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FOREWORD

This is th final technical report on Contract No. AFZ9(601)-256.1,
Ptrnject I030, "Design and Analysis of Foundatios for Protective Struc-

turch". T he object ire nf thi.z reseerch prog.•.•. s to investigate the

problems associated with the design and analysis of foundations for

protective structures subjected t.• dyn.mic loads from nuclear blast.

The current projcct, initiated at Armour Research Fow.dation in

February 1960, is t) a large exteia, a. continuation of research com-

pleted on an tearl er cont'.act, AF29(601)1161, cfthe same title

(Ar-SWC Technical Rcport 59-56).

The ftrr' inte rim repolt, dated September 1960, and the second

interim report, dated M-ay 1961, cover the technical work up to those

dates rez.p.•c', vely. TIM-% publication reports in detail the research

conducted ctub.,.rq,.tnt to these earlier reports and, i, iddition,

surnria .v v, r,',lts ,.ver the c.curre of this re. h study. Since

I'.e t-. C.) b.l . rreport• w," re pubtished as AFSWC Technical Note

60-3o atd. ._% WC TN,..:rAic:,l Nt 61-14. -:- tint felt. t.o he neresmary

to include detiiis rc-gardtnk the research reported earlier.

PLrst i,..•-. ntr~b'ri-g to the work described in this report
include A. Humph.rey-,, T. M. Kir" , K. E. McKee, . 1. , Ross,

R. D. Ro v and S. Shtnk.:mn. 1, authors thank Mr. C. Wiehle

of Air Force Special Waponc. Center for criticisms and suggestions

which have maternally aidcd this project.
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AFSWC-TDR-6gl-9

ABSTRACT

T'he behavior of footings subjected to dynamic forces has been the

subjecý of continuing research. Signific-int contributions have been made to
the avaiiable knowledge through a combination of theoretical and experi-

mental research.

Prior analyLic studies have been based on an "engineering approach"
which extended standard soil mechanics approaches to include dynamic be-

havior. This approach is reviewed and corrmparisons are made with the

experimental results, To improve the theoretical results the influence of

soil compressibility was inveqtigvated. These studies, which considered the
formation of plastic stress waves below the footings, produce improved

correlation with the experimental data.
Specific tech.icnil results on experimental studies included in this report

are three-dimnen ioona1i static and dynamic tests of foot:'" with overpressure

on the iirr a;r., soil surface, two-dimensional stat; dynamic tests
on iz':iir i f,,tin s with over'ressure on one side (a situition simulating

that encouner d t,: footings for arches and/or domes). three-dimensional

static and dvn.rric tests with improved instrumentation to verify earlier
results and to provide improved data. Also included is % presentation on

the Dynamic Soil Facility, built by Armour Research Foundation and used
for portions of this research.

PUBIJT!CATION REVIEW

This report has been reviewed and is approvord.

!~1ONA I. PRIC.KT.'rT JOHN J. DISHUCK
Colone USAF Colonel USAF
Director. Research Directorate Deputy Chief of Staff for Operations
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Chapter 1

INTROD'. CTION

Thi% nibih¾atinn doriho a oni~t~vist4"S Avvnniir Rpotoa,'h

Foundation program dealing with "the design and analysis of foundations

for protective striuctu-es subjected to dynamic loads from nuclear blast."

For all praci:,a. p.rposes, ARF rorearch into the behavior of foundations

subjected to dynamic loadr; represents a single continuing effort initiated

in May of 1958. This repnrt discusses the technical results obtained

since the last formal report and also summarizes the earlier research.

Every attempt has been made to make this report self-contained without

undue repetition of previously reported material.

The results of the original study. conducted under Contract No.
AF29(601)-11614 are summarized in AFSWC TR-59-5&( I". More de-

tails xLg ..- i crtain aspects of the research unde t contract are
fou-.d i the t11,ie phase reports: Phase Report I, "k&ecommendations

for Ft. f- s"",;.. ipiqt"'(•#. i'.i Ortober IS, 195.; Phase Rejport 11,

"B;hl,,Igraphy ozh Fround~tions Subjected to Dynamic Loads"(3 ) issued

Decembetz31, 1958; and Phase Report III, "InLerim Technical Report"(4),

issued January 31, 11-1. Technical results on the present coa.ract, No.

AFZ9(601)-2561, have been pre-ented in AFSWC TN 60-36(5) and
AFSWC TN 61-14{6 . This report, in addition to s.rving as a final

report on the current contract, includes the detailed technical results

obtained since publication of AFSWC T1, 0,61 14(6) For further details

the reader if referred to these, er'.ler reports.

Superscript numbers in parentheses cite references collected on

pages Z - 23.
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A. TEC|!NIC. 1 .. OBJECTIVES

"he ob;cctive ,tated in the contract is "to investigate the prnblerns

aisociated with th.e design and analysis of foundr.taoPq for protective struc-

tures whi c.h are subjected to dynamic loads from nuclear blasts. " This

generrI objective really indicates little regarding the technical direction

of the prigram. The more specific goals of the present prultrauis are

limited to consideration of spread footings (this is contrasted to founda-

tions in general). At least from a qualitative poitt-of-view, it was postu-

lated in the original program that behavior for all foundations could be ex-

plained by an understanding of the behavior of spread footings and pile

foundations with other foundations considered as sorne cismbination of

these two.

With regard to spread footings, the primary research goal has

been to achieve an understanding of the behavior of footings on arbitrary

tkoil to an arbitrAry time-dependent force. Thc approach has been a com-

bination of expe.rimental and theoretical research. The t -oretical re-

search hii4 : .ten ed to develop analytical models whit. isfactorily

explas'. tV- fo,)tir, behavior. The experimental research has been di-

rected toward pr,3v "•g or disproving the suitability of the various ana-

lytica.l models. In, addition. experiments have been designed to obtait,

qu-.li'ative inlurrnation tu aid in the modification of existing analytical

approaches or in tt development of new approaches.

B. TIHE PROBLEMS

The bearing capacity of footings acted on by dynamic loading has

been the subject of numerous theoretical and experimental studies. For

the most part. pre,,i-ius work has been d~racted toward the design of

foundations for machinery and other equipment. Consequently, these

studies, with rare exception, are related to vibratory behavior where

the normal assumptions are that the displacements are recoverable

and that the soil behaves in an essentia.,b, elastic fashion.

•MIIMOUII 41.*.ltCH FOUNDATION OF IttNO$S 1NTIUTI C: fSCUNOtOOV



Reseirch ,:cncerning the effect of loads having arbitrary time his-

tori.*s has not advanced as fast as research relating to timee-depende.t

loadinp of a vibratoty nature. Becaln, nV this las', of knowledge, the

designers 'n consid-ring non-vibratory loads have necessarily attempted

to 1K conservative. In sorne instances, this has lead to extremely com-
plex asid tumily dewigabs. However, aincc c.arlicr mcthods are in cert+.n

respects ii rational, what is tlought to be conservative, may in fact be

wusafe. The 1954 work of Landale(7, 8) at MIT represents the only research
on footings subjected to non-vibratory dynamic loads known to the

authors, which existed prior to ihe initiation of the research at ARF in

1958. Prior to that time, footings for dynamic loads were designed as
if the loads were static with some variations in soil properties 'aeing

attributed to the dynamic aspects of the loading (see for example OCDM

Method A(9ý.

Since 1958. a number of agencies have initiated research into this
problem area. R.Lated experiments currently are ' g conducted at

the Na•.', Civi; Engineering Laboratory, Port Huene California;

11ýsivei iay of 3i inois, Urbana, Illinois; Massachusetts Institute of Tech-
nologv,, Canmbtige, Mass.. . nd the Waterways Experiment Station of

the U. S. Arm," Corps of Engineers, Vicksburg. Mississippi. Analyti.

cal studies haive also been carried out by American Machine & Foundry,

University of Illinois and the Waterways Exp% riment Station.

C. REPORT ORGANIZATION

This report serves the dual purpose o' a final report on the entire

pr ject and a detailed technical report on research completed since the
last interim renort. The organization of this report reflects this dual

function.

Chapter I contains a general dliscussion of the behavior of spread
footings subjected to static and dynamic corcentric vertical forces.

Chapter 3 reviewi the spicilic studies which have been cumpleted and
which are reported in greater detail in the Apprindices. Chapter 4

ANesOUR 9SesAeC" POUNSA1SOM OP *ILOIS 114TISVTI OF TICWNOLOGT
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reviews the project and oummarizes the results which have been obtained.

The dynamic soil facility, recently constructed by ARF, is desc-ibed

in App. ndix A. Appendices B and C describe experimentation using the

dynamic qoil facility. Appendix 0 considers three -- irnensional static ex-

perirnents with and without surface overpressure. Appendix C details

thret, -cimensional dynamic experiments with and without surface overpres-

sure. A,.,pendix D descri.•.b two-dimensional experiments eondaticted in the

glass sided container. Of particilar interest here are the experiments

with inclined fuotings having strti- overpressure on one side. In Appendix

E, the engineering approach for predicting dynamic footing behavior 's con-

sidered. The effect uf soil compressibility on the behavior of footing& sub-

jected to dynamic Itads is considered in Appendix V.

ARMOU R IPAOCK : 0oO',4I0ATION Of IgLINOIS INSTITUITE OF TIVCNOtOOY
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Chapter 2

SPREAD FOOTINGS SUBJECTED TO CONCENTRIC VFRTICAL FORCES

In generRl, the concern here is with the behavior of rigid footings on

arbiLc:ry soils subjected to arbitrary time-dependent forces. Assumption

oi a rigid footing eliminates any need for considering the aLtual structural

design of the footing as well as the stress distribution below the footing.

The loads of interest range from those associated with zero footing dis-

placements to displacements the order of the fo,'ting size. The basic re-

quirement is to predict the di placement-time response of dynamically

loaded footings.

In reviewing the overalt approach to Looting behavior adopted during

the course of this program, attention is limited to footings subjected to

vertical concentric loading& sincc this represents, in a sense, standard

conditions and is the subject of much current theoretical and experimen-

tal resear,'h. CLapter 3 will review some of the rese which has been

aimed at r .nerai-tat ions from this standard. The dyn.. -.. : loads of inter-

est ore '. re!•tivly short ,4.iration (in order of qpronds) and are non-

vibratory in natur,. The spurt iad duration means that footing s,.ttle-

ments caused by consolidation (:ong time effects) of the soil as considered

fur ordinary fouting design are not of interest. The relatively al--.ndant,

though far from conclusive, literature relating to the behavior of footings

subjected to vibratory loads is of little value for this study. Possible

applications of these methods for predicting limited footing displacements

were investigated by Selig(i. 10, 11) in connection with this research and
making use of the available literature. A theoretical approach was devel-

oped and applied to the experimental results. Unfortunately, the correla-

tion was poor. !t is sufficient to state that this approach will not be

considered further herein, although further studies should be made along

these lines.

Since emphasis on this project is on theories explaining footing be-
havior, soil properties nae been reduced to i secondary role. Soil para-

meters have been used. !., cohesion (cf. ingle of internal friction (A),

o1MOU 1SIS^ACH POUPOATION OP ,LLINOIS INSTITUTO Of TECHNOLOGY



and unit %%eight (~jfrom normal soil mechanics, with little concern for how

the valitee would be obtained. It is sufficient for the purposes of this report

to assume that realistic values have been or are being ohtaine-C by Other re-

search. 't should be observed that this~ represents no small. task particularly

since the dynamic properties are requir. -!von further it muist be recog-
nized thdt the formulation of the theory depcdds on the nature (not the values)
of the soil parameters and that even the necessary parameters may vary for
the dynamic conditions.

A. STATIC BFHAVIOR

The literature provides many analyses for footing failures under static
loads caused by shear failuare Lin the soil below the footing. The theory of

plasticity includes general methods of approach for such problems. For

this research, the methods considered for static loading are the simplified
solutions normally used in etandard soil mechanics. The one-sided failure

modes ussed were Adre' I analysis and a moiict 4 of the Krey
analysis de' :iop..: by Hasson and Vey~1 '1) For the sided or symme-

trica? 40i re patti rns, Ter;.iLghi's01 ' 16) formula was used.

These three -.jproaches havae been found to give similar (within 10

'Percent of each othier) valuets for bearing capacity, i. IS., the first maximum

on a static load displacement curve. Over the range of parameter- of in-

terest, Andersen's formiula gives a load capacity which is essentially that
given by the Terzaghi formula, and Hasson demonstrated that his formula-
tion tnC Krey's method gives capacities similar to those given by Terzagtii's

formula.

For static bea ring- capacity analyses,' the Terzaghi formula is nor-

mally accepted. The approximate formula developed by Terzaghi for in-

finitely long footings with rough bases is.

cN I= YDNq Y BN (Eq. 1)
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where

B footing width,

c = cohesion,

D = depth of burial,

PS
= static bearing capacity, and

= density of *oil.

The quantities N , Nq and N I are dimensionless bearing-capacity factors,

depending only on the angle of internal'friction, 6 . The value of each of

these factors can be plhtted as a function of 6(l5 16. For square or cir-

cular footings, the approximate formula is modified by empirical coeffi-

cients.

In this research, interest in static footing behavior extends rnhatan-

tially beyond the static bearing capcavity considered above. As a prelim-

inary approach tu the dynamic problem, the frce-displacement curve under

static loads should be known not only up to the initial - - value (the static

bearing c',- r.ity, but beyond to displacements of the o of magnitude of

the oot3 g 9'-'e Experimental studies of footing behavior, e.g., Colder(18 )

and Myerhof , -ave normal'v ccnsidered only the bearing capacities.

The only experiment data available for the entire force-displacement history

for statically 1 baded footings are those initiated under this project(I' 5. 6, 7,2U)

Under a constantly increasing static load one might expect that the load-

dispiaces..ent relationship could be idealized as shown in f igure 1. From

: t.-*.:, it has been observed that ,inloading occurs on a slope steeper than

the original. The first portion of the curve would represent settlement which

would govern until soil failure. Figures 2 and 3 present typicr.1 experimental

results obtained mn this project for 3 x 3-in. and 4 x 4-in. footings on dense,

dry, Ottawa sand. Certain deviations from the idealization of figure 1 w:!l

be observed, but basically the experimental results show distinct settlement

and soil failure phases. Generally these experimental studies gave satisfac-

tory results. As shown by figures 2 and 3, the data were reasonably repro-

ducible and the measured bearing capacities have been shown to agree with

the theoretical values. (17)
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Cal. ulation of stat. settlements was invebtigatcd by Selig~1  0

Static stress and settlement solution-3~ are Pvailable for- a rectangu-

larly loar':d half-space. Selig u~sed a truncated rectangulaA- pyramid having

a uniformly stressed Itorizontal crosls re~tion a. develop a mathematical

model applicable to soil. Th-e development followed assumptions used for

footingz vibration. e.g..L work by Pauw ~. ,For this project there is no

need to go into detail regardiing this study, other than to say that the re-

sulting theory did not correspond to the experimental revults l. An a

rp~ult the only portion of the load- st-ttlernent curve which can be predicted

is the b-~arir'g capacity, i. e . the first peak. Because of this situation, the

load -disaplacement. based on t'-e exiperimental results, as shownt in figures

2 and 3, are used in .. onnertion wit),. the theoretical research.

Current experimental research Using improved apparatus confirms

the earlier results with regard to bearing capacity and load- displacement

curves. As part of !hr work reported in Appendix B, the earlier tests are

essentially repeated iu~irg twi variable differential -anfl-f'-flmrs (LVDTs)

(with linea i rF .ge: . 0. 15- in. and , 1. 0 in.). This ins entatlon ver-

ified ho --a- ter re'Isand provided iadditional improved krowledge re-

gairdisig detail-r u! Ltit esp,-nne..

