 

u i';; 
cc 7t 
1, ( I 7 

c 
[( f:2~ ~·=l,f'..11''1 

C'.5 »<l,JJ=lSIJ1'*2.C 
t?l CCt1lH.E 

ct::~c GC t02~ l=l.11" CClCCCCCCCCC 
C CC ~ < C· S ..; = 1 , :, I ;, 1 C 
Cece.; HIJl=XX{J,..;J c 
l C ti l L l f, l E u I t. I ', T , /J X , 1 ;.. , 1 S , n I C 
C. Cl t <) 2 •! .; = l , r, I :\1 C 
(bC2C J<X(l,~l=lS(JJ C 
CtC~~ l(~lll\LE llCCtCCCCCCCCCCCCCC 

( 

c 
t Sc 

1-FIH1211P 
El\CflLL ;J 
H ~ 11\r: ; l 
Ull Cf.t..f\Ct-

CC t'.:2 1=1.111' 
[( c.:.2 J=l.~,!t-.1 

>>!I ,Jl=>X!l ,J)*rll'/Ell­
[( t55 J=l,tdl\T 
>I I l l=l<l I l l"'l-l"'IE!I-' 
>€(11=>2lll*Hl'/Ell' 
J<.3 I! l=>-3 ! I l*l-H'/E !'-' 
>l'!l)=>:~(ll'"+H'/Ell' 

u est 1=1.1rn 
1' I l 1=11 (I l"t-Tl'/EI~ 

t-.SC=t\Sl .. l 
L ( t 5 8 I = l , I, ~ ·1 

t5t Hlll=-1llill/h'i1' 
[( 061) 1=1,3 

UC Clllll=C.O 
l A f. =O 
( I f\ l x = ( t £ s (( "AX ( 1 )- (" ! I\ ( 1 I l J I 2 • 5 
Cll\TC=lttS([l'AX-C"lt\ll/2.5 
\I' l l\=-4. C:t C 11\ T x 



iJC 7b 
c (7<, 

((.tc 

(Cf 
l {t 

c.. LC 
.;u .... 
CU5 
CCU 

c '· t 7 
dH 
CCES 
i....: so 
cn1 
(i\.C: 2 
f: <:3 
l(<;.; 

ccs 5 
l ts c 
US7 
( ( <; E 

(( <;<; 
(; l l 1 .. 

L'H l 
I' 1 \' 2 
ll c; 

c 1C4 

01\5 
Jli:t 

c 
(. 

c 
c 
"( 

l 
c 
( 

c 
c 
( 

[ 

c 

c 

c 

(. 

Ul 
tt2 

u: 
lt.4 

u; 
tt.t 
tt: 1 
l7l 

t t. l 
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'!' ,_. AX= t • ii'* [ 11\ l X 

> ~ I I\= - 7 • S * C Ii, TL:+ [ w l I\ 
X,_AX= 7.5*C!~fC+Cl'll\ 

[( 67(: J=l,3 
Cl TC (ttl,U3,t6:,),J 
CC tt'.2 l=l,h~u 

t • (I l= 2. :O * t ( 1, It~.~ l * f-T I' IE 11' 
CC. TC U.7 
CC l t 4 I = 1 , I\ ~ •1 
/l'lll=Z.G*l(IT~AX,J+l\Al*~ll'/Ell' 

(( TC tt7 
C C t l t I = l , r-; ~ •) 
1"(11=2.(*t(!l", l+l\Al~f-l"/£.1,. 
CALL X'rflll/\~O,AP,El',Xl'll\,>,.AX,Y~l~.~~Ax,ccc,1,f,21 

Clh T H,L E 

[( 671. j=J,3 
Cl Tl (~tl,ct3,tl~l,J 

tHll=Yl<2tl 
tHZl=>ll'ill 
tH3l=Xl(5Sl 
tH4J=Xllt~l 

CL TC tt7 
U3 t,_!ll=>-212tl 

H!2l=>.::141l 
Hi3i=~;(:;:;; 

tH41=>2<l51 
CC TC tt7 

tt5 H!ll=>312tl 
n 121=>31 1<11 
nl31=•:?1:0Sl 
tH'<l=>3(tEJ 

t. l i ( A l L > 'r .f- l I ! I\ 5 '' , A I' , E ,_ , >: ,. I I\ , > II t x , Y ,. I /\ , 'f 1' t. X , [ r C , L t. t , 2 l 

C7J COTl1'LE 

U.ll Ft.PHlill 
(ttL F,.Fl[T(~l,S2,LS,C~!1',C"'t.n 

Cl U:r. l=l.IP 
(l ~t;) J=l,l\Jl\T 

tfC »11,Jl=>XC!,jl~Elf'/1-H 

101 f(.fUtJ(2fl1.f) 
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0018 
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Pl\GE 

$t;BROUTINF PAGE 
c 
c sug~OUT[N~ TC S~T UP PLCTTING ON AN 8-112 x 11 INCH APEA 
c 

c 

c 

DI~ENSICN A!2),8!?1,CCCl3l 

DC 120 I=l,3 
120 CCCtll::oO.O 

LAB=O 
A!ll=O.O 
A!2l=ll.O 
B!lJ:oO.O 
8(?1=0.0 
CALL XYPLCT12,A,e,o.o,15.o.o.o.10.o.ooc.L~B) 

Alll"'ll.O 
8121=8.5 
C~LL XYPLCTt2.A,R,o.o.1s.o,o.o.10.o,occ,L~8l 

Alll=O.O 
A(2)=0.0 
CALL XYPLCTt2.a,e,o.o.1s.o,o.o,10.o.occ,LABl 
A<2l=ll.O 
B!ll=8.5 
CALL XYPLCT12,A,e,o.o,1s.o,o.o,10.o,QOC,LAB) 



0001 
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0003 

000~ 

0005 
0006 

0007 

000'3 
OlHl9 
0010 
0011 
0012 

0013 
0014 
0015 
0016 
0017 
0018 
OOlG 
0020 
0021 
0022 
0023 
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0035 
0036 
003 7 
00'1!3 
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c 
c 
c 
c 
c 

c 

c 

c 
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PA PL CT 

SUBROUTINE PAPLOT!Sl,$2,LS,DMIN,O~AX) 

SLBRCUTINE TO PLCT CUT,Ch A SINGLE 8-1/2 X 11 PAGE A CO~TCJ~ ~AP CF 
A PARA~ETER ALCNG WITH PLOTS OF STATIC INITIAL AND FIN~L VALUES AS 
WELL AS MAX!µU~ OYNA~!C VALUES 

CC MMC NI RED I A ( l 5 0 2 , l 2 l , T I 150 2 I , AX { 11 2 I , BX I 112 ) , CA l I ( 1 5 , 2 J , X { l 0 l , 
X TCALl1ITM,~T,NA,N?CLY,NS2,N!NT,HrEIM,HT~,AGS,GA~~tM, 

x NTYDE,Fl~.~C,XP(<;) 

COM~ON/8LUE/Xl(ll21rX211121,X31112l,TTl15021,XX(l502,ll2J,XMlll, 
X VM(ll,T"l(ll.IT'l.\Xt!X~AX 