The infltv'-we of overpres4ure on the surface surrounding the footings

has bec'n incorporated into the earlier an.lyses. It is only on the r...ent

research that exper:-iental data taking overpressure into account has be-

come available Using the dynamic soil facility built. by ARF (see Appendix

A), tests on three-.dime ns ional footings with ove rpresasure on the surround-

ing surface were conducted ('see Appendix B). The~se ezperiments were

correlated with theory. Some two-dimensional footings (see Appendix D)

were tested with overpressure on only one side of the footing.

B. DYNAMIC BEHAVIOR

The behavicr of footings, or more precisely the soil below the footings,

when subjected tn dynamic loads can be considered in a number of ways. In

1958 AIrF( 2 ) utilized the standard soil mechanics formuias for statically

loaded footings tc include the influence of overpresture on one or both sides
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of a footing. Thi-3 extensioni rep Ir.sented an im~provement over the state-of-

the-art for footing design in use at that time. Previously footing designs

f..r protective structures had bteen1.ied on normal stw.ic approaches with

ilicreaots introduced in the cohesioi, to account for thae dynamic effects,

agOCDM MethodA

Only one earlier istudy relating tvLhio typ.-- of dysawuLtu behlavioi i

known to the authors. Landale (7 .8) conducted a theoretical and experimen-

tal investigation at MIT in 1954. Unfortunately th~is study was limited in

scope, there'fer', gc!!era'z~ations fsom these results were difficult. Len-

dale's piuneei efforts have served as the basis for several approaches used

in this research.

Earlier in the ARF research 4 24, an extension to the classic soil
mecikIicto theories wat postulated to take into accotnt the dynamic aspects
of the behavior, the so-called "cnginee ring approach '. This postulation

lead to a theory ha -ed on an extens~on to titme-dependent loads of Andersen's

theory (12 ) ;o' nr-iided failure. The major assumpt. ntroduced for this

theory ar

1. Tý+ fas'!ire surfa e under dynamic loads will be the same as the

surface dete rtiniir :1 by appl iraticn of the initial value of tht- overpressure

as a static surface pressure.

2. The soil is incompressible.

3. The reqistan-!e offered to footing movement i3 a functi.-n only of

displacement.

4. 1 he b~ehavior of the soil is governed by the density, ;coi~esion,

c and angle of internal friction. 6. where c and 6 may themselves be func-

tions of many parameters relatini, to the soil and the conditions of loading.

By considering t'ie motion of the failure mass of soil, a differential equa-

tion was established baz~ed on the rrotion of the footing ind the soil mass.

Solutions of this equation allow prediction of the footing displacements.

investigation of inertia efftet, Influence of soil parameters, etc.

5. The resistance is rigid plastic in forni.

The general statement of this engineering approach and the develop-

ment of the equations were peesented in 195901). This presentation allowei
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for overpre.isure, buried (co-tings. -w_ (.% itl' both m. and 6.considered pri-

marily a rigid-plartic iorm of the rcsistance (assumption 5). The latter

reetr,.nton wac, a fWIL-iOn of available information and allowed solutions

based on ', nowledge of onny the stati. bearing o-aparity. For this reason

the as Jumptions Listf d and tLe .4ubbequent consideration of the' Iengineering

approac al are more gor.ne rat thsn tle original, since general forms for the

resisi-in:e %vere lave"Ligdtel.

Appendix E prements th-e develnprrient of the engineering approach

4fld comparei the retlult4 wit?. avai~abe #sxperimental data. Consideration

Is limited to c:ont entri(- vertica'!y loadfed footings with equal overpressure

over the entire soil .1urfa.~e. Tl-.ie approach has been extended to eccentric
(5) .SI

loads , two-sided failures~'~ and failure surfac~e locations, takin~g into
ac'o"unt the inertial e'fe.:ts l*Howý vo r. in Appendix E, attention is lim-

ited to the primary iormu~ation of the engirteering approach. Utilizing a

very similar set of ttseumptiow; Tridn,lafildis (25) in 1961 arrived at a sim-

ilar theory based on one sidod tailures for footings on a cohesive soil

(I. e., 6 =O0. B;4 sed on Triandafi~dig' resuits Wallace (76 7) developed an

approa,'h it orpn:r~.t.ng !Nvo-stded failtire.

At V v ui, this !1-e or-lii al reeearch there wa eduentially no

experianentai data rulating to dynamic. loads on footings. During 0959 id

seri.e: of dlyrarmir tezts w~r-r ;oru,:tedi at ARF~ *1 as part of this re-

search. Theic dynamic experiments made u~se of a dropped weigl.ý to

apply the loading. These re.;uite. although primarily qualitative in nature,

suggested the inability of the matbemnatical models to explain the experi-

mental results.

One attempt to answer tho -r questions under this project was research

by Hodgf.1 pedxB based on a .AIas sic' plasticity approach to the problem.

The possibility of & theoretical approaz-h wai established under certain restrit-

tive assumptions and an example wa-s present. 1. Greater generalization to

extend the solution to other problems seems to be possible although the

&ctual labor of obtaining Aouch sollutions is expected to increase substantially.

The overall results are irno't initeresiitng sinL~e the possibility of this type of

theoretics.alap~roa 7h w.4 A -ttablished. Hodge's work was paralleled by

Spencer(8 in England who used R different method of solution for the same

genti.rat formulation of the probiem.
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A second attempt to answobr these questionv wau the initiation of an

experimental study designed to oL~ain quanatitative data suitable for evalua-

tion 0A the theoretical approach. A v~ynamic loading apparatus was devel-

opeK for applying control'ed time-dependent fc~rcoz to small footings. In-

stz timentation was it~corporated into the system to zrieasure the force-timei

hiotai y applied to thf. fouoings and the resulting displacement-time history.

Detailed descriptions of this apparatus arc available ( 6 , 29 30) but, for the

present purpo~.e., i.nterest is limited to the fact that suitable experimental.

results were develo'ped. Subsequent improvements have beell introduced in

the experimental approach. and further experiments conducted (Appcnd~x Cý.

These experiments, past and present, resulted in an abundance of quantita-

tive data, i. e.,. fo'rce, displacement, and acceleration records as a function

of timie. for footings tested tinder highly controlled conditions. The experi-

ments confirmed the earlier observations regarding the limitations of the

engineering approach and indicated that soil compres slbili.y could not be

ignored.

A second theoretical approach is reported in Ar - 4iix F. Atteniion

there is 64 votee to consideration of the soil compres, ~y for vertically

loaded 1 .3tings. With the exception of Landale's considt-ration (7 )soil

compressibili~y u'.der dynamic loaids has not been considered previously.

There is, however, an abundance of literature relating to plastic stress

wave propagat~on which represents a related problem and a point from

which to initiate the theoretical approach.
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Chapter 3

SPECIFIC STUDIES

T.'is -hapter repoT-t:, the specific research studies conducted since

issue of the irtezim report in May 1961. Details of this research are re-

ported ir. the :;ix appendices tc; this report. An discussing these studies
herein, the intent is made to pnint out the'.- advantages and limitations

with particular emphasiq on the asao-iataon with the overall project.

Technical details are avoided insofar as pogsible in the considerations

which follow.

A. DYNAMIC SOIL FACIL:TY

Appendix A describes the dynamic soil facility built by ARF. This is

a multipurpuse fa_-lit.y, the potentialities of which have yet to be explottad.

Basically the fa-.'iy is a 48-in. diameter, 300-psi pressure vessel.

Static or dvnan':ý pre-sure can be applied over the su" . of soil filling

the vepele! C,-,:,n.n~rattd static or dynamic forces car.. applied in ar-

bit-;ry 6 re.t-•o: or at arbitrary pnints within the facility, independently

or in comLbrdtuun - ith t0,P zur1ai:e pressures. Provisions have been in-

cluded for making quitable measurements within the facility. In designing
this facility every attempt was made to keep it as versatile as pogaible

so that it will be useful for many problem areas. Appendix A describes

the general facility where footing tests represent but one possible appli-

cation. Specific tests on footings in this facility are described in Appen-
dices B and C.

B. GENERAL EXPERIMENTAL PROCEDURE

All of the two- and three-dimensional experiments reported in this

study were performed on a dense, air-dry Ottawa sand. The grain-size

dist:ibution for this sand is shown in figure 4.

Three-dimensional experiments were performed in the dynamic soil
facility. Prior to each experiment, the bed was vibrated by .&,....ing an

immersion-type concrete vibrator ir.4o the bed at a point near the wall of
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the sand container. The bed was leveflled after three minutes of vibration

and the vibrator withdrawn after an additional one-half minute. Usi',g this

proced.re, the average density of t!.-i sand bed, based on the volumre oc-

cuvid- by the total wegsht of sand, was 109.1 pcf. Surface den.ity measure-

ments. ,sing a scoop aensitv device, were made throughout the exp)erimen-

tP pro gram in orcder to check or. the reproduribility of the bed.

Two-dimensional experiments were performed in a glass-sided con-

taine'. These experiments involved the usE of both surf"ce and pAr;ally

buried footings. In the experiments involvAng surface footings, the sand

was poured into the gliss-siied container and vibrated for two minutes by

attachin; a concrete vibrator to the top of the container. The sol con-

tainer was then turned on its side tco permit placement of a rectangular grid

of black oand (spaced at 9/16-in. intervals) on onc surface. The container was

;ten returned to lce vertical position, and the io.sting placed on the soil sur-

face. T' his pro, edure was slightly modified for the partially buried footings

in that the footing was in pose '.on before pot'ring sand into- 'he cootttsner.

Average str ýc : ýtjo,± for each experime-it are listed ble D-1.

C. THREk.-DIMI NSIONAL STATICALLY LOADED FOOTINGS

AppeU;jx B describes the three-dimensional Ltatic experiments.

These experiments co1:;c•.d if vertical loading of surface footings, both

with and without a uniform static overpressure on the surface surrounding

the footing. Load application was provided by a gear box which was manu-

ally oper-ti.4 in the initial experiments, and motor-driven in the later eP-

periments.

Applied lo24s and resulting footing displacements were measured and

the results plotted in the form of resistance-displacement curves, This

enabled a comparison of Wearing capacity with and without surface over-

pressure.
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D. THREE DIMENSIONAL DYNAMICALLY LOADED FOOTINGS

r-e ARF dy-n.mic loading apparatus(6) was used in applying dynamic

loads to "hiee-hmer.izonAl footings. The experiro-.,ts, reported in Appen-

dix C, con.4isted of. ,cncentrated dynamic loads on surface footings with and
without a uniform stati-: overprcssure nbn the soil surrounoing the footing.

Instrumentation. consistted of a high ..cn:rtitl'ity force washer, two linear
variable uI,•(erentia' tr;.atsforme. e, and four accelerometers; transducer

output was recorded on a Consolidated Electrodynamics Corporation oscil-
lograph. T!%- mx:.onm App!icd loads and resulting footing displacemetdts

are tabulated, and typica! force-time, displacement-time and acceleration-
time records are pric sented in the appendix.

E. TWO-DIMENSIONALo EXPERIMENTS

Appendix D presents the results of two-dimensional experiments.

These studies wet - planned as a continuation of the pri.w" us two-dirsiensional
experinn! . .. .. , pre ient experiments consisted a o r Ully loaded sur-
face ',u. g-, ,ir "Atvallly and dynamically loaded partially buried footings.
Scqucn-c phct- gri., '% for a number of static and dynamic expcriments are
presented i, 0,.e ;ppendix. In addition, high-speed motion pictures are
available for ._-. iyrtmi.- vxcle•riments.

'. '"NGINEERING APPROACH" TO DYNAMIC BEHAVIOR OF FOOTINGS

Appendix E prrsents the "engli.eeiing approach" for dynamic footing

response. Mui.h of the information :ontalned in this appendix has been pre-

viously .ublinhed. Th.e presentation contained in this appendix is somewhat

more genera! in nature than those previously presented. Attention has been

limited to one-sided failure of footings subjected to vertical loads and the
development zerricd through for that sinple case. Earlier studies have ex-
tended this type of approach to two-sided failure and have considered inclined
and eccentri(c loads. Presentation of the basic case. i.e . vertical loads;
and comparison with the available experimoenal dat'- demonstrates the limi-
tation of this approach. Basically, the "englneering apprnarh" alone does
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not provide an adequate explanation of footing behavior, As a result of this

concluvion, attention has been given to soil compressibility as one means

of imprnving the ability to predict footing behavior.

G. rFFECT OF SOIL COMPRESSIBILITY

Appendix F presents an attempt to take into account soil comprc.s-4.

bility in p-rdicting fnoting behavior. Several altoanate approaches are de-

veloped and sample calculations carried out. Assignment of values to the

parameters representing physical properties for the soil represents the

most difficult problem. The values used in the or mple calculations were

selected primarily to give reasonable values and variations, without Parti-

cular attention to the physical &jgnificance of the values selectee!.

Because of the lack of accurate parameters. no quantiative correla-

tion betwten thebe theories and the experiments could be anticipated. From

a qualitative poin|t of view there were many similarities b-oween the experi-

mental aria t .,. • 'al results. This type of theoretica roach appears

to offe- ad antrtg,. in explaining the initial movement ot the footing; however,

addio,4nal ie'c.,,,s reqnired tr establish the significant parAmeters.
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Chapter 4

SUMMARY

"Numerous detailed investigations, both theoretical and experimental

haw%. b-en conducted since the inception uf this research by ARF in May of

1958. This repnr, Otin .h- of many publications resulting from this research;

the specific studies repurted herein are only thoe- conducted since publica-

tion of the previois phaee report, AFSWC TN-01-14, May, 1961. This

chapter will att,'ript to skinmarize the entire research effort.

The phi' osophy of this research has been based on a combined ap-

proach, s. e., theory and experiment. Initially, a theory was proposed and

used in planniv,.% the experiments. Subsequently. the experimentp.l results

were used to check the theories and to indicate the direction of future the-

oretical developments. This partnership has provided considerable insigh*

into ihe behavior of footings subjected to dynamic loads.

Pr", - 1, t, initiation of this research, dynamic loaded footings

were de;: ,ned. hy static formulas with the soil parame modified by a
f...tor t- ac,-oun- 'or the dyndmic aspects. The initial theoretical work was

based on the a3-sw. iption that the suil below a dynamically loaded footing

would fail along shear surfaces and that the dynanic effects could be intro-

duced by considering the inertia effects. The "engineering apprnach" is the

embodiment of this assumption.

As pointed out, the experimental results demonstrated the inadequac"

of the engineering approach to predict dynamic footing behavior-the pre-

dicted displacements may be greater or less than the experimental results.

To overcome these inadequacies in the engineering approach, the soil com-

pressibility has raeen considered.

Studies relating to soil compressibility are preliminary in nature.
Qualitative comparisons of thecry with experiments appear reasonable,

although it should be noted that, since much of the suitable experimental

data was obtained neat- the conclusion of this research, the available tissme

precluded making a thorough study of the reults.
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Intuitively, cne might anticipate that the ultimate explanation oa the be-

havior of dynamically loaded footings may be soil compressibility followed

by the formation of shear surfaces. Although at the pre.ont time there is no

proof of tt.is combined the-ory, it appears to be a reasonable explanation based

on observed behavior in the two-dimensional experiments. In any c&se, con-

tinuing research is required to develop an acceptable theory.

The experimental studies have provided data usad in evaluating the

theoretical approaches considered. Considered independently, the exper-

imental results have made considerable contributions to available knowledge.

Suitable quantitative ;,nd qualitative data have been obtained for a variety of

controlled loadings. The majcr limitation with regard to these experiments

is the relatively t.mall size of footings which can be tested in the laboratory,

e.g., for the 4 ft diameter container used for the three-dimensional experi-

ments the size for surface footinphas been shown to be limiled to less than

1/7 of the container dimensions or 6- in. square. As with any experimental

research, certain limitations exist in the approach. eli., instrumentation,

soil placer-- a-* -1- test procedures. In reporting spec .'xperimental

studies, tb attc.,nnt is made to provide sufficient detail , dhat the experi-

ments cai oe tepr luced. In addition, an attempt is made to indicate po-

tential limitatioi.,,.