CC"~~N/GREE~/CM~X(21tC~ll\12l,lPLTCO 

CC~MCN/~PAY/TlTlElllSJ,JITLE2118J 

'J l ~!=~;SI CN S l ( l l , S 2 I l l, LS ( 11, DOC I 3 l, ti. A ( 2 l , BB I 2 I, T 11-+ I, T 2 ( 31 , T 3 I l l , 
X LT(4),CX(lOl,CYllOl,CZ(lOJ,PX(ll,PY(ll,TOCJI 

DATA 11/'LOCA' , 1 T!CN 1 ,• {X', 1 /Hl'/,T2/'TIME',' (T','*Fll'/ 9 

X T3/'X/H'/,T~/•T•Fl'/,LT/15,12,3,-t/1T0/ 1 '/ 

DC 701 l=l,3 
701 CCC I I 1="''1 .o 

DC 702 I=l.IT" 
7 02 T ( I I= T ! l l *Fl M 

Nll\T=N!NT-3 

CUL PAGE 
LAB=O 
CALL VLABEL<1.s,2.o.c ... AX(ll,CMINCll,5.0,5,Tl,Ll(ll,l.'IF3.ll',31 
CALL Vl~flfll7.5,l.5,C'4AXlll,C~INlll,2.5,2,TJ,LT(J),l,'lc3.ll',JI 

CALL VLABELl7.5,l.5,C~IN,C4AX,2.5,2,S2,LSl21r0,'(F5.2l',5l 

CA l L Vl ABEL I 7. 5 , 5. 0, C ~ l \, C '.!AX , 2. 5, ? , S 2, l S ( 2 I , l , 1 ( F 5. 2 l ' , 5 I 
S ,- ART= l. 5 t I ! 5. 0- (FL 0 HI LS i l l ) * 5, () 112. 0 l I I 2, 0) 
CALL SYSSYM(START,1.2s,o.s,s1,LS(ll,O.OI 
CALL SYSSYM(l.o.1.1s,a.1,TITL~1.12,o.01 

C•LL SYSSY~(1.o.1.o,o.1.TITLE2,12.o.01 

IFI IPLTCD.l=C.OIGC TC 703 
CALL VLA9EL(J.5.2.o,C ... IN(21,CMAX(2J,5.o,5,T2.LTl2),0,'(F4.ll',4) 
CALL VLABELC7.5,5.0,C~IN121,C~AXl21,2.5.2,T4,LTl-.l,0,'(~-..~l',~l 

GC TO 704 
7 03 c H L v L ~.,El r7. 5' 5. c' [·~IN ( 2 ) , c" AX '2) • 2. 5. I • T 4 'l Tl 4 ) ' 0' • p: 4. l ) I '4) 

CALL VLABFL!l.5,2.0,C~INl2),CMAXl2),5.0,l,T2,LTl2J,O,'{F4.l)',-.I 

CC=Cl'AX(2l-C~IN12) 
DA=0.2*CC+CMI~l21 

P8=0.8*CC+Cv!Nf21 
PC=0.05*CC+CM1~(21 

PD=0.15•CC+C~Ihl2l 

PE=O.l*CC+CM!Nl21 
DF=0.6*CC+CMIN{2) 
CALL VLABEL14.0,2.0,PA,PB,l.B75,3,TU,.,1,•1F-..ll',~! 
CALL VLABEL!2.125,2.0,PC,PJ,1.2s.2,To,4,o,•(F4.l}',4l 
CALL VL~P.EL(8.125,5.0,P~,PF,l.25,lrT0,4,0, 1 (F4.l) 1 ,41 

CALL VLABEL(B.75,S.O,PA,PF,0.625,l,T0,4,0,•(F~.ll',41 

7 04 A • I 1 I: l • 5 
Atl(21=6.5 
BBi 11=7.0 
B812)=7.0 



0044 
00.:+5 
004t 
004 7 
OC'48 
0049 
0050 
OC51 
0052 
0053 
0054 
0055 
0.C56 
0057 
005 'l 
OC5<; 
OOtO 
0061 
0Ct2 
0063 

OC64 
0065 
0066 
0067 
0068 
OC6<; 
0010 
0071 
0072 
0073 
0074 

0075 
0076 
0077 
0073 
007<; 
0080 
0081 

0082 
0083 
0084 
0085 
0086 
0087 

0088 
0089 
ooc;o 
0091 

c 

c 

c 
c 
c 

c 
c 
c 
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PAPLCT 

CALL XYPLCT(2,AA,BB,0.0,15.o,o.o,10.o,ooc,LAg) 
A~lll=6.5 
BB(ll=2.0 
CSLL XYPLCT(2,AA.BB,o.o.1s.o,o.n,10.o,DoC,LABl 
Atdll=7.5 
B~Cll=4.0 
AA!2l=l0.0 
BB!21=4.0 
CALL XYPLCT!2,A~.ee~o.0~1s.o.o.o,10.o,D0C,LABl 
AA!ll:10.l'J 
BB!ll=l.5 
C6LL XYPLOT{2,A4,88,o.o,1s.o,o.n,10.o,00c,L4EI 
Atdll=7.5 
Bf\! l }=7.5 
Hl2l=l0.0 
88(21=7.5 
CALL XYPLCT{2,AA,eB,c.o,1s.o,o.J,l0.0,9JC,LlP) 
AA!ll=lO.O 
BB!11=5.0 
CALL XYPLCT(2.A~.BB,o.o,15.o,o.o,10.o,Das,L4BI 

IFIIPLTCD.NE.OIGC TC 712 
C~=CC/f 2,0*1P~-Cl-'H;!2l 11 
CB=-(l.O-CAl*C~INl2l 
~A=CC/l2oO*(C~AXl21-PAll 
DE=llCl-'AXl21+Cl-'IN!2ll/2.0l-{DA*PAI 
DC 710 I=l.!Tr' 
!FIT( ll.LT.PAIGO TC 709 
T( I ):(T{ I l*GA)f-')8 
GC TC 710 

103 Tlll:!l(Il*C.Alf-(8 
710 CCNTINUE 

712 N9=NT-NA 
DC 71'• I=-1.NB 
C x I I I =- x I I._ l l I ti T,.. 

714 CY( I l=O.o 
[F{NC.EC.OIGC TO 718 
DC 717 I=l,NC 

717 CZCil=-XP(lf-1)/HTI-' 

SCALE PARA~ETERS FOR CCNTCUR PLOTTING 

718 CINT=CA9SIC~AX!l l-C'4IN!l II l/5.0 
Xl'I,..,=-7.0*CINT 
X"'AX= 3.0*C!NT 
CTNT=(A8SCC~AX(2l-C~INl2lll/5.0 
Tto,IN-=-1.5*C INT 
T~AX=l3.5*CINT 

PLCT CONTOURS 

IFINC.EO.OIGC TO 720 
CALL XYPLTINC,cv,cz,T~IN,TMAX,X~IN,XMAX,CCC,LAB,41 

720 CALL XYPLTINB,cv.cx,T~JN,T~AX,X~IN,X~AX,DOC,LAB,3l 
AAlll=Cl'INl21 



0092 
00<';3 
ooc;4 
OOS5 
OOS6 
0097 
0099 
OC99 
0101) 
0101 
0102 
0103 
0104 

0105 
0106 
0107 
0108 
010'1 
011 () 
0111 
0112 
0113 
Olh 
0115 
0116 
0117 
Olle 
011 c; 
0120 
0121 
0122 
0123 
0124 
0125 
0126 
0127 
0128 
012c; 
0130 
0131 
0132 
0133 
OP4 
0135 
0136 
0137 
0133 
013'1 
0140 

0141 
0142 
0143 

c 
c 
c 

c 
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Be!ll=BX!IX"'AXl 
AAf2J=Cl'AXI?> 
Be!2l=BXl IX'IAXJ 

PA PLOT 

CAIL XYPLCTIZ,AA,eB,T~IN,TMAX,XH!N,XMAX,~OC,LABI 
AHll=TIITl-l~Xl 

BB { l l '"-CM l N ( l l 
Atd21:T!I1M:\Xl 
-BBl2l:-(l'IX(ll 
"CALL XYPLC112,A~.se,TMIN:TMAX,XMl~.XMAX,DOC,LA8l 
-PX(ll=TtIHIAX) 
PYlll=BXI IXl-1!\X) 
CALL XYPlT(l,PX,PY,T~l~,T~AX,X~l~,XMAX,DOC,LAB,lJ 

CALL MAPIT,Bx.xx.TMAX,THINtXMAX,XMl~,DMAX,OM!N,ITM,NINT,211 

PLOT INITIAL AND FI~AL STATIC PAR~METERS AS ~~LL AS MAXIMU~ DYN~~rc C\~S 

C I I\ TX=' ( ABS IC I' 4 X I l 1-C I" IN I l ) I I 12. 5 
C!NTT~(ABSIC~AX{2)-CM!Nt2lll/2.5 

CINTC:(ASS!C~AX-C~INll/2.5 

Y"llN=-4.0*Cll\TX 
Y~AX= 6.0*CHTX 
XMIN=-7.5~CINTD+O~IN 

X~AX= 7.5~CINTC+CVIN 

CALL XYPLT(l,XM,YV,XMINrX~AX,YMIN,YMAX,DOC,LAR 9 l) 
lFtNC.EQ.O)GC TO 722 
CALL XYDLTINc,cv,cz,xMIN,X~AX,YM!N,YMAX,DCC,LAB,~l 

122 CALL XYPLT(Nq,cv,cx,xvIN,X~AX,YMIN,Y~Ax.occ,LAA,3) 

AA{l)=O.O 
AAl2l=O.O 
B!'I( ll=-Cf".AX( 11 
BBIZJ.:c-CMl·'-'! l l 
CALL XYPLCT{2,IA,eB,XV[N 1 XMAX,YMI~rYMAX,DOC,LASI 
CALL XYPLCTININT,x1.sx,x~1N,X~AX,YM!N,Y~AY,DCC,LABI 

CALL XYPLCT!N!NT,x2.~x.xvJN,XMAX,YMIN,YM\X,DOC,LA5) 
CALL XYPLCTININT,X3,ex,x~IN.x~AX,YMIN,YMAX,DCC,LABl 

YVIN=-5.0*CINTD+D1"1N 
YVAX~ 5.0*CINTC•C~IN 

X'llN-,,-7.5*ClNTT 
X~AX= 7.5*CJNTT 
JF(!PLTCD.N~.OlGC TO 726 
IF(T~(ll.LT.PAIGC TO 725 
TM(ll=ITM{ll*CAl•CB 
GC TC 726 

725 Tl>'lll=!Tl-llll*Ul+-CB 
726 CALL XYPLT(l,TM,x~.XMlNtX~AX,Y~I~,Y~Ax,ooc,LAB,ll 

BB!ll=O.O 
Fle<21=0.o 
AA(l):cCV.111.(2) 
AA(2)=Cl'AX(21 
CALL XYPLOT(2,A~,BB,X~IN,X~~x.vv,r~.v~~x.roc,L~ol 

LAB=-1 
CALL XYPLCT!IT~,T,TT,X~IN,X~AX,Y~!~,YMAX,COC,LABJ 

IF(fPLTCC.NE.OIGC TC 73~ 

PG~ICMAXl2l+CM1~(2Jl/2.0 

DC 729 I:l,ITM 



0144 
0 l.:+ 5 
Ol4t 
0147 
0148 
0149 
0150 
0151 
0152 

0152 
Oi54 
f) 155 

015~ 

0!57 

c 

c 
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Pl.\ PL CT 

IF(T( 11.LT.PGJGO TO 728 
1(.il=IT!I 1-CRl/Jf, 
GC TQ 729 

728 Tlll-=ITCll-CBl/CA 
729 CCNTINU~ 

IF!T¥1ll.LT.PG!GC TO 732 
T~( l l:o(HI( i I-CBI /CA 
GC TC 734 

732-T~lll=IT~lll-CBl/CA 

734 DC 735 l=l,lH' 
735 TIIl=T!ll/FlM 

f\INT=-f\P,T+3 

PET URN 
END 
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00?7 
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c 
c 
c 

c 

c 
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PAPRl\T 

S~BPOUTINE PAPRNT(lPAR~l 

S~BRDUTINE TC PRJf\T CGT PARAMETERS 

CC"V.CN/RED/All5'12,12l,Tll5021,AX!ll2l,BX(ll2l,CALll15t2l,X(lCl, 
X TCALJ,ITM,f\T,NA,NPOLY,NS2,NINT,H,El"•HTM,AGS,GA4MAM, 
X l\TVPE,FlM,NC,XPl9l 
-C C'l 'IC N/ BLUE/ X l { 11 2 I , X 2 { 112 l • X3 I 1 12 l, TT I l ') 02 I , XX ( 150 2, 112 I , X" ( l l , 

)( Y"llll,P\(1),ITMAX,IXl''H 

NINT=NJf\T-3 
TA=T(ll*FlM 
TB"'Tt lT"'AXl*Fl" 
TC=TI IT·"l*FlM 
I)( 61 l\:J,3 
PRINT 200 
GC TC!Sl,52,53,54),IPAR~ 

51 PRINT 201 
GC TC 57 

52 P"ll\T 202 
GC TC 57 

53 PRP'1 20; 
GC IC 57 

54 PRINT 204 
57 PRINT 220,TA,TB,TC 

l=t\*50 
DC 60 J,,.1,50 
I=<L··50l+J 
JF( I.GT.~dtfllGC TC 62 
T X=-BX (I l 

60 PRI\T 221,I,Xl(Il,X2(Il,X3t!l,TX 
61 CC1\Tlt.LJi:: 
62 CCNTINLJ'.: 

re Bl N=l.15 
PPJ~\T 2no 
GC 1C!71,72,73,74J,IP~R~ 

71 P Q Ii> T 2 f) l 
GC TC 77 

72 PP INT 202 
GC TC 77 

73 PRINT 20? 
GC TC 77 

74 PRINT 204 
77 TX=-BXIIX~AXl 

PRINT 222,TX,TX 
L=N*50 
DO 80 J=l,50 
I=Cl-50l+J 
l<"'l+(N-11*50 
KK=K+50 
lF(KK.GT.ITµ)GO TC 82 
TY=TCKJ4FlM 
TZ=T< KK !*F lM 