A general summary can be considered in four parts.

(1) Three-dimensional footing tests for static loads have provided a

variety of controlled experimenta! data not previously available. For ex-

ample, the data reported in Appendix B r epresent the only available data

for footings with pressure on the surrounding surface.

(2) Two-dimensional static tests in the glass-sided -container have

provided information regarding footing behavior. Although the quantitative

data have been shown to be related to that for long footings, the value of

these two-dimensional experiments is primarily qualitative in nature. The

-node of failure in the soil below the footing can be clearly observed. This

is of particular value for unusual loadings, P. z., eccentric and inclined

loads. An example of this application is shown in Appendix D, where inclined

footings with overpressure on one side were tested.
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(3) Three -dimensional dynamic" footing studies have provided quanti-

tativt data against which theories can be- evaluated. Measurements of the

applied force-time .io,•g wAti the resulting displacewrents and accelerations

have been refined. Appendix C reports the most recent of these. ,.pe.imvne.s

wher- -,t.atit pre 4iire was applied oveAs the s•face.

(A Two-dime itsustii luuti.• subjected to dynamic forces have provided

"demonsti a.;ons of th.e c ffects c! dynamic loading as compared with static

loading. ':he resultsng Fa3tax photography enable the researcher to watch

the progre-is of failure beneath a dynamically loaded footing. The results of
Appendix D are pointed out as an example of this type of information.

As a result of re.:earch conducted to date, there is substantial informa-

tion available regarding dynamically loaded footings. This incroesed know.-

ledge has ",•rved to disprove assumptions which appeared reasonable earlier

in the program Thus, mure questions have been raised than answered.

This latter a Freit is an important product of a research study. Continuing

researr, i . an(' otherm can be expettedto reesiu clear understand-

ing of th dyn.),,oc behviicr of footings and hence in p. .. edures suitable for

use by ,sig..t
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APPENDIX A

DYNAMIC SOIL FACILITY

by

S. Shenkman and K. E. McKee

Since 1957 Armour Research Foundation has conducted a number

of research programs dealing with soil-structure interactSon and dynamic

Moi. mechanics. Primary impetus for an understanding oh" these areas stems

fromn protective structures -- in particular from the emphasis on hard ard

superhard facilities which has resulted in "digging in". The least under-

stood aspects of these problems relate to the soil: there is practically no

knowledge regarding stress wave transm.ssion or soil-structure interaction.

Researih hast been severely hampered by the lack of suitable experi-

mental data. This limitation was due, in part, t4 the conflicting require-

ments on any expe -;mentation, i.e., control, cost, size, range, scale. A

program ,-dur t,.ud bt ARF for the Office of Civil and '- vise Mobilization(A"'

considvrer" exi'tiig experimental tools for such studiet An attempt to select

th, hfost ,.t;.be. Th•, re••arch as well as experience with various experi-

mental studies in t e ARF Soil Mechanics Laboratory mnde certain require-

ments for a dytiami: soil facility apparent to the ARF staff. Such a facility

should allow investigation of the effects of static surface overpressures on

surface and underground structurcs, buried cables and mine fuses; and

evaluation of soil stress and strain gags.

A proposal for construction of a facility with these capabilities was

submitted to ARF in August, 1960(." In 1961, the Foundation sponsored

the design, construction and preliminary testing of the facility.

In the Dynamic Soil Facility, soil control is limited by existing know-

ledge as well as practical considerations, while control of the loadings is

primarily a function of the limitations of the instrumentation used. The

experimental setup is felt to be direct enough to redce second-order effects,

perm..cing propose-d theories to be established or disproved.

rSuperscript numbers in parentheses cite references collected at the
end of this appendix.
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Description of Facility

iL•sically, the Armour Research Foundation Dfy.amic Soil Facility is

a pressure vessel fitted with sufficient openings to permit a wide variety o!

small soil-structure interaction experiments. Design of the pressure vessel
is suck; th.qt an intrnal prsstire itp to 400 psl may he applit-d,

The basic structure, sketched in figure A-I. is a 48-in. OD by 48-in.
high cylinder with a fixed dished head on the bottom and a removable flat

.aead on top. Auxiliary portions of the structure 4-l,,de:

1. two 8-in. diameter openings on opposite sides of the vessel intended

for investigations of underground tunnel liners;

2. seven 2-in. diameter openings on one side of the vessel to provide

for instrumentation connectors;

3. a 6-in. diameter opening on the vessel bottom to allow rapid removal

of soil from the vessel;

4. a 10 ,,. d:...,cter opening on the vessel bottom ud .,ides rejated

to *, t'utc:iation of soils and other granular inat%'rials;

5. four 6-in. die.meter oeriinngx in thr, vessel head intended for e.ynamic
pressotre applications or for positioning models on the soil surface;

6. a 12-in. diameter opening in the vessel head for use in applying con-
centrated static and dynamic loads; and

7. two vertical structural channels connected to opposite sides of the

vessel to be used as a loading frame.

In addition, two 1/2-in. openings are provided in the vessel head for static

pressure applicatio.v jind an air pressure gage. All of the openings, while

primarily intended for these uses, are expected to find numerous additional

applications. A photograph of the pressure vessel with the head removed is

shown in figure A.Z. Figure A-3 shows the vessel with the head in place.
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Facility Applications

ihe overpressure aosociated with r.u.'lear blast iniluences the be-

havior of the soil and herce structures set on or in the soil. The facility

enablos 'aboratory su9'4 ies to be conductud using a pressure over the surface

of the aoni hi-,d. This pressure may be time dependent.

Static pressures on the soil surface have been obtained by placing a
rubber diaphragm on the surface of the bed and sealing the edges of the dia-

phragr- "o the wall of the vessel. For low surface pressure applications

(up to i-J psi), static overpressures have been obtained using a standard
air compressor. Higher pressures (up to 300 psi) have been applied en-
tirely by a nitrogen cylinder, regulated to !,e desired input, or coupled with

an air compressor.

Dynamic surface pressures are expected to be applied by using water-

filled bags on the so.)! surface. The hydraulic system designed for the dy-
namic foot;--- .axp-rnrrents on an AFSWC sponsored pr - m(A'3) (Fig. A-4)
should pro. de ','ru: of load application rate.

A . ui'.tAbl- ,','namic pressure can be provided by a water-filled bag

covering the sail surface in place of the hydraulic cylinder. Conceptually,
this system j.',wili be satisfa'-ory; practi,Pally, because of such factors as
the large volume of water and vessel deformation, it may be nece.-jary to
increase the size of the various system compcnents. As for the dynamic

force apparatus, preliminary experimentation will be necessary to establish
the iknethods of control, ranges of variables, etc.

A motor-driven gear box has been us-d to apply concentrated static
loadq to mrodels on the sand bed surface, with and without a static surface
overpressure. Various rates of displacement@ may therefore be used, de-
pendent on t'e capacity of the motor and relative sprocket sizes. A photo-
graph of this type application providing a displacement rate of 0. 11 in. per

iran is shown in figure A. 5.

The use of a static surface overpressure in addition to the concen-
trated load necessitated providing a seal for the rod transferring the dis-

placement from the gear box to the model being loaded. This was
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accomphshed by tappinga hole in the blind flnange covering the 1Z-in. open-

ing mn the head, and threading one end of a double-en-' aircylinder

into the. hole, as shcwn in figure A-6.

Concentrated dynamic loads, using the dynamic loading apparatus

described have been applied to surface models without static surface

overpressure. Figure A-7 shows the dynamic loading apparatus as

used for the footing experiments. A photograph of the instrumentation

used in these experiments, including a force washer, two linear

variable differential transformers (LVDTs), and four accelerometers,

Is shown in figure A-8 for experiments without surface overpressure,

and in figure A-9 for experiments with surface overpressure.

When applying concentrated dynamic loads with a surface over-

pressure, the hydraulic cylinder was connected to the pressure vessel

head, as shown in figure A-10, and the remainder of the dynamic load-

ing apparatus wis supported by a horizontal channel b.- -m attached

to the w•e. . din . gdng frame as shown in figure A-Il

.aesm ap ,,lications, with the exception of the dynamic surface
loading., have b' en developed and used an ARF Project K193, Design

and Analysis of Foundations for Protective Structures, under Air Force
Special Weapins Center Contract No. AF Z9(601)-2561.
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Fig. A-2 PRESSURE VESSEL WITH HEAD REMOVED

".dbo .b low , b m 1.

Fig. A-3 UPPER PORTION OF PRESSURE VESSEL WITH HEAD

IN PLACE
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Fig. A-5 MOTOR -nR VEN GEAR BOX FOR STATICALLY LOADED
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Fig. A-7 HYDRAULIC APPARATUS FOR DYNAMICALLY
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APPENDIX B

THREE- DIMENSIONAL STATICALLY LOADED FC jTINGS

by

S. Sl'enkman

The three-dimensional static experiments were performed in the

dynamic soil facility described in Apperdix A. Of primary interest ir. these

experimerfs is the resistance .displacemevnt characteristie,, of footings cen-

trally loaded witl" a concertrated vertical static force and a uniform static

overpresstiP on tl-.e surface surrounding the footing. The results of stat ic

concentzated loads without overpressure on the surface have been reporled

undcr a previous cu'itract(B-)W'. In order to evaluate such factors such as

difference in container geometry, grain-size distribution, experimental set-

up and technhques. a series of nine experiments were conducted without t.e

overprer-,,- These experiments also provide iea f comparison with

the preys' is o,,or.t.

. ,te soý'•n edium used in 0.ese experinie.tls was an air-dry Ottawa

sand (grain-size distribution shown in f1gire 4. Prior to each experiment,

the bed wa. vibrated by inserting an immersion-type concrete vibrator into

the bed at a point neac the wall of the sand container. The bed was leveled

after three ininu'.es of vibration ard the vibrator withdrawn after an additional

one-half minute. Using this procedure, the average density of the sand b d,

based un the volume occupied by the total weight of sand, was 109. 1 pcf.

Surface density measurements using a scoop density device, were made

throughout the experimental program to check on the reproducibility of the

bed. The footings were 4-in. square by 2-in. high aluminum blocks having

a surface in contact with the soil knurled to simulate the roughness generally

associated with full-scale footings.

* Superscript numbers in parentheses cit.a references collected at the end
oi this appendix.
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Experiments Without Static Surface OverDressrtre

Nine experiments were conducted in this .t-ries. A gear box,
ettached t, the loading frame, was used to apply the load in each experiment.

However, the means of transferring the load to the footing, and the instru-
mentatio.. used in recording force and deflection were changed a number of

tih,¶e: during ihe series and require further description.

A photograph of a typical setup used in Experiments Al
t'rough A4 is shown inhgire B-I. !n these experiments, the manually

operated gear box was connected to a proving ring, which, in turn, was
attached to a 3/4-in, diameter by 16-in. long steel rod. Three dial gages

resting on the surface of the footing measure-d the footing's displacement.
Ludd was appti,.d to the footing through a steel ball resting in a circular

indentation in the center of the footing. A similar setup was %sed in
Experiments AS and Ab except that an electric motor was used to drive

the gear box, guarant.-cing a more uniform rate of displacement. In
Eperiment- A 1 *,, A, • 'he rate was 0.055 in. per min.

In4T.1-me.ntation for Experimzents A7 through A9 consisted

of a high sta.sitivw:. iorce washer and two linear variable differential
transformers (LVVI s). The linvar range of the LVDTs was t 0. 15-in.
and - 1.0-in., and permitted ar. accurate tracking of both the initial small-

and the final large-displacements of the footing. The .0. 15-in. LVDT, a
more sensitive tra-isducer for the range considered, was used to verify the

general shape of th.! displacement-time histories for the initial displacements.
As shown in fin:rr, R3-2, the LVDTs were connected to a steel bar which was

rigidly attached to a length of pipe transmitting the load. Data for these
experiments were rrcorded on a Consolidated ElectroJynamics Corporation (CEC)

recorder; paper spmed was 1/8 in. prr sec. A complete description
of the instrumentation is given in Appendix C, and a schematic diagram

iti shown in r-4re B-3.

Load sleeves, provided with the force washer, were con-
nected to the footing beneath the washer and to a steel ball above the washer.

Load was applied by a pipe connected to the motor-driven gear box, with a
ball acting as a rolle r between the pipe and the force washer. The displace-
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ment rate in Experiments A8 and A9 was 0.055 in. per min.

Photographs taken after each experiment, in atiition to sketches of

failure patterns for a number of experiments, enabled comparison of the

failure patterns from test to test. Table B-I summarizes the results of

tVe nine experiments. Figure B-4 prse.nts resistance-displacement curves

averaged for Experiments Al through A6. A7 through A9, and the results of

experiments performed previously, Experiments C4 through C6(B'l). Note-

worthy in this figure is the apparent higher bearing capacity in Experiments

C4 to C6. This is understandable since the average bed density for these

tests wan 112. 3 pcf as compared with 109. 1 pcf in the present experiments.

However, tI'is does not explain the difference in results between Experiments

A! to A6 and A7 to A9. The apparent lower maximum luads fnr Experiments

A7 through A9 may be due to errors in observing the proving ring readings.

In the experimernts, t1 proving ring was seen to be jumping, and the ob-

served measuren•vnts were made at the upper extremes of these jumps.

T1, ,,.'. phenomenon was also seen to occ, a two-dimensional

experime'., p.!-viously performed(B-Z). A motor-di . .t gear box was used

in this e, je r',rne?',' to provid : a displacement of 0. 00053 in. per min. Prov-

ing ring and dial g;ge readings were recorded with a 16mr- movie camera

at periodic intervals. Since the jumping was not observed in the force

washer records, it appears that this effect is due mostly to the r: ring-like

characteristics of the prnving ring.

Experiments with Static Surface Overpressure

The basic static loading apparatus was mutificd in this series of

experiments to provide for a static overpressure. The footing, attached

to a diaphragm, upked as a pressure seal on the surface of the sand bed, was

initially placed on the bed previously vibrated and leveled. This series of
experiments is outlined in Table B-Z.
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A double-end rod air cylinder, connected to the 12-in.

flanap, as ohown inig.uw B-5, transferred a constant displacement from

the motor-driven gedr box to the footing. The function -if the air cylinder

was to provide a seal in the 12-in. flange. Figure B-6 is a photogr.aph of

a typical experimental setup for this seriest. Instrumentation tor the

expcrimenits indicated in Table B-2 was the same as used in Experiments

A/ through AV, except that the LVDTs in this series were connected

directly to the footing rather than cantilevered off the loading rod. This

w•:s done to enable an initial balancing of the LVDTs prior to placing the

head on the pressure vessel. Once the head was placed, the blind flange on one

of the 6-in. openings was removed and final adjustments of the LVDTs

performed.

Four complete bed setups were performed for this series

of experiments. Since there were only smalldeflections with ' igh over-

pressures, subsequent tests were conducted assuming that the initial con-

ditions were only ,ittl, different. It should be emphasized that this is an

asqumption -" #lie r,- suits accepted with this limitation. e experiments

in general, -. volv.oa a gradua' decreasing of the applied t .pressure from

test-t.,-tes, u.rail i. lure was :eathed. It was not possible to reach failure under

an ove'pressure ,,f IL psi or greater since the force washer was limnited

to a force of 1000 lb. For this reason, a proving ring with a lirear range

of 2000 lb was usec. in Experiments B9 through Bll. The proving r'.ig was

connected between the gear box and air cylinder piston rod, as shown

in £g;:e B-7. However, a force of 2000 lb -was still not sufficient to cause

failure when the soil surface was suhjected to an overpressure of 10 psi.

In these experiments, proving ring measurements were visually recorded

along with corresponding marks on the CEC recorder which recorded

the two LVDT s.

Table B-2 summarizes the results of these experiments.