80 PRINT 223,K,TT!Kl,TY,KK,TT(KK),TZ 
91 CCNT INUE 



00-+9 
0050 
01)51 
0052 
0053 
01154 
0055 
0056 
0057 

0058 
0059 

0060 

0061 

OC62 

0063 

OOf.4 
0065 

0066 
006 7 

oo6e 
0069 

c 

c 
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82 C CNT J NUE 
NS=!2*N-11*50 
TFlK.EQ.NSlGC TO 86 
DC 85 I=K,f\S 
TY=T< I l*FlM 
IF( I.GT .ITHGO TC 86 

85 PRINT 22~.I,TTII},TY 

86 CCNT I NUE 
- N INT= NI "iT+3 

2 00 F CR~ AT I 1 H l I 

PAPRt\T 

201 FCR~ATl31X,'* * * * * * * * * *'• 
X /,31X,'* ~Cl'ENT 11'1 *!--/Ell *'• 
X /,31X,'**********'l 

202 FCR~AT(25X,'* • * * * e * * * * * * * * * *'• 
x /,25x,•• SHEAR IQ/(0.5•RC*G*IH••i11' *' 
x 1,2sx,•• • * • • * • • • • • • • • * ••I 

203 FCQ~ATl25X,'* * * * * * * * * * * * * * * *'• 
X /,25X1'* EARTH PRESSURE IP/{RC*G*Hll *'• 
X /,25X, '* * * * * * * * * * * * * * * *' l 

20 .. FCRl'AT(20X,'* * * * * * * * * * * *'• 
X /,29X,'* O!SPLACEMEt\T (Y/HI *'• 

X /,29X,'* * * * * * * * * * **'I 
220 FCR~ATl17X, 1 STATIC'tlOX,•~AXl~U~ DYNAMIC 1

1 6X,'FlhAL STAT!C 1 ,6X, 
X1 LCCiTIGN 1 ,1,12x,•tT•Fll=',El0.3,3X,'(T*Fll= 1 .El0.3,3x.• (T~F11~·. 

XEl0.3,5X,'!X/H)•,/,12X,'----------------
X__________ -----I l 

221 ~CR~lT(6X,I4,El9.3,2E20.~,Fl0.31 
222 FOP~iTllOX, 1 MAXIYLJW DYNAY[( 1 ,sx,•T!~E·,1~x.·~ax1MJ~ DYNA~Ic•,ex, 

X'll~E·.1,12x, 1 1x/Hl= 1 .F5.3,9x,•1T•Fll',15X,'(X/Hl='•F5.3,9X, 

X' (T*Fl l., /, lOX, '------------ -------- --------
X____ -------'! 

223 FCR~AT(6X,I4,2El5.3,7X,!4,ZE15.31 
224 FrR~ATl6X,I4,2El5.31 

RETURf\ 
El'\!"l 
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0.)05 
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OOC'l 
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0011 
0012 
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c 
c 
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c 
c 

c 

c 

c 
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PRESS 

St.;BDCUTINF PRESS 

SUBROUTTN~ TQ DERIVE ElRT~ PR~ssu~cs BY s~~AR DIFFERENTI~TIO~ 
CR RY CUINTIC SPLINE FITS CF PRESSURE lRA~SDUCER OAT~ AS 01~E 
IN SUBRCUTINE NJMENT 

CCl<l"l JN/ F<E 0 I~! 1502 ,12 l , TI 1502 l , AX ( 112), 8 X ( 112 l , C Al! ( l 5, 2 I , X ( 10 l , 
X TCAlI,IT~,NT,NA,NPCLY,NS2,NlNT,H,EIM 9 HTM,lGS,GA~M~~. 
X, NTYDE,F1Vi,NC,XP(9l 
- C Ct-1"10 NIB L U EI X 1 I 11 2 l , X 2 ( 1 l 2 l , X:: I 1 l 2 I , TT ( 1 5 0 2 l , XX I 1 5 0 2 , 112 l , X '"I ( l I , 
X Y"I! 11,Tl-i( 11.IT"l~X,!XM.".\X 
CC~V.CN/GREEN/C~AXl2l,C~INl2!,IPLTCD 
CC~MCf\/YEllOh/TRl1121,TSlll2} 
RE~l*~ STCRlllt25l 
D!MEt\SlCt\ Sl!2J,S2!3l,LSl2l,REl1502l,DOCl3J,OA{ll,BB111,AM(l0l, 

x s~11ol.CATA(3,10l,Clll),XDl(l01,A~lllOI 
OAT~ s11•PP~s·.·s~RF'/,S2/ 1 P/(R','0*G*'•'Hl 1 /1LS/8,lO/ 

N l "'t'I t\T-4 
IFl~C.~E.OlCC TS 900 
nc 825 J:l,lT1" 
DC go9 J=l,,It\T 

809 TC,(Jl=XX(i,Jl 
(all OERIV!~!~T.~,TR,TS! 

C Fil\D LCCATICN CF PRESS~RE RESLLTA~T tRE(l)I 
c 

c 

c 

c 

11'<=0. 0 
YA=O.O 
OC 8 1 5 J= l, NI 
DA=0.5•(tXIJ+l)-AXIJll*ITSIJtll+TSIJll 
Y=IAX(J+ll+AX{Jll/2.0 
A'<= ~R +GA 

815 YA=Y~+Y*Dll 

REl!l=YA/AR 
DC 820 J= 1, ~;I /\T 

820 XX!I,Jl=TSl.J) 
gz5 CO.TIN~F 

827 CALL CRUt\CH 

OC 830 l=ltlT"I 
DC 8; 0 J= 1 , I\ I I\ T 

930 XX(l,Jl""XX(!,Jl/IGAM"'~"*l-'TH! 
DC 835 I""l,NINT 
XllI l=Xll ll/IGAl'l'Al'*HT"1l 
X21Il=X21ll/(GA.~1"1\l'*HTl'l 

835 X3( l l=X31 I l/(GAMl'A"'*~li"l 
Xl'lll=X1"(1)/(GA~~Al'*HTI') 
!'C 836 r==l,!Hl 
RElil=-IRE!l)/HTl'l 

836 TTII)=TTllJ/IGA."ll'M*HTMl 

DC 840 I=l,3 



oo.:.o 
0041 
0042 
00~3 
0044 
0045 
OC.C:.6 
0047 
004 8 
oo:.c; 
0050 
0•)51 
0052 
0053 
0054 

0055 
0056 
0057 
005'l 
0051 
OotO 
00':1 
OC62 
006:?-
00{:4 
0065 
0066 
0067 
0068 
l) 060 
0070 
0071 
007 2 
0013 
0074 
0075 
0076 
0077 
0078 
0079 
OORO 

0081 
0082 
001'3 
0084 
0085 
00136 
00e7 

0088 
0089 
OOClO 
ooq1 
0092 

c 

c 

c 

- 330 -

PRESS 

B'tO DCCIIl=O.O 
LAB:O 
CI NTX"' { t. BS! Cl~ AX ( 11-CI' l t\ I l l I I 12. 5 
CINTC=I ABS!D~t.X-Df'INI 1/2.5 
Y"'IN=-t,.C*Cil\TX 
YVH:c 6.0*CINTX 
XVIN=-7.5*Cil\TD+DMI~ 

-X,,AX= 7.5*CINTD+C~IN 

-A.A( l l=O.O 
BB!ll"F<:Elll 
CALL XYPLT(l,AA,BB,XM!N,X~~X,YMJN,YMAX,~OC,LAB,11 

BB!ll,,,RE( IT'1AYl 
ciLL XYPLT(l,AA,ee.x~Il\,X~Ax.v~Il\,YMAX,DCC,LAB,01 

BBill=RF{JnJ 
CALL XYPLT{l,AA,ee,x'1IN,X~AX,Y~l~,Y~Ax,onc,LAB,5l 

JFl~C.EC.nJGC TO 940 
f\SO=f\W-2 
DO 856 I-=l,NSO 

858 Bl'!Il=-XPl!+ll/HT"' 
DC 860 1=1.3 

!360 CCCl!l=Q.O 

861 
%2 

863 
'364 

865 
866 
867 
g 70 

900 

l A'3=0 
Clt\TX=(AESIC"'AX!ll-Cl'l:\!llll/2.5 
CINTD={ABS!Q~AX-D~INll/2.5 

Y~I~::=:-4.fl~CINTX 

Yl'AX: 6.0*C INTX 
XWIN=-7.S*C!NTD+~l'!N 

Xl'AX= 7.5*C1~TD+C~IN 

DC 870 J=l,:' 
GC TC !S6l,S63,865),J 
r, C 8 6 2 I = l , t' S 0 
A,.. I I l =A I 1 , I +t, T II (GA 'I" A,.,* HT,_,, 
GC 1'C 867 
DC 864 I=l,t\SO 
l:M{ I l=At ITMAX, !+:\T)/!:;A,.,,.,A~*HTMI 
GC TC 867 
Dr: 866 l=l,NSO 
A"( l l=A! !T'I, !+NT! /{Gt.~"°Al"*HT"l 
CALL XYDLT!NSO,A~,R~,X~IN,X~AX,Y'l!N,Y'IAK,COC,LA3,21 

CCNTI~L~ 

GC T[ 940 

l\PP=NPCLY+l 
N°T=NC'+l 
Nll=-NPT+l 
Al"(ll=O.O 
I)( G05 l=l,t\PT 

905 DATA!3,!l=l.O 
CHIS~=o.n 

DC 930 I=l.IT"I 
DO 907 J=2,NPT 

9 07 A"' ( J l =A t I , J + 1\ T- l I 
CC 910 J=2,NPT 
DATA(l,J-ll=XP!Jl 



0093 
0094 

0095 

00<;6 
0097 
0098 
0099 
0100 
0101 
0102 
0103 
0104 
0105 

0106 

0107 
0 l Gt' 
0109 
0 110 
0111 
0112 
0 113 
0 l 14 
0115 
0116 
0117 
0118 

0119 
012 oJ 

0121 
0122 
0123 

0124 

0125 
0126 

c 

c 

c 
c 
c 

c 
c 
c 

c 

c 

c 

c 

910 8AT~C2.J-ll=AM(JI 
NPT=NPT-1 
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PRESS 

CALL LSCUARIDATA,hPT.~PP,C,CHISO,STORI 

NPl=NPT+l 
DC 917 J~l.Nh 

917-A~(Jl=O.O 

-oo 918 J=2,N'n 
-DC 918 K=l,NPP 

918 AV.CJl~A4(Jl+CIKl~XP(Jl**(K-ll 

Nl-.l=Nw-1 
DC 922 J-=l,N'nl 
)(P}(J):-oXD(J) 

922 A"'l<Jl=A1'(Jl 

CALCULATE PRESSURES hlTH CUBIC SPLINE 

FIND LCOTICN OF PRESSURE RESULTANT (REC Ill 

.\R=O.O 
YA=O.O 
!JC 925 J=l,NI 
r~~0.5*!AX!J+l!-AX!Jll*!TSIJ+ll+TS(Jl! 

Y=(AX(J+l l+.llX(J) l/2.0 

925 YA=YA+Y'<'DA 
RF(!}:YA/AR 
nc 927 J=l.~l!NT 

9?7 XX(J,Jl=lS(Jl 
930 CCNTINUF 

GC TC 827 

940 (6LL PAP~NTl3l 

CALL PAPLCTIS1,S2,LS,!JIJIN,!J~AXI 

DC 943 l=l,IT"' 
OC 943 J=l,Nil\T 

9~3 XXII,Jl~XXII.Jl*IGAv~AM*rT~I 

991 FCRM~T(2fl0.0l 

RETURN 
mo 



0001 

000? 
0003 
Ou'l4 

0005 
0006 
0007 
QO(l'J 

00\.19 
OotO 
0011 
OC12 
OCH; 
0014 
(IQ 15 
0016 
0017 

0013 
0019 
0020 
0021 
002? 
0023 

00?4 
0025 
002f· 
0027 
002 e 
0 C2CJ 
0030 
0031 
0032 
0033 
0034 
0035 
(1036 
0037 
0038 
003S 

0040 
0041 
0042 
0043 
0044 
0045 
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CUI NT 

SUBROUTINE CUINT{NN,x,v.~.s.r.BCI 

c 
C •••• SLBROUTIN~ TO FIT A C~l~TIC SPLlNE TC 4 SET G~ Q4T~ PCINTS (X,Yl 
C BC ARE BOUNCAAY CONDITIONS 
C 8C(ll=YCIJ;8C!21~Y'{Il;~C(31=Y''<li; 
C 8C(4J=YINNl;BC!5l=Y'!NNl;BC!6l=Y''(N~l 

c 

c 

c 

c 

c 

c 

DI~El\SICI'\ 5C(61 
DI Mf' NS l 01' X l 1 I , Y ( 11 • S ( l I , TC 1 ) t HI 5 00) , .1 I 5 0, 5 0 I , BI 5 0 I , U I 6, 6 l , C ( 6, 7 I 
cc~~ON/PUAPLE/J~Al\T,FIRl500l,SECl5001 

IFlNN.GT.SOllGG TG 99 
l'\=-NN-1 
N"l=N-1 
nc 5 I=l,N 
H(ll=X(l+ll-X(ll 

5 CCNTINLE 
N6=~*6 

DC 15 I=l ,N6 
BI 11=0 
nc 15 J=l,N6 

15 A(J,ll=O.O 
DC 25 l=l ,3 

25 A I I, I l = l. 0 

P.!ll=l'C!ll 
Bl21="8C!2l 
Bl31=8Cl31 
BINb-2!=5Cf4J 
f\(!\6-li=2.C!5l 
B(N6} 00 8C! 6J 

CC 40 I=-1,N"l 
8(4+ll-ll*61=Y!l+ll 
IR=4+!I-11*6 
[(:6*1+1 
t.IIR,!Cl=l.O 
IC=IC-1 
DC 35 J=l,5 

35 Al lR.+J, ICtJl=-1.0 
ARG=~!Il 

IR=3+1l-ll*:. 
IC=(l-ll*t: 
CALL SUBUIARG,Ul 
DC 37 JC"=l,6 
DC 37 JR=l,6 

37 AllP+JR,IC+JCl=U!JR,JCl 
40 CCNTINU!: 

CALL SUBU(H!Nl,Ul 
IR=N6-3 
1C-::N6-6 
DC 50 JC=-1,6 
DO 50 JR=l,6 

SO A(JR+JR,IC+JCl=UIJR+l,JCI 



0046 
0047 
0(\-+ 8 
0049 
005 0 
0051 

0052 

0053 
OC5-. 
0055 
0056 
0057 

0058 
0059 
OOtO 
0061 

0062 

OQ63 

0064 

0065 
0066 
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CUlNT 

C .o •• ECSOV !S A SYSTE~ SUBROUTINE 
c 

CALL EC~OVIN6,A,B,lO,l.OE-4,CtIT,OI 

DC 60 J=-1,M 
IFCS(Il.LT.Xllll GC TO 53 
OC 52 J=l,N 
IF{SIIl.LE.XIJ+lll GO TO 55 