Since the load generally associated with footing failure was reached in

only two experiments, the peak loads listed in Table B-2 are, with two

exceptions (Experiments B8 and B31 the maximum load obtainable under

a given overpressure, using the available experimenital apparatus. Resistance-

displacement curves for the two experiments where failure did occur are
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plott-d in . B-8. No 'ttenipt is made herein to discuss the shape

of the~.e curves.

It was found, in conducting these experiments, that the seal

afforded by the surface d aphragm was unsatisfactory in preventing a small,

but conutant, pressure leakage into the sand btd. Although many attempts

were made to remedy the situtation, a perfect seal could not be accomplished.

"An air-pressi.re gage i-onnected to an instrumentation coupling on the side of

the pressure vessel measured this leakage. Therefore, the effective over-

pressure listed in Table B-Z for each experiment, is the difference between

the air pressure above and benesth the membrane.

A modification of Andersen's analysis for one-sided footing

failure, incorporating a uniform static surface pressure, was performed

in a past report(B-3). Further modification of this method assuming a

nero depth of burial and a cohesiorln)s soil, results in the two equations:

P r IT'anO + . J(Eq. B-I)

and

an- t tYr2  tan0- tan 0 (Eq. B-Z)

r 5 8

where

B .: vidth of footing,

Ps vertical load per unit length,

q unifo•rm pressure on su•rface,

r., radi.s of failure surface,

-Y u~nit weight of soil, and

0• angle of interrnal friction.

Usinrg Lquations B-I and B-2, we may determine the bearing
capacity of the footing as a function of overpressure. With no overpreusure!
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on the surface and an angle of internal friction, 4, of 40" (based on past

triaxial tests), the maximum footing load is 197 ib; when applying an oveir-

pressur. of 2 psi, thie value 4t4 increased to 968 lb. An ai-erage maximum

ioad of 216 lb was recordd in Experiments A7 through A1, showing favorable

agreement with the theory. An overpressure of 2 psi applied to the surface

in Experimer~t BIl. where a maximum load of 1. 208 lb was recorded, again

agrees, reasonably well with Andersen's formula. It should be noted that

the experimental results exceed the theoretical resuits for both cases.

Since the 0 of 40 was approximate, a better agreement between the analytical

and experimental results could be obtained by considering a slight increase

in .

Based on the modified Andersen method, a load of 3, 858 lb

- is required to produce footing failure when applying a surface pressure of

10 psi. Unfortunately, because of the limitations of the expeimental appara-

tur, experimental verification of footing failure subjected to pressures above

2 psi was not possibz.. In future experimental programs this situation can

be correcteu.

An. r-.:periment, designed to measure the surface displacement

under different uver:,ressures, was performed. In this experiment four

LVDTs located alc.,g , dia ,-.,ter of the pressure vessel as shown in

figvre B-9, were Lsed in measuring surface displacements. One would

generally anticipate the displp.ccment at the center of the bed to be greater

than that near its outer boundaries. Records obtained from this experiment

did not follow any general pattern as shown in figne B- 10. The cause fox

these inconsistent results has not been definitely determined.
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Table B-I

MAXIMUM STATIC RESISTANCE WITHOUT OVERPRESSURE

(4-in. Sq1iire Fontings)

Experiment Maxi.-um Bearing Displacement at
Number bLoad I CapAcity Maximum LoadS(lb) ... • (psi) (in. )

Al Z240 15.0 j. 11.

A2 294 18.4 0.185

A3 257 16.1 0.145

A4 241 15.1 0.160

A5 Z90 18.1 0.190

A6 267 16.7 j 0.152

A7 239 14.9 0.188

A8 201 12.6 0.160

A9 219 13.7 0.136

BI
B-a
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Table B-2

STAiCALLY LOADED FOCIINGS WITH STATIC SURFACE OVERPRESSURE

Effective Displacement at
Experimcnt Number Uverpressure Maxirium Load Maximum Load

(psi) (lp) (in.)

Bl* 10.5 396a 0.01

B2 10.0 898 0.03

B3 5.0 1. 190 0.042

B4 0 (Illegible record)

B5* 3.0 943 0.091

B6 2 0 940 0, 181

B7 2.0 735 0.052

88 1.0 293 0.38

nQ 9.8 Z,070 0.102

S10 5.0 2,070 0.129

BI!' 20 1,208 0. ?58

Initj:il bed setup.

a Motor, driving g~ear box failed at this load

NOTE: .'n all experiments, except B8 and BII, the rraximum
load and displacement were the highest attainable with the
experimental apparatus. rathei than the bearing capacity and
associat:d displacemen.
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* Fig. B-i TYPI CAL SETUP FOR EXPERIMENTS Al TO A4

Fig. B-2 TYPICAL SETUP FOR EXPERIMENTS A7 to A9I
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Fig. B -3 SCHEMATIC DIAGRAM OF INSTRUMENTATION FOR

THREE -DIMENSION~AL STATICALLY LOADED FOOTINGS

I B 1

./.
Fi.BNSHMTCDARM FISBUETTO O

THN DMNINLSAIAL ODDFOIG



3 50

25o0 1=
% 0%

I %

AI

250 / ,,

IS

S[ Average of C4 to C6 (see Ref. B-1)

U

200

S• •ooAverage of Al to A6

Average o fA7 to A9

I ' I

00 0O.2 0.4 -0.6 0.8 1.0 1.2 1.4

Displacement, x, in.

/ ~Fig. B-4 v_ -SLSTAWi.•. DISPLACEMENT_ C--,URVES FOR ST \tTIC

EXPERIMENTS WITHOUT OVERPRESSURE

ARMOUR RESEARCH .enUN DAT1ON OF ILLINOIS- INSTITUTE OF TECHNOLOGY

WA U

*.II

* !
* 0 vrg fC4t 6(e v.Bi



to Ge~ar Box

Exhaust

End~r Ro 12 -in. Flanged Nozzle

AOi r Wr nHead

Head

PLI Pressure
Vvssel

Force Washer rDiaphragm on
14 Surface of Bed

Footint,

~ and lcdt1,j
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Fig. B-6 TYPICAL SETUP FOR EXPFRIMENTS WITH brATIC

OVERPRESSURE

Fig. B-7 USE OF PROVING RING AS A FORCE TNDICATOR

FOR EXPERIMENTS B9 TO Ell
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Fig. B-9 DISPLACEMENT GAGES USED IN DETERMINING

SURFACE DISPLACEMENTS UNDER A STATIC

OVERPRESSURE
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"IPPENDIX C

'I HREE-DIMEN...C..AL. D M..I..CALL- LOADED FOOTINGS

by

S. Shenkman
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APPENDIX C

THREE -DIMENSIONAL DYNAMICALLY LWADED FOOTINGS

by

S. Shenkman

Tw, se res ,..f v.xpe rinmi nts t-n three-dimensional dynamically

leaded f" .t-ting& wt• l..ý? fc-rmcd in the dynamic seil facility desc.ibcd in
Appendix A. in.t'al.y, c:ncentrated dyrnamic !Vads were applied to a 4-in.
square by 2-mn. high il-mlnum block placed cn the surtace of the sand bed

(grain.-size d'stribi.t.-n sLf wn in figure 4. Supplementary experiments

were ther perfc triod by ?pplying a uniform static overpressure to the

surface cf t1.c sc-. st-.r:,t;ur.dlng the footing, in addition to the concentrated

dyai-mic ... d ,ipplied t'i the c'-nter of the fotling.

" -: ".-ch t xperiment, the bed was vibra ,)y inserting an

imlni ' , n a.'t' 't. t-.: 0e, vibratc.- rnto the bed at a :t near the wall

of th s,'. - .ainer. T7.t b,-d was leveled after three minutes of

vibratic-n ,,i ,. P v*bta•.c r w.t'hdrawn after an additional one-half minute.

Using th, v roce d,4 re,. tho av'ý rage density ef the sand bed, baaed on the

volume .-ccupied by tf'e t. týLl we'ght of sand, was 109. 1 pcf. .Rurface

density mear-"emenrso asing a scLcp density device, were made through-

out the *xperimental program tý_ check on the reproducibility of the bed.

(C-l),The dynamic loading apparatus( g was used to apply the con-

centrated dynamic loads. The basic hydraulic system remained

similar to that previously t.sed. Three needle valves are shown in

figure C-I, a sketch c'f the dynamic apparatus. The addition of needle

valve B to the hydraulic system pwrmits closer control of the force-

time histury. As sh-wn in figure C-2, an incre.se in load duration

of approximately 10 mrsec resul's when the valve is closed. Needle

valve B provides .'r. additional function in the experiments using a

static c.verp-,ess'.:re which wit. be di-scuseed.
: S,;p:':irip. n-xmb-,.s in pa.-rmthe,". cite rcfrencas c.llected at th,
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Instrumentation for the experiments consisted of a high

sensitiv:,y force washer, accelerometers, linear variable differential

transfori..ers (LVDTs),, and s-&. pressure gages.

A Lockheed Electronics Model WR7S high sensitivity force

washe,, ,a% custom-built to required specifications with a linear range

of 0 to 10C0 lb. Load alccvc. provided with the %rasher, connected to the

footing beneath the washer and to r. steel ball above the washer. The ball

acted as a roller between the force washer and a steel pipe connected

to the hydraulic cylinder piston rod.

The accelerometers were Columbia Research Model 300

compression-piezoelectric-type gages. The gage sensitivity with the cable

lengths and input circuitry used was approximately 30 mv per g acceleration.

The dynamic acceleration range of the gages is 0.02 to 40, 000 g and their

natural frequency is 75 kcps. The accelerometers were attached to the

footing, 1-1/4 in. from each corner, with a 10-32 stud.

'r n '.oVDTs, a Sanborn Model 585 DT-Ir ith a t I-in.

linear range and an AutomatiL Temperatu-re Co. Model 6 .a. with a

+ 0. !b-in. '.near i a-.:!e, were used to measure the footing displacement.

In the experiments without surface overpressure, both transformers were

connected to a 3trip of steel center- supported by the loading rod, and did,

in fact, measure tk~e deflection of the red rela.iv:, to the hydraulic Ylinder.

However, it was at sumed that this motion represented the displacement

of the center of the footing. In the experiments with surface overpressure,

the LVD¶I were connected to each side cof the footing in order to simplify

adjustment of the gages once the ores3ure vessel head was placed. Use

of the - 0. 15-in. LVDT enabled accurate tracking of the initial motion

of the footing, while the + 1-in. LVDT followed the motion of the footing

over the larger range. The + 0. 15-in. LVDT, a more sensitive trans-

ducer for the range considered, was used to verify the general shape of

;.he displacement-time histories for the initial displacement.
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St ific overpressitre applted to the surfeae of the soil was

meas-ired by a 0 to 300-psi range United States Gage Co. indicating gage.

The giýge was attached to the removable head of the r.'-Lisure vessel and read

directly to I psi. A J. P. Marsh Corp. zero-psi to 100-,si indicating gage was

used for lower pressure application. A Denison Engineering Co. indicating

gage was. connected to one of the instrumentation couplings on the side of

the pressure vessel at a point below the surface of the sana. The prime

purpose of this gage .,,as to mcasure any air pressure leaLking through

the diaphragm covering the soil bed.

A Consohdated Electrodynamics Corp. oscillograph, a strip

chart recorder with a one-msec response time, was used for dynamic

recording. As shown -n L , C-3, a schemnatic diagram of contral and

recording equipment, the recording equipment was run independently of the

soleitoid valve, The CEC recorder was permitted to reac' iuih running
speed (24 in. per sec for Experiments El through E8, and 30 in. per sec

for remaining vxptpriments) before the solenoid valve was energized.

Photogr.,), f 1 e instn'•mentation and dynamic load' nparatus for expe::-

iments v. .ho,:t o "e-presst.r.-, are shown in -- , C-4 C,-5.

Lx...p•..:' s Without Static Surface Overpressure

In t)- .. . r, r ..... , fcr-c tinic. and di. piaccment time

were recorded for ýootings s-ýbjected to concentrated dynamic lcads. In
attempting to correlate expcrimental and theoretical results, it was found

that experimental acceleration data were necessary in calculating soil

resistance beneath the footing. For this ::eason, four acceleror:Aeters

were attached to the footing near the corners in the present exlpriments.

It was anticipated t.iat the average of these ftur accelerometers would
define the acceleration of the center of the fooaing. However, upon running

a number of these experiments, the CEC records show-!d a response by the

accelerometers at both the onset and termination of the load. If this response
were due solely to the actual force applied to the footing, the a.celeration

data would provide n, ;-iiingful results. Subsequent examination of the

hydraulic system found these responses to be partly due to the energizing and

crlr,-:.g of !he solenoid valve. The valve, upon being energizcd, applied a
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concentrated load to the channels supporting the system, thereby deflecting

the chaolu,,els and transmitting a load through the hydraulic cylinder and

into the tooting. These observations were furthtr ve.itied by examining the

results of records taken of the accelerometers, force washer, and

+ 0 l5-in. LVDT, by energizing the solenoid valve without any px•isure

in the pneumatic system. This situation was ren-edied by stiffeuing the

channel members supporting the hydraulic systen,, as shown in figure C-6.

Twenty-nine experiments were conducted in this portion of the

program. Table C-I summarizes the results of these experiments.

Typical records obtained for solenoid actuation times of 13, 45, 70 msec and

infinite duration, are shown in figure.C-7, C-8. C-9 and C-10, respectiv-.ly.

Although ,.onsiderable variation is noted between the records inclue. -d on

these figures, certain generalizations can be made. The two LV.!Z records

serve to supplement each other. the + 0. 15-in. LVDT is me, e accurate

and should be used for displacements up to 0. 15-in. . and beyond this

range, the + 1. 0-in. LVDT is used. Observation of the acceleration

records ir.., .:" , at significant disturbances occurre, n the solenoid

valve is op .aed ard when it is closed. The general natuat. of the obtainable

for.;e-timL history :*.r an infinite duration load is shown on figure C-10 -

the initial peak is followed by a significant decrease and a subsequent

return to ess,?1tially the peak force. When the soler. i valve is closed

the force drops off and therefore the trough may or may not appear depend-

ing on the duration.

Figure C-Il demonstrateb the effect of displacement as a functior,

of a load duration. In this figure. peak deflection is plotted against the

integral of the force-time hAstory. The force-time history for the infinite

-duration loading .. as integrated up to the time of peak displacement. This

plot indicates trends, but the scatter is such that the results cannot be

considered as conclusive.

Integration of the accelerometer records provided an independent

check on the LVDT-measired displacements. In figureC-12 and C-1 36

double integrations of the accelerometers are plotted along with LVDT

displacements for Experiments E26 and E28. There is no apparent reason
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for the consistently Iow. r d-,splacements found through the double integration.

Since the LVDT... could be at lcam~ approximately checked after the tests,

the inte.'ration techniques must be assumed isi.ccur~.te. A check of these

procedurcs indicated no apparent source for the consistent variations.

It ib iste resting to note that the velocity-time curves determined as an

inLernatdiatk sLep 'iedsi ut ~tcuag sacsaat to the L -alu 'Cutugd.

ExpFer*mir~r~s With Static .Surface Overpressure

Applicatio~n rf a surface overpress.:re necessitated altering the

expe rimt rtal setLýp. in ti-is care, the hydraulic cylinder was fixed to

the inside cf the 12-in. opening of the pressure vessel head, as shown

in figure C..14. The rtma-.nde r of the hydraulic system was attac'aed to

a hcrtzorntal beam c.ýnne.:!ed t') the p!ýessure vessel loading frame, as

shown in fgure C-15. Hydraulic fluid was transferred fromn the hydraulic

system rc the hyd rz -:,c cyiinde r zhrough a hcle tapped in the blind flange

of the 12-*n. op, h,* g. A qL'.ck-disccnnect valve, attached to the flange,

enabled s'"-< th flanige withcut any loss of cil. '0 lire C-16 shows

the fo. :r rn T.:Ar f Y, *)- -nd w th tie diazplragm ust prevent a

sttc: sý ýa -- -, --Pru-;s.;it ircm !eakilng inti5 the sand bed.