52 CCNT!NUE 
CCCCCCCCCCCCCCCCCCCC 

GC TC 55 
ccccccrccccccccccccc 

c 

c 

c 

53 PRViT 106.I 
GC TC 60 

55 C C1'\T l NUE 
SX=S!Il-X(J) 
Tlll=C(1,Jl+SX*(C(2,Jl+ISX/2.l*(C(3,Jl+<SXl3.l*!Cl4rJl+ISX/4.l* 

XI CI 5, J l + l SX /5.) *CI 6, JI JI l l 
IFIJ~A~T.EC.01 GC TC 60 
SEClll=C!3,Jl+SX*ICl4,Jl+ISX/2.l*IC(5,Jl+{SX/3.l*Cl6,Jlll 

60 co. T n.uE 
PETURf\ 

99 Pf<INT 107 

106 FCRMATl/, 1 ThE',I5, 1 T~ ELEWE~T OF THE ARRAY SIS CuT OF RA~GE 1 ,/, 

X' ERPCR MESSAGE FPC~ ~UI~T•,/) 

107 FCR~AT(/,• N IS LARGER T~AN so1•,1, 
X' ERROR MESSAGE FRC"1 CUI~T' ,/I 

RETURN 
ff\~ 



0001 

0002 

oorn 

0004 
0005 
0006 

0007 

ooce 
0009 
0010 
0011 
0012 
0013 
0014 
0•) l 5 
0016 
orn 1 

0018 

OC19 
002·1 
0021 
00?2 
0023 
()(' 2 < 
0025 
0026 
0027 
OOZP 

OC?9 
0030 

0031 
0032 
0033 

0034 

0035 
0036 

c 
c 
c 
c 

c 

c 

c 

c 
c 
c 

c 

c 

c 

c 
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SHE AP 

SliRPCUT !Nf= St-'EAI<. 

SUBRCUTINE TO DERIVE ShEAFS RY ~C~ENT CIFFEREl\Tl,TION O~ 
PRESSURE DISTRl3UTION INTEGRATION 

CC MI< 0 I\ IP ED I A I 1502 , l 2 ) , T ( 150 2 l • AY ( 112 l , BX ( 112 I , CA l I { l 5 , 2 l , X ( l r, l , 
X TCALI,IT~,NT,NA,NP0LY,~S2,NI~T,H,EI~.HT~.A3S,GA~~A~, 

X ~TYPE,Fl~tNC,XP(9l 

C CMMON f BL VE IX 11 11 2 I , X 2 ( 112 I , X3 ( 1 12 l , TH 1502 l , XX ( 150 2 r 1 l 2 l • l( I'. U l , 
X Y"l(ll,T>-Hll,{T'IAX,IXMAX 
CCMMCN/YELLC~/1R!ll2),1S!ll2l 

DP'El\SICf'. Sl!2J,S2!3!,LS!2l 
DATA Sl/'SHEA 1 , 1 R•/,S2/'C/(P 1 ,'AE/K','AEl'/,LS/5,11/ 

DC 725 I=l.IlY 
DC 7C9 J=l,l\lNT 

109 l RI J l "'XX I I , J l 
IF(l\C.1\€.0JGG 12 712 
C4LL DE~IVININT,~,TR,TSl 

GC TC 714 
712 
7 !:. 
720 
725 

127 

CALL ll\TEG!N!NT,AX,TR,TS,01 
'JC 720 J'"l,t\ll\T 
XX(!,Jl'='TS!Jl 
CCNTil\U~ 

CALL CRUNCH 

DC 727 I=l.tlM 
')[ 727 J=l.~;J",T 

XXll1Jl=XX(l,Jl/(0.5*GAMf"'4~*1rT~~*21) 

DC 735 !=!, .... INT 
Xl(Il~Xllll/(0.5*GA'IY4Y*(HT~**2l) 

XZ1ll=X21Il/{(l.5*GAYWAM*!HTY**2l I 
735 X3({);X3(!)/(0.5*G4Ml'4f"'•(HH'*"'21l 

x 'I ( 1) = x y ( l I/ ( 0. 5 *GA 'I y .~ "* (HT 'I** 2) ) 
DC 73f I=l.IH' 

736 TTIIl=TTtil/t0.5*GAMl'l"'*IHH'**2ll 

(!ill PAPRl\Tl2l 
Clll PAPLOTIS1,S2,LS,DMIN 1 0MAXI 

DC 744 !=I.IT/I 
De· 744 J=l,NINT 

744 XX(l,Jl=XX!I,Jl*<0.5*GA~~A'l*IHT~**2l I 

RETURN 
Er-. !J 



0001 

0002 
0003 

0004 
0005 
0006 
0007 
oona 
0009 
0010 
0011 
0012 
OOD 
0014 
0015 
0Lll 6 
0017 
OOl'l 
OC19 
0020 
0021 

0022 

0023 
0024 
00?5 
0026 
0027 

0028 
0029 

0030 
0031 

0032 
0033 
0034 
0035 
0036 
0037 
0038 
0039 
0040 
OO:tl 
0042 
0043 

0044 
0045 

c 
c 
c 

c 

- 335 -

SPLil\E 

SG~ROUTINE SPLINE(N~.x.v,M,S,TI 

SUBROUTINE TO FIT A CUBIC SPLTNF TO A SET OF ~N POINTS CX,Yl 

CCM~CN/W~ITE/I~~l\T,OEq(l500I 

DI "1ENS I Cf\ XI l), Y 1 ll, S ! l l 9r { 1), A I 1500 • 3), i3 i 1500), P ( 1500 l, HI 1500) 

IFll\N.GT.150llGC TC SO 
N=NN-1 
NMl=N-1 
l)C 5 I=l,1\ 

5 H{Il=X(l+ll-Xl!l 
DO 15 I=l,N"11 
Al l.ll=H I l/~II+l l 
All,21=2.0*(H(l+ll+H!lll/H(l+ll 
A!l,31=1.0 

15B(ll=6.0*l(Y(!•21-YCl+lll/~{I+11-{Yll+ll-Yll11/~ll ll/H{l4l) 
A(l.ll=O 
All\"'1,31=0 
CALL ALGECNll\~l,A,8,Pl 

DC 45 1-=l ,1-1 
!FISIIl.LT.Xll>IGC TC 26 
DC25J=l,N 
!FIStil.LE.X(JtlllGC TC 28 

25 CCf\TINUt: 
c cccccccc 

GC TO 28 
c cccccccc 

26 PRPH 106.I 
GC TC 45 

29 IF!J.EC.l)G~ TC 30 
IF(J.EC.NlGG TC 40 
TI I l" ( P ( J-1 I* IX I J + l l- S ! I I l ** 3+ 

x p I J l * ( s ( I )-X ( J J I**?+ { 6. 0 * y ( J + ll- 1-1( J l H 2 * D ( J l l *Is ( I )- x ( J) ) + 
X ( 6. O* Y ( J l -H { J I** 2 * ;> ( J- 1 l l * (XI J +l J -SI I l 1 I I ( 6. O* H ( J) l 

GC TC 45 
30 TIJ ):(P{Jl*(S(Il-X(Jl l**3+(6.0*Y(J+l l-HIJl**-2*P(Jl l*IS( I l-X(JJ )i­

X6.0*YCJl*IX!J+ll-S(IJ l )/(6.C*H(Jll 
GC TC! 45 

40 T < I I = ( P ( J-1 ) * { X ( J t 1 I - S ! I l I * *?. + 6. 0 * Y ( J + l l * I S ( I l - X ! J I i + 
X ( 6. O*Y I J) -H ( J l ** 2* Pt J-1 l I* f X ( J + l l - S ( i ) I 1 / ( 6. O*H I JI l 

45 CCf\TINUE 
l~(l~~NT.EC.OIRETLRN 

DC 80 l=l,M 
IFIS!ll.LT.XllllGC TC 52 
DC 50 J=l.N 
IFtS!ll.LE.XIJ+ll)GO TC 54 

50 CCl\TINUE 
52 Pi<INT 106.I 

GC TC 80 
54 IFCJ.EC.ltGO TC 60 

IF!J.EO.NJGO TC 70 
0 ER ! I l" i 3 • 0 * ( P ( J I * { S ! I I- X I J I I ** 2-P ! J- l I * I XI .J t 1 J- S ( I I I * * 2 l + 

X6.0*(Y(J+ll-Y(Jll-H(Jl**Z*IPIJl-PIJ-llll/(b.O•H(Jll 
GC TO SC 

60 OER(1)•(3.0*P(Jl*!S!Il-X(Jll**2•6.0•!Y(J•ll-Y!Jll-H!Jl**2* 0 !Jll/ 



0046 
0047 

0048 
0049 
0050 

0051 

0052 

0053 
0054 

c 

c 

xu~.O*HlJll 
GC TC 80 
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SPll t\E 

70 DER!Il=!-?.O*P(J-ll*IX!J+ll-<;1Ill**2+6.0*!Y!J+ll-Y(J))+ 
XH{J)~~2*P(J-l))/(6.0*H(J)) 

BO CCl\Tll\UE 
PETURN 

90 PQINT 107 

lOcr FCR 11 .n1•0 THE' •,15,•rH EU'PFNT OF ARRH s IS our CF R.H\GC: -----
.x ERP 0 ::< 'IE SS AGE F '< C 'I SP L IN E' l 

107 FCR~AT !'0 ~ IS LARG=R T~A~ 1501, SCRPV' I 

RETURN 
E\J 
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SUBU 

Q(\01 SCRROUTINE SUBU!X.Ul 
c 
c ..... SCBROUTlNE CHLEC IN C:U I I\ T 
c 

oor12 D H'E t\S I C.r-.; U!6,61 
0003 DC 5 I= l t 6 
00(14 DC 5 J"' 1. 6 
0005 5. U!l,Jl=O.O 
0006 - DC 15 1=2,6 
001)7 15. U(l,I)=X 
0008 DC 25 I=l,5 
0009 25 UCI+l.11=1.0 
0010 U!2,3l=0.5*X*X 
0 011 L'(3,4)"'Ul2t3l 
0012 Ut4,5l=L(2,3l 
0013 Ul5,fi}=U!2t31 
0014 U(2,~l=U!2,31•Xl3.0 
0015 U!3,5l=U(2,4l 
0016 UC4,6l=UI z,4 l 
0017 u<2,5l=U{2,4)*X/4.0 
01)18 U!3,t:l=U!2,5J 
0019 U(2,6l=U<2,5}*X/5.0 

c 
0020 RtTLPI\ 
0021 EN') 



0001 

0002 

0003 

0004 
0005 
0006 
0007 

0003 
1)()09 
0010 
0011 
0012 

001: 
!) (ll 4 
or15 
0016 
0017 
0018 
0019 
0020 
0021 
0022 

0023 

U0?4 
0025 
0026 
(lf\27 
0028 
0029 
0030 
00?1 
0032 
0033 

01)34 
0035 

0036 
0037 
0038 
0039 
00.:+0 
0041 

c 
c 
c 

c 
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YDISP 

SLBROUTINF YClSP 

SLBRCUT!NE TC DETERMINE CISPLACE~ENTS BY DOUBLE Il\TEGR4TIC~ CF MC~E~TS 

CC~MON/FED/4!1502,121,T(l502l,AXill21,BXill2l,CAllll5,2l,XllOl, 
X TCALl,ITM,NT.NA,NPCLY,NS2tN!NT,H,EIM,HTM,~GS,G~~M4~, 
X NTVPE,FlY.,NC,XP(SJ 
- C CM MC! I\ I Bl U El X l ( 11 2 l , X 2 I l l 2 l , X 3 ( l l 2 l , TT I l 5 0 2 l , XX ( l 5 0 2, l 12 l , X M ( 1 l , 
-x Y II I 1 I , TM I 1 l , IT fl 4 X, [ X fJ 4 X -
CCM~Cl\/YFLLCW/TRl112l,TSl112l 

CCM~CN/BLtCK/DIS!l502,3l 

DIMENSICN S113l.S2Cll.LSl2l 
DATA' Sl/ 1 DISP 1 •'LACE' , 1 "IEl\T 1 /,S2/'Y/H 1 /,LS/12,3/ 

REA':'(2llXX 
REAC 381,D"lll\,04AX 
DC201 I=l,IT,.. 
f)[ 201 J=l,2 

201 DIS! I,Jl=DlSf I,JJ*E!I' 
c 
C DflERMINE DISPL,CEl'El\TS 
c 

c 

c 

c 

c 

c 

DC: 250 I=l.tT"' 
:JC 2 l 2 J = l , ~>! I\ T 

212 TR(J)=XX(l,Jl 

2?. 7 
2 50 

274 

277 

278 

280 

283 

CALL ll\TEG!NlNT,AX,TP,TS,l) 
C~Ll lNT~G!Nil\T,~X,TS,TR,ll 

EE= IT P < ll - TR I I\ It\ T l +DI S ( I , 2 l - 0 I S ( I, 1 I l I ( AX (NI t-;T I - AX ( 1 l l 
FF= D IS l l, 1 l - I :: E* .~ X l l l l - TR I ll 
DC 237 J"'lt\ll\T 
XX(I,Jl=(TR(J}•!tE*AX(Jil+H)/:01"' 
cn;TINUE 

Ctll CRLl\CH 

OC 274 I=-l.IT"I 
DC 274 J=l,Nll\T 
XX( l,J)"-'XXI I,J)/1-'H' 
DC 277 !=l,NINT 
Xl!IJ=Xllll/t-'T"' 
X2( I l=X?l 1 l/1-'T"' 
X'3(I J=X3( I l/HT"I 
X .... (ll=X"lll/HTM 
f)C 278 I=l.IH' 
TTl!l=THil/HTM 

CALL PADPNT(4) 
CALL PAPLCTts1.s2,LS,D"IIN,DMAX) 