Table C..2 sk~m-rnrzf s thoa experiments performed in this ser.'s.

In this tab*..-, dt fi;.. r-.0, d.splaemernur as th~e final displacement of

the focting; the, time t-n pr-ak displacement is the time fro'm -initial Lc~ad

applicaticn to the initial peak of the displacement. These definitions

pe rmit bette r co rre lat.r-r. o~f appl ied luad with displacement, since in a

number ci experiments a "bcuncirng" of the LVDTs was seen to occur, and

there was a degret f uncertainty ad to whether this "bouncing" was due

to soil resistance -rpist,ýn rod vibration.

Six complete ned setu~ps vo!re performed during this phase. In each

setup, the sand bed was vibrated, leveled, and the instrumentation, footing,

and diaphragv'- '.-r e pi.z.ed in position. However, as shown in Table C-2,
when static surface overpressures of Z5 psi or greater were applied, the

peak footing displacements were negigiwble. Since the apparatus was

limited to a dynamic lAoad n'f 1000 lb (th%- linear range. of the available
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force washer), the majority of experiments yielding measurable dis-

placemerwts were performed with a static surface overpressure of 10 psi

or less. initially, pressures grcater than 10 psi were trItempted, and as

a result a number of experiments were performed on the same bed setup.

A or B "..ded to the experiment number indicates that the dynamic load

waf reapplicd to thc footing w.ithout relBi.evin the static surface overpressure.

A number of experimental observations were made in addition to

the acceleration, displacement, and force records. The diaphragm used

on the sand bed was found ineffective in preventing all pressure leakage

into the sand. Various attempts to reduce or eliminate the leakage proved

fruitless during the program. However, this shall be remedied prior to

any future testing. The pressure buildup in the sand bed was measdred

by the pressure gage connected to an instrumentation coupling on the side

of the pressure vessel. The difference in pressure between 4:ae surface

and the sand bed for each experiment is listed in Table C-2.

Appli-ttion of a surface pressure necessitated cloqi -: needle

valve B. If he nnedle valve were not cloted during the, periments,

the .;'essu- t •i!thm the vessel would be able to force the piston rod up,

since the hydraulic !:uid would be permitted to exit through the solenoid

valve return Dart. Closing needle valve B, combined with the small foot-

ing displacements, resulted in force-time histories which did not decay

after approximately 80 or 90 msec as was the case in previous experi-

ments, even though the ,olenoid artuation time was set at 70 msec. This

is presumedly due to friction induced by the overpressure. Typical

experiments, are shown in figures C-17, C-18, and C-19. As might be

anticipated, the observed footing behavior (accelerations and displacements)

increase as the ov. rpressures decrease.

AEMOUI 258IAIC H IFOUHSATI* O FI M114N018 INSTITUTe OF IrCHNOtOGy

C-6

-. .



/

REFERENCES

C-i McKee. K. E. Design and Analysis of Foundations for

Protective Structures, Appendix A, AF.WC-TN-61-14,

Armour Research Foundation, Chicago, (May, 1961).

II

4

/

AIMOUR 9181A3CN POUNDATION Of I1lNOIS INUIIrTUT OF TICHNOtOGY

C-7

4 /' 7

// / /

I //



• ./

Table C-I

-)YNAMIC EXPERIMENTS WITHOUT STATIC OVERPRESSURE

Experiment Impulse Duration of Peak Force Time to Peak Time to Peak
Number itb x sec) Load Peak Force Displacement Displacement

__ _(__sec lb (rese) (in.) (miec)

El (Illegible record)
E2 14.24 91.2 263 11.3 1.34 84.0

E3 6.17 77.6 120 8.6 1.28 88.7

E-1 11.96 99.4 225 11.4 1.37 93.4

ES 9.81 94.0 190 9.4 > 1.5 ....

E6 9.65 87.1 246 2.7 1.43 35.5
E7 0.96 32.7 130 3.0 0.03 14..4

E8 2.00 46.5 162 13.3 0.06 24.9

E9 4.29 35.6 317 12.3 0.56 37.0

£E0 7.35 39.3 269 5.2 0.56 42.7

Ell 7.66 48.8 272 11.0 1.21 55.Z

EI2 7.60 ,1, Q1 255 7.2 1.34 56.2

mu13 ; 1-" 58.9 220 16.8 >0.2

1E4 .. 261 52.6 226 9.1 0.9s 62.3

EIS U.311 56.9 -19 7.1 0.68 68.4

E16 10.1! 91.8 190 8.4 1.09 88. "
E17 9.76 97.4 190 9.5 1.18 89.0

E18 b.08 93.6 142 5.9 0.76 88.3

E19 8.77 96.0 120 11.2 0.93 95.1

E20 8.99 93.6 199 9.1 1.20 88.2
E21 9.16 90.0 199 5.0 1.17 82.8

E22 18.08 >1000 224 7.2 1.45 114.8

E23 10.03 hl1.Z 252 8.7 1.1* 85.1

E24 1.44 17.5 124 2.3 0.07 14.6

E25 17.74 >1000 218R 6.5 1.37 119.5
E26 3.06 27.9 319 11.3 0.36 32.2

I ,Z7 (Illegible record)

£2. 14.00 78.9 29? 10.2 0.92 80.8
E29 12.43 88.1 j 204 9.3 1.12 87.4
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Tabl-j C-2

DYNAMUC EXPERIMENTS WITII STATIC OVERPRESSURE

Experimeni Peak Time to Peak Time to Peak Differential
Number Vrorce Peak Force Displacement Displacement Pressure

(ib) (msec) (in.) (msec) (pst)

75 38.4 0.I4 51.9 0
F2* 185 14. C 0.605 80.5 0

FZA 196 11.6 1.200 78.4 0
F.I (Illegible record) 106.0

F3A (Illegible record) 41.0

F4 568 16.7 0.001 98.0

F4A 3 12 a 6.2 (0.001 85.0

FS 871 11..6 0.003 18.0 97.0
FSA 995a 8.2 0.005 4.2 102.0

F6 92.1 8.5 0.012 7.5 55.0

F6A 954 7.4 0.024 8.3 52.5

F7 1130 8.6 0.032 8.6 26.0

•F7A 4 i043 11.8 0.039 10 9 2i.0
" (Illegible record) 0.056 4 10.0

SA I 76! 10.3 0.084 10.- 9.0
.."9 046 10. 3 0.113 8.3 4.9

F9A 88n 9.8 0.131 11.2 5.0

Fl,1 6416 11.6 1.260 66.6 0
FIR' 943 11.8 0.018 11.8 23.0

FIIA IQ5 10.7 0.02 5 11.7 23.5

FIZ 663 9.5 0. 064 9.1 5.2
FIZA . 18 8.2 0.082 5.4 4.8
F13 246 9.6 0.697 .70.5 0

F14* 993 13.7 0.019 12.0 24.5

F15 961 10.6 0.054 8.8 8.3

F16 935 14.9 0,117 13.0 3.8

F16A 805 9.7 0.193 13.0 2.7
F1611 400 7.2 > 1.2 ? 0.8

Initial bed setup
? Tihe time was not apparent in these experiments

a Residual static plus applied dynamic load

Note: 1. Displacements are cumulative with respect to the initial bed setup.
2. A or P, added tc the experiment number i.idicates that the dynamic load

wam reapplier In th,' fnoting without relieving tie static surface over-
piessure.
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a) Experiment E28, Needle Valve B open.
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b) Experiment E29, Needle Valve B closed.

Fig. C-Z EFFECT OF NEEDLE VALVE B JAN

THE HYDRAULIC SYSTEM
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Fig. C-3 SCHEMATIC DIAGRAM OF INSTRUMENTATION FOR

THREE - DIMENSIONAL DYNAMICALLY LOADED FOOTINGS
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Fig. C-4 INSTRUMENTATION FOR. EXPERIMENTS
WITHOUT STATIC OVERPRESSURE

Fig. C-5 DYNAMIC LOADING APPARATUS FOR EXPERIMENTS
WITHOUT STATIC OVERPRESSURE
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* Fiji. C-6 TRUSS USE±D IN STIFFENING CHANNEL MEMBERS

SUPPORTING THE HYDRAULIC APPARATUS
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Fig. C-15 HYDRAULIC SYSTEM MOUNTED ABOVE THE IZ-IN.

OPENING IN PRESSURE VESSEL HEAD

Fig. C-l16 TYPICAL SETUP FOIR DYNAMIC EXPERIMENTS USING

STATIC OVERPRESSURE
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T!W - DIMENSIONAL STATICALLY AND LrYNAMICALLY

LOADED FOOTINGS

by
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APPENDIX D

TWQ-DIMENSIONAL STATICALLY AND DYNtAMI.CALLY

LOADED FOOTINGS

by

S. Shenkman

Focting behavior was studied qualitatively by two-dimen-

sional experiments The glass-sided cont..'iner constructed for the
(D-1)*

original program was used in these experiments. The footings

were 3-in. by 4-in. and the soil was a dense Ottawa sand (grain-size

distributi'n shr-_-n in figurc 4). Previous work of this nature was

completed on past ce ntracts, including the following series of experi-
ments: a) static concentrated loading, Experiments G1 through G5 DD-);

b) dynamic concentrated loading using dropped ,,;eights, Experiments

G6 through G8 D-I); and c) dynamic concentrated loading applied by
means of the pncumat2c-hydraulic loading apparatus. 'xperiments 09

through f~n.1) . Included in these experiments t rertical static

ar.! dy ai•c !, tds on surface foot.ings; vertical static ioads on buried

footings, v-rtv•c: ; ec.-cntric.•llV-applicd dynamic loadings on surface

footings, and iLiclined dynamic loadings on surface footings.

The present- study continues these experiments using b.. . -.h

surface and partially buried footings. The numbering system used in

the previous studies is continued cn this program, since the basic
farilitv roa-niq tho- st,',' ant thl qoualitative objectives are similar.

Tlhes experiments are summari-sed in Table D-!.

*Superscript numbers in parentheses cite references collected at the

end of this appendix.
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Surface Footaings

Two static experiments, GZZ and G23, were performed in

this bL.W es. In eachi test, a constant displacement rate was applied to

the foot;-,- b,,- a mtcc dr-.c gca LG~c zuar....u at 0.055 in. per min in

Experiment GZZ and 0. 11 in. per min in Experiment GZ3.

Instrumentation for Experiment GZZ conbisted of a proving

ring which measured the applied load. and a dial gage which recorded the

deflection nf the froting.

Instrumentation for Experiment GZ3 c~nsisted of a foace

washer and two LVDTs (+ 0. 15-in and + 1 -in, linear range as described

in Appen.'ix C) ze.-ording on a CEC recorder. Fig-are D-I Ciows the

setup for Experiment G23; the setup for Experiment 022 was similar

except for the in,if,umentation. A photograph after failure is shown in

figure D-?

rv.,) r-iethodb for comparing the results o-- &s..periments

G1? and CG.3 %-'.'~'.rnailar previous setups (Experiment. G1. G2, and G5 1I.I
woui1e4 invcwve e.,-i'.er a comparative plot of their resistance -displacement

curves, or ex,t. i ination cof the resulting bearing capacities. Both methods

would of courr't be desirable, ,icjwever, the resistances and displacement.

for Experimrnts Cl, 02, and GS were tabulated to a point before the peak

bearir'g capacity, and the resulting peak loads recorded without their

corresporkd-nf diaplacements. Table V-Z presents a comparison of

these expet't.e.nts, based on their bearing capacity. Also included in

Tabl~c D-Z i. 'he result of an experiment previously performned in the
(D-2)

glass-sideci contaiiier where a static concentrated load wasn applied
to the Looting at a "1slcw" rate (0. 00053 in /min).

The comparison atte-mpted im based on 'he experimental

resuilts without any regard to lo" I application techniques or instrumentation.

In' Expe ri ments GI1, G2 and 05, the loads we re appl ied by a hydraulic Jack,

ASMVOUCS 5IEARCH POUNDA?'@N Of MINO1@S INSISIWIU1 Of tuCNNatoor
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whr-zeas In G2', GC2, and the "slow" rate loading experiments, the loads

were applied by a gear box. Since GZZ is similar to GI, G2, and G5, the

mean% of load app'icat~on doca not apFear to p-c, dticp significantly different

results.

In observing the proving ring and dal gagub while .otiducting

an experiment, the load and deflection seemed to jump in substantial

increrneaLz Th,s effect has previously been in'.nst.ated in the "slow"

rate of loading experiment, where the nrovwng ring and dial gage readings

were recorded by a movie camera, the results of which are plotted in

Fig. D-3. If we constider the extreme forces recorded by the jumps as

defining an envelop, the lower curve of the envelop records a resistance

of 2.14 lb. which is an agreerment with Experiment G23 as plotted in

Fig. D-4. It is therefore felt that in all static experiments prior to G23,

the peak resistances were observed at a point representing the upper curve

of the envelop, and do not represent the true bearing capacity of the

footing. Very lini-ted jumping was observed in the force washer records.

The sprnvn no: c't-istic or tLme required for reco. -f load in the

prov:ng tng in-w'. explain this jumping.

Partally ..urted Footngs_

An effort to simulate the geometry and type of loadings for

arches and domes was made in'this series of experiments. Coisitdlering

the structure (arch or dome) to consist of a concave downward dished head

connected to an annular ring or footing of greater width than the thickness

of the head, the bearing surface of the footing may either be horizontal

or tilted at some angle to the horizontal. The outer surface of the footing

would be covered with a layer of soil, dependent on the depth of burial

of the footing, while the inner portion of the footing would be at the

excavated ground surface. A nuclear detonation, therefore subjects the

outer surface of the structures and surrounding soil to an overpressure

during the time that the footing is subjected to load. For the purposes of

this experimental approach attention has been limited to the two-dimensional

problem,although it should be recognized that the real three-dimensional

situation may introduce significait variations.
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Since thc obiect of these expertmen i is to supply

qualitative result-, the actual1 problem was simplified by' applying a static

.'erprc.; sure to one side of a simulated arch or dome footing. The experi-

mental procedure for thesc txperimentts considered static and dynamic

concentrated loads for vertical footings and footings inclined at an angle

of 300 to the vertical The footings wc r. T-shape.:l with bearing surface

dimensions 3-in, wi de by 4. in. deep. Strips of plistic foam covered by

a sheet of paper were glued to the sides of the fbootng to prevent sand

from leaking bFetwefn the footing ,and glass plate@. A rubber membrane

contained by the glass box on three sides, and the footing, tiand and a

steel plate on the oither three sides, wvas inflated and held to a given

pressure, simulating a static ove rpressure on the surface.

Instrumentation, shown schematically in fi-gure D-5,

included a force washei, a + 1. 0 iii. LVDT, atida + 0. 15 in. LVDT

recording on a CEC recorder, (see Appendix C for a complete description

of the ino."r- n!' tic'r.). 'An addition, a 16 mm Wollen-' Fastax camera

was used - (m-ba.ve footing failure under dynamic loat

" LVDT. rC-re connected to a strip of steel which was

'renter-suppor'ed by the lo~ading rod. It was anticipated that these

LVD~rs wot-ld imgasure the di~placeme-it of the center of the footing,

regardless of the movement ofi the foot ing. However, it was seen that

in many cases, taie loading rod would bend when the footing started to

turn and th displacement-i recorded re not those of the center of the

footing, but --ither, ind-.cative of the motion of a point some distance

from the center. It was poss~ble. during the initial displacement of the

footing. to average the readings of both LVDTs, since they were on

opposite sides of the footings. Foi this reason, load -displacement curves

for the two-dimensional static experiments are plotted until the point

where the +- 0. 15 -iri, LVDT became nonlinear.