DC 280 l=l.IT1'! 
DO 280 J=lrNlNT 
XX( I ,J)=XX( ! ,J)*HT1'! 
DC 288 I=l.IHI 
DC 288 J=l,2 
DIS! I,JJ=CISI I,Jl/EIM 



0042 

004~ 

0044 

c 
381 FCR~6T!2Fl0.0) 

RETURI\ 
F.l\D 
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YD ISP 



0001 
0002 
ooo~ 

0004 
uuus 
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BLK CATA 

BLOCK DATA 
cc~~Ch/~HITE/!WA~T.CER(l500) 

CCMMON/PURPLE/Jwa~T,F!R!500l,SEC(500l 

OATA 1wa~T/O/,JWA~l/O/ 

E~O 
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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 snmoLS 

Symbol Definition 

a externally applied acceleration 

aR set of dimensionless external acceleration ratios 

d thickness 

du digitizer unit 

e void ratio 

f 
a 

f f mp 

g 

i 

elastic strength of aluminum 

frequency of vibration of model, prototype 

fundamental frequency 

gravitational acceleration 

gravitational acceleration of model. prototype 

height 

angle of backfill slope 

k number of dimensionless groups 

1 length of beam 

Dimensions 

L 

FL-2 

T-1 

T-1 

LT-2 

-2 LT 

L 

0 

L 
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Symbol Definition 

n number of drainage boundaries 

n number of parameters 

t 

t 
c 

t t cm cp 

u 
0 

v 

y 

time 

consolidation time 

consolidation time of model, prototype 

model1 prototype time 

externally induced displacement 

externally induced displacement of model, prototype 

set of dimensionless externally induced displace­
ment ratios 

lateral velocity 

length and distance in coordinate directions 

wall displacement 

Dimensions 

T 

T 

T 

T 

L 

L 

L 

L 

L 
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Symbol Definition 

A constant of integration 

B constant of integration 

ca expression dependent on Mononobe-Okabe parameteLS 

c 
v 

E 

coefficient of consolidation 

Young's modulus 

Young's modulus of aluminum 

Young's modulus of model, prototype 

ER set of dimensionless Young's modulus ratios 

EI stiffness per unit width of wall 

F typical force dimension 

F() function of 

F. S. factor of safety 

G 

G G 
m P 

shear modulus 

shear modulus of model, prototype 

G() function of 

G. S. Ground surface 

H height 

height at which resultant force acts 

depth of frost cover in front of wall 

height of model, prototype 

moment of inertia per unit width of wal 1 

Dimensions 

L 

L2T-1 

FL-2 

FL-2 

F'I.,-2 

F 

L 

L 

L 
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Symbol Definition 

KA coefficient of static active lateral earth. pressure 

KAE coefficient of total active lateral earth. pressure 

K_ coefficient of total passive lateral earth pressure --PE 

L 

LL m p 

typical length dimension 

length scale of model, prototype 

LR set of dimensionless length ratios 

M 

M 
0 

typical mass dimension 

moment 

active static moment 

active tot&i (static + dynamic) moment 

design. moment. 

overturning moment 

resisting moment 

iThII Modified Mercalli Intensity 

N centrifuge gravitational acceleration scale factor 

N ratio of prototype to model length scales 

p pressure 

p externally applied load 

active static resultant wall force 

externally applied load of model, prototype 

total (static + dynamic) active wall force 

Dimensions 

L 

L 

_1 

FLL .L 

F 

FL-1 

F 

-1 
FL 
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Symbol Definition 

PPE total (static + dynamic) passive wall force 

PR set of dimensionless external load ratios 

Q shear force 

Q externally applied stress 

OmQP externally applied stress of model, prototype 

Q 
R set of dimensionless externally applied stress ratios 

maximum static active pressure 

maximum total {static + dynamic) active pressure 

RW1 Retaining Wall #1 

RW2 Retaining Wall #2 

s unit section modulus of cross section 

T typical time dimension 

T time factor of consolidation 

TT time factor of consolidation of model, prototype Ill p 

w weight of soil wedge behind wall 

w weight of backfill 

Dimensions 

-1 
FL 

FL-2 

-2 FL 

T 
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GREEK SYMBOLS 

Symbol Definition 

P angle of wall back slope 

r unit weight of soil 

& angle of wall-soil friction 

\) Poisson's ratio 

Poisson's ratio of model, prototype 

p mass density 

mass density of model, prototype 

a internal stress 
0 

a 0 maop internal stress of model, prototype 

aoR set of dimensionless internal stress ratios 

angle of internal friction of soil 

active wall force increment due to earthquake load 

Dimensions 

0 

0 

_,., 
FL"" 

I<L-2 

0 

-1 FI, 
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APPENDIX D 

FINITE ELEMENT COMPARISON 

For an analytical comparison, it was decided to perform a finite 

element analysis on the wall-soil system of test 1CN0002 using the 

linearly elastic structural analysis program SAPIV (Bathe, ct. 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 

boundaries were determined to be those existing in a postulated 

prototype centrifuge bucket (i.e., 50 times larger than their actual 

size). The wall illustrated is much thicker than that which would be 

the prototype (1 ft thick vs. 3 .15" thick if it were aluminum), but its 

Young's Modulus was chosen much less so that the stiffnesses EI would be 

the same. This was done in order to get a more suitable aspect ratio 

for the elements which form the wall and base. Incompatible modes were 

used in the wall and base quads in order to have better bending behavior 

in these elements, especially since the wall was modelled with only one 

layer of elements. 

Unfortunately, the soil elements had to be attached to the beam 

(wall) elements as there was no provision in the code to have sliding 

between elements. Th.is would have been more desirable. 
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The soil shear moduli were determined from the relationship given 

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

pressure: 

G = 

in which 

G = shear modulus of soil 

lOOOK ( ·' ) l/'2 
2 ° m 

a' = mean principal effective stress. m 

K2 == a parameter which is primarily a function of void ratio 

and strain amplitude 

Because of the high strain range involved in a retaining wall 

(D.1) 

problem, K2 was chosen from the extreme right of Figure D.2 to be 4. 

The soil moduli were then calculated fxom 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 run for a static gravity body load 

in the negative vertical direction. The problem was then run dynami-

cally as a forced response problem using modal superposition and the 

free-field acceleration record (prototype) of test 1CN0002 (Figure 5.Sa} 

in the horizontal direction. The clamping used was assumed 10% of c:riti-

cal. The total dynamic response was th.en obtained by superposition of 

the static response and the lateral dynamic one. 
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SHEAR MODULI OF SANDS AT DIFFERENT RELATIVE DENSIT1ES. 

FIGURE D.2 - FROM (54) 
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The first six natural frequencies of the finite element system 

were found to be 1.183 Ilz, 1.388 Hz, 1.45 Hz, 1.987 llz, 2.449 Hz, and 

2.536 Hz. Only the 6th frequency of 20536 Hz even resembled the 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, p:i::essure, and moment distributions along the wall 

for both the centrifuge model test and the finite element problem. As 

can be seen from these figures there is virtually no correlation between 

the two in any of the cases. 

From this illustration one can see the perils in using elastic 

theories (which are the basis for the finite element program used) in 

txying to model the retaining wall problem which after all is the 

classic most simple plasticity example. Elastic solutions for retaining 

wall problems should be avoided. 
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