In each of these experiments the force wasn applied normal

to the base of the fotti-1g and the e~eflections measured parallel to the

direction of load application.
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Tal2e D-3 summarizes !he results caf the experiments using

a ccp:~entrated-; tatic l.oad. Re sist 3nce -displacemrent curves for these

experiments are plotted in fi,.:ecs L-6~ ar: ro-:.. T',t:.ical setups are shown

in Figs. D-R and D-9 for vertical and inclined footings. Each of these

exper~ments used a motor -driven gear box applyiung the load to the footing

at a JI-1placerisi'kist A Itt- C' 0. 'a10 LVss. yes, main. Ai burface overpres sure
of 5 psi. was used in Experiments G29 and G31, however, overpressures

as high as 10 psi were attempted ,n Experiments G24 and 027, but they

were found difficull" to control for the procedure used, and in both cases

caused the rubber membrane to burst. Sequence photographs of tooting

failure in Experiments 028, 029. G30. and G31 are shown in Figs. D-10,

a D-11, D-12, and D-l?. respectively

Table D-4 summarazes the re-.u~ts of eight experiments using

the dynamic loading appdratus .In each of thi::' experiments (G32. 034,

and 035) the lo.0 was applied three times before failure planes were

apparent. Pep( witud application of the load is indicated by A or B in

Table D-4 sizte, tie e-xperiment number. Repeated t. 3 was felt to be

just'.iie.-' J tha`.i -.)lace me nts on vr~or tests was small. Footing displace-

ments, listed ý.. AM D-A fo-. these experimrents are cumulative with

respect to tte- intt~a, setup. Typical setups for these experiments are

shown in Figs. D- 14 and D- 15, for vertical and inclined loading application.

Force-time ana displacement -time records are sh'own in Figs. D- 16,

D-17, D-18, and D-19 for Experimentss G33, G36. 037, and G39,

respectively; sequence photographs taker. fromv the 16 mm movie film are

shown in Figs D-10 to D-231 for the above experiments.

Of particular interest in these experiments, both static

and dynamic, is tht location of the failure plane. While it is not possible

to generalize these locations becausie of the limited number of experiments,

the following effects have been observed:

a) Vert~cal footings; in all cases failure occurred
w *thin the area of the simulated dome.

b) Inclined footings.
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I) Location of the failure plane for static loading
was dependent on the applied static overpressure;
under ar,•bient pressure, failur• •ccurred outside the
str•cture wh•le an application of 5 pui to the
surface caused the shear plane to develop within
the structure.

Z) Formulation of a failure plane for dyna.-nic loading,
under both ambient and overpreseure conditions,
occurred outside of the structure. In two experi-
ments, G35B and G36, the footing was seen to turn,
the initial •ailure o•taide the structure formed and
followed by a failure plane within the stnl•ture.

An important phenomenon observea in the 16 mm movies

was the turning or twisth•g of the footing during load application. As a

result, in most cases the iinal angle of inclination of the footing is

different than the original angle of load application. This -esults in a

moment applied to the footing due to the eccentricity, in addition to the

applied load. No effort was made to measure this eccentricity durin•

this seri• : ,,,,•- eriments, however, •uture experin• " of a similar

nature s] ,uld aLlrapt to p•ace the poSnt of load appli• .• closer to the

b:,aring uriace .•.• the footing, thereby minimizing the resulting

eccentricty. 0£ course, the eccentricity may be completely eliminated

by rigidly connecting the footin• to the loading ro•. Any future experi-

ments will weigh this approach against the "roller" type of load

application.
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Table: D-1

TWO - DIMENSIONAL EXPERIMENTS REPORTED

;a1ERE34

Ave rage
Experint De itY of Type of Type of Static
Number Sand n Footing Load SurfarF ~ ~~Container vresul

G22 107.6 Surface Static 0

G23 107.7 Surface Static 0

G24 -- Partially buried, Static 10
vertical

G25 106.0 Partially buried. Static 0
vertical

G26 108.4 Partially buried, F 'tic 0
vertical

G27 109. 7 Partlallf buried, bt...c 10
vertical

W28 108. 1 Partially buried, Static 0
vertical

G29 107.2 Partially buried, Static S
vertical

CJ0 107.5 Partially buried tatic 0
inclined 30'
from vertical

G31 110. 1 Partially buried, Static 5
inclined 300
from vertical

032, G3L , 108.6 Partially buried, Dynam~c 0
03 211 inriined 300

from vertical

033 109.6 Partially buried, Dynamic 0
inclined 300
from vertical

G34. G34A, 112.3 Partially buried, D-,namic 5,5, 3
G34B inclined 300

from iertical

G35, G35A, 113.0 Partially buiried, Dynamic 2, 1, 0. S
0G35B* inclined 300

from vertical
G36 III.7 Partially bhried, Dynamic 0.5

inclined 300
from vertical

G37* 107.4 Partially buried. Dynamic 0
vertical

G38 112.3 Partially buried, Dynamic Svertical

039 ! 10. 3 a buried, Dynamic 5

* Movies of these experiments are avlilable.
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Table D-2

TWO-DIMENSIONAL STATIC EXPEPIN,,!-fNTS OF"

SURFACE FOOTINGCS

Experiment Maximum Bea ring
Number Load Capacity(Ib) (D.e)

01 264 22.0

02 300 25.0

GS 344 28.7

"Slow' rate of 275 22.9
loading

G22 329 27.

G23 234 IV.

Table D-3

TWO-DIMENSIONAL STATIC EXPERIMENTS OF

PARTIALLY BUR!ED FOOTINGS
_____________ - =,,-= = -- - ----- -

"Static Surface 1 Maximum Deflection at-
Overpr.z-ure load Maxijzum Lcad

Experiment Number (psi) (Ib) (in.)

025 0 625 0.127

G26 0 605 o. Z34

G28 0 b.,? 0.123

G29 5 782 0. lz

G30 0 468 0.152

G31 5 940 0.328

ARMOUR P11*ACH POUNSAIION OF IttINOe8 IMITIUTI OF TICHNOLOGY
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Table D-4

TWO-DIMENSIONAL DYNAMIC EXPERIMENTS

OF PARTIALLY BURIZD FOOTING

- Over-

Number r zcc ~1c.~'lIPeal: Dis- panrJoý.mbcr (rirc I i .) I Lcr.'ent S1i

032 inclined 391 10.9 0.06: 13.8 0

G32A inclined -.95 10.3 0. 15 1 ..7 0

C321', inclined 519 10.9 (0. 7: 2 76.'r, 0

033 ~ inclined 435 1N.6 1.A93 80.9 0

G34 inclined 803 ---- ----

G34A inclinod 793 ------- ---- 5
034r, inclin)ci 916 13.2 ---- ---- 3

035 inlnlC~I( 969 19.9 0. 372 j 19..6 2
G35A inclined 918 13.8 0.3553 j 15. C 1

G3513D . 776 16.2 1. 5? ' 8%. 0.5

G3 6 _nclinv -1 940 15.2 0. 46 71. 5 0.5

037 vC;Ct;i-z 552 12.2z 1.30. 73.3 0
G38 jvcrticA 7l 13. 1 1:410 97, 9 5
039 j vcrtir~ai ( 77L j 1Z. 1 1.6 90.8

Movies of these c.-.pcri-nents are available. Repeated ap:,lic.-tior. oi t:-Ic load on a
given setup is indicated by the letters A or 1P after the c::"cri,-nent n~unuers.
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Fig. D-1 SETUP FOR EXrr!.RIMENT 023

F.D-Z EXPERIMENT G23 AFTER FAILURE_
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Fig. D- 14 TYPICAL SETUP FOR. DYNAMICALLY LOADED

VERTICAL FOOTINGS
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APPENDIX E

ENGINEERING APPROACH

by

K. E McKee

Mathematical Model

T.. , *'.. .c. dpplu .*. s .ined herei., refers to the

extension of standard soil mechanics approaches to explain the behavior

of footings subjected to dynamic forces. The anal-.sis, based on one-

sided behavior using a formulation similar to that used by Anderson (Fl)

was selected because of its suitability for extension to the dynamic problem.

A history of this development is contained in the main body of this report.

Figure E-1 shows the model for one-sided failure of an
infinitely long footing as considered for the dynamic analysis. The

nomenclature introduced on this figure is summarized below:

B too..ng width,

S dete:, of burial of footing,

F i(t)-- iin•e-llep,•ndent force per unit length,
pt = ove-.pressure on surface,

r = radius of circle of failure, and

0 = rotation of soil mass.

A complete nomenclature for this appendix is contained at the end of the

appendix. Assuming that the location of the failure surfaces are known

(i.e. , that r is specified) and that the shear strength along the failure
surfaces can be incorporated in terms of an equivalent resisting force

actiL; at t-.e centcr: -f. .... .. is. assumed to be a

function of the rotation, 0, for the known r. the dynamic equation

can be written as:

J34 + R(9) M(t) fXq. E-l)

". up,.,r-,rint n iber•.• -,nt., .. •-r.r- rdkl(ýcted i.t the end o, ".
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where:

0 rotation of soil mass

d 0 angular acceleration of soil mass
dt

I =rotational inertia

R(~ reistiz.C~ gisioiat Av i±s fumLtiost of 0

M(t) time-depcndent moments

The terms in this equation can be expressed in terms of figu~re F~-1

+A~ D 2 2 4r

6439 r' _ (D2 + r ) + 0. 78540 r(.-3F D)Z (Eq. E -2)

R(9) =(r - B P1)+ e o-06r 3+ (r + D a-

D- rB tan 1 (Eq. E- 3)

M~t) (r - -,Pit) + 0. 106'¶r- (r + D)1 (Eq. E-4)

YD 2
+ --- (r -B)

where

tanft~1 2. 332 D
r + (Eq. E-S)

?anL - (Eq. E -6)

The only new symnbol used is g for the gravitational constant, Lt.e.
2 2U~. 2 ft per sec or 384 in. per sec . It should be noted in the above

development that the influence of soil. shear strength and surface over-

pressure are included only by implication - - the values of r and P1 (0)
diepeend on theove parameters. Within this framework, Equation E-1. with thxe

substeiary equations, mathematically describes the behavior of dynamically

leaded footings based on incompressible soil and the assumed typa' of

one -sideci failure.
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Values for P (G) and r can he obtained from theoretical
or eAperimental considerations. For certain soils and in particular for

dry sand, experiments indicate that the soil strength is independent of
(F.- 2)

the strain rate". . For this reason, one might anticipate that the soil

below tue foot .ng might behave in essentialiy the same fashion for static

as for dynamic loaA ngs. As a reasonabie theoretical Lprnoadch onc might

assume that the resistance is rigid-plastic in form with the plastic

resistance equal to the statý.c hearing capacity, Pa. Using thc failare

surfaces indicated on tC, &rtz } I and minimizing to establish the failure

surface ansociated with the ultimate load capacity, the folluwing qiatakons

result:

P 4-1itan '*+- ta~n0 +a " 16 Y an 0 r -

D 2 l+2tan.0 +1
r 4 +taa - n 7- tan0)1 (Eq. E-7)

[-ZT O;r + D) + DPo r• +"., •

and

B tn 2 Yrz a'S7-" T sr

r2 1

j / 1sic r'11 +2 tan ) + 0tan (l.i _% .J 9- 1÷ 7-T1C

<" , • <, iDD
- + D (Eq. E-8)

S
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Equations E-7 and E-8, ui course, can be scIved numeri-

cally ft r any two parameters. Fur this analysis, the parameter ordinarily

A, dcl.d. L'" 1' V and r. The other para•reters, i.e.

0, c, B, 8, D and np wc, uld have to be specified. Trial-and-error solution.i

are, in general, necessary. The simplest method of solution requires

the assumption of a value for r, which allows Equation E-7 to be solved for

P directly. The computed value of Ps along with the assumed r are

used to solve equation E-8 for B. This procedure .s repeated until the

lesired value of B is determined, and, heace the appropriate values
for P and r established. Extrapolation or interpolation can be used,

of course, to find values when nearby values are known.

The exper~meuatal results, shown on figures 2 and 3 of the

main body are typical of static test data. As pointed out earlier these

experiments verify the there..ical values for the ,ltimvato e?..-a .- n.

Verification of the failure pattern b;y experiments is lens simple to

a scertain since it depe'nds on qualitative data. Figure E-2 shows a

Shotograra u -bided failure surface for a buried ! 11 subjected

tn atatr !.• JP-. (7 -. pariscon of this photograph with fi1 ,... , Z-1 would

indicate at lea.st t ,asiderable similarity, although it should be emphasized

fi .rc E-2 illustrates static behavior while figurc -- I is here appli...A

to dynamic ab well as static behavior.

Analytic So!utioni

The above development uses the shear surface location (r)

and load capacity (P ) determined by the static analysis. It should be

emphasized however, that the determination of the static data should be

based on the best estimate for the soil properties; i. e. the properties

should be selected to incorporate the influence !of the variables involved.

(This would include effects such as the rate of load application. ) An

investigation of the influence of the variuum parametera was considered I
uning an exponentially decaying forcing function of the form:

PMt) P e t (Eq. E-9)
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It should be noted thait Po i. peak applcd force. A graphical presentat;on

of thit load-time curve is given ihfig..r, E,-3 for varzous values of A.

The results presented here are based on earlier inve.ctigations by ARF(EM
6 ' E.7)

and hen•.• detgiled soiutions are not inf.Aaded.

Figure E-4 shows the in'luence of variations in soil

properties over almost the entti-e ran-g ot signiticance tor % tooting on

the surfacr of the soil. A critical rotation of 50 was arbitrarily used in

preparing this curve. It is Interesting to note that, except for the

limiting ard impractical cases in which the soil has very little strength

(c - 0, 51), the peak "orcc varies by less than 10% for values of o

less than 3. 6. This ubservation is limited by the form of the forcing

function, the absence of pressures on the eurrounding surface, avid the

lack of burial of the footing.

Figure E-5 shows the effect of varying the static air

pre.Psure. P. .';c4tvig on the surface. Again, a critical rotation of S was

arbitraril-" -elr-,d. This variation was carried out fo- surface footings,

particua- ,ioil n-rameters (indicated on Fig. E-S). - selected failtire

su•iace. Tah., . !tions in.d;: ate that inertial effects are of reduced

significance a.; pr, increases. For this reason, '.6,rc E-S j% Antt.d as

P, divided by, the static hrce, P. asuc.ated with po = 0. This presentation

avc:-dr t'.- r--.dviselv unirtercsting curves which wouldica.. . ff n-- apply.ngth- :

form of figure E-4 to these cases, and, in addition, illustrates th. .

significant contribution to the static capacity. Ps, attributable to the

surface pressure, po0  Figure E-S can be converted to the alternate f,,rin

by multiplying the ordinates of each curve by Pa 1po

The influence of depth of burial is demonstrated by figur'• -6

Again a critical rotation of 5ý was arbitrarily used. The distance below

the surface has a major influence on both the static capacity and the

inertial effects. The figure was prepared Lu demonstrate the increase

in inertial effects with depth of burial -- these effects are defi:itely

significant even for loads of relatively long duration. This can be shown

j by comparing the bottom curve (D = 0) with ;he uther curve when the

SARMOUR 12111AICN POUNSATISOD *P 19t1wO|is ,NITITUTv OP 11CNMOLOOV
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radtiu 0 k the failure circle and the soil properties are held constant. Care

should 'e taken in approx:natirg other solutions from the results of

figu- - , since, by nature of the parameters which arc held constant

the foot~ng widLwn decreases with depth of burial (D/B r 0, 1. 88'and 24. 4).

Howcvet, the inertial effects as well as the static capacity of a -pcciftpd

(nnting wo.uld increase sl~ni.icant!'-;-ith dcph of burial,.

The above examples have been based on asstming a strength,

M(O). rigid plaatic in form, having a value equal to the static bearing

capacity, P . This assumption has the advantage of reducing the

calculation time required to oLtain a series of solutions. but is in no

other way necessary. In the course of the research reported herein

solutions have been carried out for P(S) based on the static test data and

modifications thereof and for elastic-plastic forms for P.(O) such an shown

in figure E- 7 (with A showing ideal plastic behavior and B and C

indicating increasing and decreasing strength with rotation, respectively).

Approximately twenty-five such solutions were carried out for various

relationssipt •*. L, - ,n the. fonting ,caparity and displace: It should

he noted t- t thf .. 4umption is made that the displacezrr.... cast he

considereLu in term.n f the rotaitiorn or linear displacement with equal

ease. Experimentai results are always in terms of the linear di'.-)lac-ment.

Earh anhtion re.4,,ls•. in a predicted displacement-time curve for the

footing being considered. Subsequent experimental studies provided

displacement-time data.

To cumpiare the results with these data, the above

procedure was reversed to obtain P(1) or p(x) from the experimental data.

This approach, which will be considered in the following section, proved

much more significant and provided more meaningful information than

comparisons of measured and predicted displacements. For this reason

no attempt is made herein to consider further prediction of displacements

based on assumed or measured relationships between force and displace-

ment.
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C.mp•risv-n wit h Experment -

Considerable quantitative data was available as a result of

the coratrnled experimenti for dynanwically loaded ft,')Iings. This test

tiata provided a basis for evaluating the "engineering approach" presented

above. .- nly limited details regarding the experimental approach are pre -
... .. (E..3, E-4,

sented. Detaiied reports on the experittivaitl stuwics ar'e vailabl...

E-5. E-6)

Figure E-8 shows a typical experimental setup with the ARF

pneumatic-hydraulic loader in place over a footing. Table E-1 summarized

experiments from which those used for this evaluz tion were selected. (It

should be pointed out that a considerable number of other experiments have

been conducted as part cf the sPonsored rcsearch.) Figures E-9 and E-10

show typical sketches of th.. records obtained for force and displacement.

As indicated previously, the engineering approach is based

on the assumpt.cn ,tý%t the resistance to dyna.mic loads is similar to that

of static laad;. " 1.-Itial attcmpta to int•rpret the data were therefore,

bas.ed or th: assu. iption. By using the measured dyn, force-time

curv" and ,XT,.-:: •'.' rtC C'J-:-r.,, 1 ...% relatively simpke to calculate

the displarciv,.r.'-tv -e hist.vry -AlHh' wuuld be predicted by the analysis.

This analytical reb-•.t could tht.n be compared directly with the measured

displacement-tir.ie history. These considerations dictated the selection

of the displaqe,'ment as onc .f the quantitics to be measured.

The first attempts to Lnalyze the data obtained from tht

d .mically loaded three-dimensionil footing were baed on this approach.
There is little merit in reciting the type of alteration considered to make the

static resistance-displacement curve suitable. It is sufficient to say that

there was no reaso.nable mndification which restilted in calculated

d;splacement-time s veri.fying those recorded in the laboratory. At this
stage, it became obvious that the resistance-displacement relationship

for dynamic loads bore little resemblance to that for static loads and

the assunipticn that these curves would be related to each other in some

relatively simple way was shown to be wrong. The analytical approach

was revised and the data evaluated in a different fashion.
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This evaluation used the measured force-time and displace -

ment-! me records to drtermine the associated resistance -displacement

relationship. Carrying tnrougn this procedure raqu.-rý.!d determination of

the acceleration -time history fronm the di splaceyment -time records. Because

of thc - -nsitive nature of this determination, the analysis wsviewed with

use of four racccierorriett r-4 place-I on the corners of the footing provided

ct.ta justiliyng the earlier use of the measured displacement -time.

Consider a linearized equation of motion for the footing& at

the form:

where

-n equivalent mass.

x vertucal displacement,

x -. dz2  vertical Acceleration,

RO. re s. stance as a f tnt.tion of vertical disp .nent.

P~ ~ od vert.:c.l force as a function of time.

Note that rAii .!~ E-101 at .- umes a constant mass, a r.iciitance

which is dependent only on the displacement, and a force which is

function only of time~. From the measured resulta the experiments provide

P(t) directly and x as a function of time. Assuming that the mass, m,

can be determined. Erpiatiýni E-10 can bt solved jar ft(x) using the acelelration

determined from the x(t) data.

R (3) - PttI- (Eq. E-11)

This equation shows that at each instant the resistance, R(x),

depends on the applied force, the mass, and the acceleration.
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In the first attempt to apply this approach, four experi-

ment-, P27, P28, P29 and P30 were considered in detail. These records

were selected since they were similar in nature and had all produced

substant.al displacements. The records of these four experiments were

ana'vmed utilizing tie accelerations computed from the displacement

c€-vciz. FrIg.e E-ll shows poasatw ubigined from these analyses. The

static R(x) curve, the average of the three static experiments shown in fig-

:ýe 3 of the main body is reproduced on figure E-11 through E-15 for

comparison with the dynamic results. The fact that the points on the

R(x) curves for these four experiments are so well grouped was

encouraging - a single curve can reasonably be drawn through the points.

On the other hand, the variations of the points from a single experiment

is indicative of inconsistencies introduced by the method used in deter-

mining acceleration.

This procedure was subsequently carried out for eighteen

experiments for wnich both the displacement and force ."-ta appeared

satisfacrur &.q .-s E-Z indicates the experiments cc, tred. Table

E-3 r;io-" an R-v;-nple (fer Exp. P32) of calculations mace. In this

example. 5-rr..:ec ."me intcrvals -were selected and values for displace-

ment and force wre read from the records at that interval. The mass.

m, used was 0. 0223 lb-s c2 /in. based on the mass of the footing added

"to the soil in a half cylinder having radius and lengths equal to the footing

dimensions. This relatively arbitrary determination of the mass was in-

vestigated by considering possible variations - for all practical purposes,

the inertial term is negligible over the range of possible values.

Figures E-11 to E-15 show the resistance-displacement
curves computed in thts fashion. The average static resistance-displace-

meont is redrawn on each of these figuree. The arrangement of the

experiments on each of the five figures (E-11 to E-15) merely attempts

to collect those having approximately the same values of the resistance.

Observe that there is little resemblance between the static and dynamic

curves and, more significantly, between the curves computed based on the

dynamic experimei.tA.. Thi-, rntrasts with the unifoimity demonstrated
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by the resuits plotted for static tests on fi 4eure 3 of the main body.

While much could be written regarding these calculated

resistace -displacement curves and their meanvig. 4t ks sufficient to
say that they demonstrate the inappropriateness of using the static
resircpre, directly or with simple modifications for a general dynamic
load. Th,. fnreem Fn, th,- ,-.ri.a nf lyA.mic eperiments considered in
4 4,tail above had rise times of two or three milliseconds For sufficiently

large rise times, the behavior is explained Ly the "engineering approach".
Aince this is equivalent to the classical static analysis of soil mechanics.

A complete understanding of dynamic behavior must then
depend on an improved understa.nding of the behavior of footings subjected

to rapidly applied dynamic loads. As a result of these evaluationt, of the
"engineering approach", one limitation certainly arises due to the

assumption of a rigid soil mass. The following Appendix considers an

approach taking intp account the compressibility of the soil beneath

the footing.
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Table E. I

DYNAMIC. EXPERIMENTS ON 4-IN. SQUARE FOOTINGS

•xe . .. Peak Force Duration T Maximum D12s-- Time to Maxim'im
No, (Ib) (msec) placement (in.) Displacement (msec)

P1 366 1000 1 64
P2 340 1000 1 70
P3 303 1310 1 68
P4 277 24V 0.99 82
P5 331 83 1 63
P6 394 7C 1 66
P7 299 44 0.28 34
PG 137 25 0.04 15

216 34 0.00
PIO 1Q7 54 0.29 51
Pil 476 59 0.89 49
P24 324 24 0.16 17
PZ5 546 27 0.26 39
P27 159 91 1.00 68
P28 148 69 0.94 60
P29 123 79 0.90 74
P30 168 66 0.93 57
P31 371 79 0.49 74
P32 112 87 0.15 18
P33 104 81 0.05 43
P34 84 0.01 17
P35 J'4 70 0.01 14
P36 so1 80 0.01 16
P3? 71 0.01 is
P38 360 Vu 0.99 67
P39 334 73 0.89 63
P40 303 78 1.00 70
P41 272 72 0.96 66
P42 270 77 0.99 65
P43 272 84 0.15 64
P44 332 95 0.18 68
P45 341 122 0.15 71
P46 301 82 0.05 37

* Experiments PIZ to P23 on 30-in. diameter plates a.a not of interest
here. The records of P26 were spoiled and data is not available.

I
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Table E-Z

EXIERIMENTS USED FOR ANALYSIS

F-periment Peak Force Figure With R (x)
No. (Ib) (Fig. Nn.)

P7 Z99 17
P8 137 16
PIO 397 17
PI1 476 18
PZ5 546 15
P27 159 14
P28 148 14
P29 168 14
P30 168 14
P31 371 18
P32 112 16
P38 366 18
P39 334 17
P40 303 17
P-1 272 17
pAý 270 17

..3 272 17
I14 337 17

h &inOUS *SIAUCU FOUNSAT1OW OP #&tonal$ INS TUWIg Op UC|NNOtOev

E-13-



Table E-3

SAMPLE CALCULATIONS

EXPERIMENT P32

TimW. Forc,, F1 Disp.,X1 k i u - I ' I -
1-1300 (1W) (in). (in. pr sac) in. per sa')n. POW sac' (ib)

0 0.00232
5 72.53 0.0111. -0.000116 -116 -Z.587 75.17

0.00174
10 101 0.0203 -.1.000120 +120 +2.676 98.32

0.00234
15 83.80 0.0320 0.0034. 40.000228 +228 4.5.084 78.7Z

20 98.76 0.0494 -0.000348 -348 -7.760 106.52
0.00174

25 86.04 0.0581 40.000468 +468 410.43. 75.60
0.00468

30 87.54 0. 0785 -0.000236 .236 -5. 263 92.85
0.00290

35 94.27 0.0930 -0.000116 -116 -2 '37 9C.86
0. 00232

40 32. ".1,046 0o.o0010004 + 4 .9 82.2,

0.00234
4.7 81.,.5 1 *. 1 0.00'32 -0. 000004 - 4 -0.0891C4.64

50 87.55 0._279 1-0.000348 .348 -7.760 95.31
0.00350 !

55 74.82 0. 1308 1+0.000232 +232 +5.174 69.(,
0.00174,

60 80.06 0.0395 i0.000004 + 4 0.089 79.970.00176
65. 84.55 0.1483 -0.000352 .352 -7.850 92.40

70 74.82 0.1483 0 0 0 74.820

75 56.86 0. 1483 .0.000352 -352 -7.850 64.71S~-0.00176
o0 11.22 0.0i95 0C.002088 12088 46.562 $7,78I. -0. 0 1220

85 0 0.0785 .'
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APPENDIX F

EFFECT OF SOIL C0CMPRESSI!LZTY

by
K. E. McKee

BACKGROUND

As a result of soil compressibility, stress waves are generited in

the soil below a footing loaded by a time-dependent force. An idealiza'tion

of this situation would be the stress waves associated with loading a pre-

scribed area on the surface of a half space. The only major limitation of

soil properties is that they should be suitable for conducting an analysis

and, of course, be related to those expected for the experimental condition.

In general, the major restriction in that the soil properties should depend

only on depth and be uniform at each depth.

Since any approach to this problem represents v stress wave propa-

gaticn, tl-,s app4;ndix makes use of literature relatir, stress wave

pr~pag. aor.. i r a.icular, for the materials of interest herein, i.e., soils,

and for the loaciirZ of interest, i.e.. a dynamic pressure applied to a portion
of the surface oi a cemi-infinite body; the need for idealizations and simpli-

fications becomes apparent. Before considering the specific apolications

which are the subject of this appendix, stress-wave propagation must be

considered generally. A thorough review of stress-wave propagation with

the entire development and all of the ramifications would r.epresent• maj ,r

effort. For the purposes of this report, the attempt will be made to review

the state-of-knowledge in broad terms with particular emphasis on those

aspects which will subsequently be used.

Interest in and theoretical solutions for stress propagatiorn problems

are far from new. Starting in the nineteenth century, classical mechanics

included studies into this technical area. This interest was generated

primarily by the seismologists and earthquake data supplied the bulk

of the available experimental evidence. Over-all consideration of these

approaches is available from a number of standard references on elasticity,

,AlCOuN EUSaA-CE POUNSATION OP oIiiuNos INSTITUrr OP IECMNOtOoT
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c*

e(F-i1)*
e., Love and from a large number of books on seismology;

C'," iullen(F 4 ). Ewing, et al Macchivane(F4), or Richter(F-5 .

Without in any way .7tu I go over what was einne in detail, certain

general cb-ervat.,ns may be of interest. The range of problems which were

consii•e-ed is, in retrospect, astonishing. These solutions were far from

inclhiivo ,nA, in ge"er.!, represented these cases ,:hich cou!d be solvcd

conveniently. The analyses were also based on simplifying assumptions

which, in genera!, were not investigated to any major degree. Finally,

the experimental data, primarily related to earthquake observations,

were suitable only for evahiation and points a long distance from the

source of the disturbance. This source of experimental data and the

lack of knowledge relating to the material properties limited verifi,:ation

for the amsbmpdicns and as a result the theories were to some extent not

much .nore than r-n approximation suitable for large distanc. s from the

"source.

7 Within the past two decades, there has been substantial research,

both thecret,* AL Z." a experimental, relating to stress v ,ropagation.

(F-7)(F-8)Davi,'•s' KCIl.•-(F. ;} an#' Rinehart , have summarized much of
this work altho,:gh c -zrtain aspects are available only in the recent tech-

nical literature. hI the following paragraphs, areas of specific technical

interest will be Lonsidered.

The eleme.tary theory applies for an elastic half-space loaded

over ita entire surface or a bar loaded uniformly with plane cross sections

remaining plane and only axial s'resses. This formula results in the
standard wave equation, i.e.;

,2 2 _ _ _

- 0 (Eq. F-i)

and

V 0 '(Eq. F-2)

S5uperscript n'umbers in parentheses cite references collected
at the end of this appendix.
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or s.1mnar equat,.n.q k.t Ptza•n utz pat'.cLe vw'idvzty. The general wave
equa*',7n arisang in c':r.r:ect'..n with many phys-'rcal systpms and mathematical

tzls *,!ene rally using Fc-.irier expansions) are availh!c for obtaining solutions,

see Miller(F' 9 ). One of the mere sign-i-.ant observations resulting from
"thi. approach is that a soress wave is transmtaed without change through the

Sp- clm( n.

An excellent disc.;sicn of the te-ret•cal himitation of the elementary

thec ry for elastic stress waves has be.'er, presented by Abrarnson(F-O}).

Abramson summarizes the mere exact theories that have been considered, a'long

,w-tth the rc~suht. The v-z'.r',si thezries are compared with each other and with

"the available data. Because of numerical complications, solutions based on Lhe

exact theories are rare. (Use sf high speed digital computers is expected to

improve thi: s i.aat'on.) Experimental research along with refined approximation

solutions are, hcwever, !%uffic'ent fcr a basic understandir; of the phenomena.

Stress p-opagation through materials baving nonlinear stress-strain

characteristics is .f particular interest for this study. Donnell(F-ll) formu-

lated ir, 19 ,u ! 'ais. for the theory of plastic stres yes. During World

W.Lt :.1 V - 9 f.rr-'.lation was ksed independently by thi .avestigators in three

countries t," :,-ves,'gate plaslic stress waves -- Rikhmatviin(F'IZ) in the

USSR, Tay,,:t(F I3, F-14) in the UK and von Kgrmnn(F-I 5 , F-16, F-17, F-18)

in the USA. Since that t're thhe-e have been many studies, both theoretical

and experimcrtal, in th's general area. Of particular significanct~e was the

introduction of strain-rate effects by Malve:rniJ 19 0 F-ZO). Recent papers

by Abramson(F-I0) and Lee(F'") summarize the status of this subject. To

denionstrate the basic problem, the Donnelt formulation is shown in figures

F-l and F-2.

Figure F-l shiows an idealized lineas stress-strain relationship with

an ini-Att! clope of E and scbseqaent slepe of E. associated with stressC3

greatet than 0-" 1 If a stress, equal to or less than a- is applied, a stress

wave would be propagated wi•th a velocity o--- as would be expected for

an elastic stress wave. For a stress, C" 0 greater than 0"i there would be

two distinct stress waves propagated from the sources as shown in figl-re F-2o

&1EOUR INSIAIC19 POU149ATION OF IMMIO18IS *NTITIA7 OP TUCKNOtOOV
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The hrpt wave having a ;tress of C' is propagat.ed at while th^

second hiving a stres? c.f - propagates at As shown in itgii. k'..Z

th.s resLl~s in a spicad bottr'en the two frc•nts which wiil increase with time.

Thi% approach is obviously suitable for any material which has a slope de-

creasing w any fash-inn with increased stress. Fcr unloading, many materials

follow tlh.e •nnita" slope, in which case the unloading portionr would be expected

to travel with a vcloci.y of I-El. Dmnncll's formulation explains changes

i. the wave shape and %;bsequent c0bl.te-a:•.nn of all portions traveling at

less than the initial vwele'ity through the catching up of the unloading portions.

Donnell's formndiat'on, which took less than cne page in Applied Mechanics

in 1930, represents the basis for mes" studies nf plastic stress waves.

There is one limitation In the above whi:h vas not specifically mentioned

by Donnell -- h*.- formlatior, -s limite.d t• stress-strain curi.s where E2

is less tt.an E . A concave stress-stran c.,rve can not be handled in this

fashion. Tho- rsitr.:,,r'ng .f the second wave wot'.!d be physically unacceptable.

Figure F.3 s" .ws t,.e a",a*-.n being co.is:d.red. For b ses equal to or

less th.an N tfhe- s'5, sses w•:•ld be propagated with the inxt.al velocity

Ft.r atrtss levels high, 9 titan 6 the standard approach, e.g., %ee

White and Griffis',F 2 J cr Salvadcri., Skalak, and Weidlinger(F 2 31 F-24)

uses the secant modulus, as shown on i', -- 17-1, to establish t}he velocity

of the stress frrnnt.

The concept of a "lecking material" has been adopted into a nember

of studies of plastic stress wave propagation. "Ideal locking materials" were

introduced by Prager(FZ25 F-26) as an idealizaticn for certain classes of
materials. In mucs. the same fashon as stress-strain relationships are

considered an ideally plastic (i.e., the str.rss remains constant with an

increase in strain), Prager c: nsiders the relationsLip to %e ideal locking
with stress increasing with nc increase in strain. Figure F-4 shows

several of the idealizations which have been used for locking materials

and o:bviousiy .Žth.:_ .--. be cnn--idered. Salvadori., Skalak and Weid-

linger(F-23, F-24, F-27, F-28, F-29)have used locking materials in con-
sidering stress-wave propagat-Cn in sci.l media. To a large extent, the
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subsequent development represents applicatmis and extensions of these

studi, s.

MATHEMATICAL FORMvIULATION

The concept oi a 'locking material! ws selected to investigate

the influence of soil compressibility on the behavior of dynamically

leaded footings. As a reasonable represeeation for the footing problemn,

ce rtain simplifications were introduced:

1. The affected soil volume is symmetrical about
the vertical axis.

2. The soil is in!"n.te in dg-nth.

3. The problem can :3e reduced to me dimension
i. e., expressed in terms of the vertical dimensions.

4. The soil properties are constant at each depth
although they can vary with depth.

S. Lateral effects, e.g., inertia ad the effect of
.4. t soil is nRieligible.

Suil properties can be idealized i terms P& iJeal
iok.t:i• media.

Within these assumptions there are unmlimited specific formulations

which could be carried out. As a first attempt a rigid-plastic locking
material was assumed (see Fig. F-5) for a column of soil exterding

vertically below the footing. Figure F-6 shows this column at time t

and a short time later at t + d t based onthe material properties

illustrated in figure F-S. The nomenclature introduced for figures

F..S and F-6 includes:

p(t) p ressure time history acting-on column of'
soll below footing

x(t) = displacement of footing as a function of time

dx-a- velocity of footing
2

d~x
f•- acceleration of footing

dt

AIMOUN UlslAICH POOUNDATION O* ILINOIS INSTITbTU OF5 TICNHOLOOV
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z(t) v Vertical location of c.,ompaction front

dc.t velocity nf compaction front

strain associated with locking

masu density associated with lacking

" o -- initiai ,iass density

o° = plastic stress

Conside ring an element having a total depth of f, the momentum at

t + It, is:
,., j, [a.k +.., (x +*At)] I,. + ,,c ,

S[ (Eq. F-3)

+po[•-(a+ht)] k+

At time, t the i ,omentum would be:
.'M,; .•,,t + P. (•-I Z1 k (Eq. F,-4)

Ap!'.catior .-f N'-,,t.,.'s law gi,,es:

tin. t ir M a Mt (Eq. r5Mtp~t -W o dt-0 A. tZ .r s

Substitution of equations F-3 and F-4 in eruation F-5 gives:

p(t) -o -? zx it+ck -i - -iz (Eq.FT-6)
0 L- P0 I0

The conservation of mass gives: ro k = Ae ( .-) (Eq. F-i)

which substituted in equation F-4 gives:

pit) - o- -
z-x 3c + z - k -* k k (Eq. F-8)

IC - - - _.- 0 .

Under normal circumstances, where the initial velocity is zero, i.e., 0,

pMt - c° t= " [I k [ k] i (Eq. F-9)

rc
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Based on equation F-7, z can be expressed in terms of x:

1
Sz - C (Eq. F-10)

Io

where the constant c = 0 since when t = 0. and a = 0. and x = 0. Substituting

S = x into eq.uation F-9.

Po
f C (Eq. F-il)

x&÷ (i)Z = W p(t) . , -'0 I •o PC€ .•

w*O the initial conditions

x (0) = 0

Since thW. .t- t can be reduced to a linear equatio substituting

u = xk , At cir' Ie solved "r. closed form as:

x /tM ( - £ /o (p(I) -%dtdr (Eq. F-lZ)
Po PC - 1010

Since the stress-strain relationship allows no recovery this solution is

rneaningful only ao long as:

jp dr k 0 (Eq. F-.I)

By considering a rigid mass at the top of the soil column as

shown on figure F-7, the effect of the mass of the footi.ig can be ir.croduc,3Li

into the analysis. Following the same approach used without the rigid nwbs@
the results are

p(t) - a M h r + (s (k - it+ (Eq. F-14)
•c : Pc
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Sin-.c eqviati')n F-10 is again applicable this can be reduced to:

\p%.)-o h fr e o •2•
"" ..ox7+(i)'. (Eq. F-Ir)

PC c &fPo C 0

"Here Lgair. a eeneral solution can be found as by substituting u a- i (x + k) as:
St r I/2

x~t) 2 lfr to " -ZP0 jTT
h (Eq. F-16)-Fo PC

In an attempt to introduce more realistic soil characteristics,

it is desir.able to consider possible variations of the yield stress with

dtpth. If ro is the value at the surface, one can postulate ca + f(s) where
0

f is an arL. f- nction representing the variation bWe the surface. The

resulting e .Aatioah .vould be:

S+ (z -x) A + (' A) flz) .(Eq. F-17)

In general, equation F-7 might also be modified so that at least jPo would be

a function of depth, i.e., (z) k fc (k - Sc) (Eq. F-11)

Equation E-i8 cat! he %nlvi,,4 for x as a function of z and su'bseq'iently
E-17 soived for s(t). This type of solution is

relatively complex to perfnrm (it requires approximately 8 hours of cal-

culations using a desk calculator) but offers no other difficulty. Closed

form solutions do not appear to be available when either the plastic

strength or initial density are functions of depth. Based on this latter

observation, it should be noted that relatively complex variations with

depth offer essentially the same mathematical complexity, as a simple

relationship. It should also be noted that with the high speed digital

ANMOUI 5I55ACH POUNSA?1ON OP IMtllPOiS 1N"1TU1r OP TPCI4OLOnv
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computers, a numerical solution may be superior even when a closed form

solut can exists.

To this point on:,, a uniform column of sent! below the footing has

been considered. An~ ubiu ti~ersiate would be a colunrrt of @oil increasing

in siz4; with depth. Considering the instance where the soil properties are

independent of depth and there is no rigid maac, the initial development was

based on & linear increase of aý,ea with depth. ]Figure F-S shows the frustrumn

of pyramid which was conside red. In essence. the development follows

that used for the uniform column. The resulting equation in terms of thze

footing displacemntea is:

ti. .U C lox + Cz (I3+. x) ( x +. (Eq. F-19)

where

C A P and. C~ - 10
0 Pc -p 0 .PC-

Even for this lineariz.ed formulation, numerical solutions are required.

Here aje,az.tit Ak , ion ni column dimensions or soil p -ties with depth

cou)Iý L- nc,ýrpo -atcd Ahou, a rigii mass could be _. .adered to be

located ~n p~ ý-the footirg..

Other f.-ormulations depend on the form ass~umed for the stress-strain

relationships. Certain others were considercd, e.t.,* elastic locking

material, b.ut for the purpo~ses oi this study, attention is limited to the rigid -

plastic 'Locking materials. Thils is done for several reasons; first, this

relationst..p resembles those determined for soil; second, mathematical

simplificationo. are available; and, finally, the experimental data is in-

sufficient to justify an improved design. Here again high speed computers

can simplify the requirements to obtain a satisfactory- solution for more

complex stress -strain relationships,

A number of solutions havm been carried out based on the formulations

considered above. In the following paragraphs, theme results will be con -

sidered and compared with available experimental results. The attempt here

then is to establish the significance of the differences between the various

assumptions.
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Equat.cat F-I2 is the closed form solution based on a unifnrm

column of soil beneath the footing. Insight into this solation can be

obtainc!' by considering the load to be a step pulse, an •ih•wn in figu:ze

F-9. For a solution to exist Po must exceed oo and the solution

up tv time t is:

xt) - -(po -.6), t . (kq.Y-40)Sx 11= P o PC

For times exceeding to the solution would be

/ 1 2t a- (1to)2

X( [(p0  - %) t (

(Eq. F-Zl)

Considering a normalized dimnsicnlcss displaceenert for t < to

xt

, •- i..... t o (Eq. F-22)

fc~ (PO 470)

anj for t t

x ?t I t 2

The maximum (and assuming no recovery the permanent) dis-

pla',•,-'t based on equation F-13 would occur at

-tl -(Eq. F-24)

0 0

"and would be

xmax PO(Eq. F-25)
n+ 0t (P ro .0%

' to A/ PC
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The dimensionless displacement versus dimensionless time is

sho•i on figure F-l0. This plot shows the behavior which would be

anticipated, e.jL, a linear behavior during th-3 per-od oi load application

"with the maximum displacement occurring later depending on the ratio of

p4,P:•o This particular solution represents a gross simplification of the

actual situation. Not only is the soil idealized as a column of uniform

soil below the footing, but the load is idealized as a step pulse; interest-

ingly, the results bear marked siniiliarities to the experimental results.

Figures E-9 and E-10 show typical displacement-time curves obtained (F-30)
as part of the earlier experimental research conducted on this program

Improved experimental techniques for the more recent experimental

studies (see Appendix C) have verified the general shape of the displace-

ment-time histories, by use of a more sensitive T.VDT (linear variable

differesatial transformer) for the small displacements and accelerometers

to serve as backup on the results. Unfortunately, these latter data were

obtained only recent y and have not yet been subjected to detailed analysis.

For this rvasoa-, more of the detailed evaluation whi ;ve been made

are, car .ed out %,,ith the earlier data.

General c. mparison of the experimental results -oth the dimension-

less plot of figure F-10 is particularly informatfve. Initially, there is

some hesitancy, but basically the initial behavior is very nearly linear.

Later experimental behavior varies significantly with the velocity increase

instead of decreasing as shown on figure F-10. The more complex

analytical approaches which are subsequently considered are justified

to the extent that they provide a better method of predicting the observed

behavior.

The most apparent factor to be considered wouid be the time

history of the loading. If interest is restricted to the shape of the

resulting displacement curve this can be done in terms of:

j @AMOVI RSIAECN FOUNDATION Of ILLINOIS INSTITUTS OP TICNMOLOGY
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x(t) *I) r

/2 1 II (p ¼)-(Eq. F-26)

for v'ar4io'a' values of tr This was done inr Exper~mcnt P27 and UMc
0

* results are plotted on figu~re F-lI. It should be noted that no attempt is

made in this presentation to calculate the actual displacement. For cub-

%cquent calculations relat~vely arbitrary values have been selected, i.e..

PC=0. 0683 Lb PC- cu in. and 0. 0625 lb Pwjr Cu in.The divisor for

- -. the displacement based on these values would be

1 l357)' 1. 31
f'o PC

The maximum displacements are plotted on figure F-12 as a function of a'
0

The experimental~y dete rmined maximum displacement for Experiment P27

is approxinuit Ay -3in. which would correspond to a- pproximately
00

* further evaiuaticn, %ol the parameters. The time-histories of figure F-l1

can be compared -..-th figure E-19 keeping in mind that figure F-Il uses a

dimensionless displacement. The initial vclocity based on the theoretical

approach is less than the olbserved data for the values of %' plotted -I

a much lower value of ca would be' required to justify- this rate. Un for-

tunately lower valueg of a0are issociated with maximums occurring at

later times. These results are therefore mutually contradictory with

the in~itial velocity indlca.tug a lower value of %. an the time of

maximum indicating a higher value of a

For the experimental setup the force-tirme history is measured

above the footing. The alumninum block used for the footing therefore is

a rigid mass. The influence of this rigid mass can be introduced based

on equation F-16. These considerations alter the time-history of the

refsponse - they tend to account for the initially slow response and reduce

the displacement at each time, assuming ali of the soil paranue'ta is and
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ferý:'ýs remain the same. Limited analyses taking into accow..it the rigid

mass 1,as been conducted. Fv.r the particular parameters eelected, the

mass 7-troduced only small variations in the results For this reason,

these results have not been included, although this should not be inter-

preted an el iminativig ronside ration of the rigid mass. On the contrary,

this factor should be conside rrd in future attempts to improve the

analyses.

For realistic conditions one anticipates variations of soil

properties with depth. Equations F-0? and F-IS provide a method for

introducing variations in plastic stress and initial density with depth.

These variations with depth can be introduced in as general a fashion as

desired. As an example of the influence of such variations a serics of

solutions were carried out for a eituation where the plastic strength

varied linearly with depth and the initial density is independ-!nt of depth.

For convenie~nce, the stress was expressed as:

a + ( "o ) ax(Eq. F-27)

* where "a" .s a ro':stant. A-s was mentioned earlier, 0. 0625 lb per

cit. in. arid P 6 - 63 lb1 pe i cu jin. were timed, thus ( 1/ 0. 085.

The resulting equzation is:

+ x a Cy - 1

P0 ~ ~ t~%L+~~(Eq. 'F-Z1)
Solution of this equation must be numerical iai nature - th,- Ranga-Kutta
method was used. Figuie F- 13 shows four plotai for Cr0 1. 25 psi
with a =0. 25., C( '"- (1.). U~ ¼~ & and 8. 5 psi per

respectively). Figure F-13, wnich illustrates the variation for a

7; relatively arbitrary set of parameters, is typical. Obviously the key

parameter is a . The value selected was based on the extrapolation
* 0

from figure F- 12.

assmedIn the above examples, the -Lolumn of soil Ibelow the footing was
asmdto bc uniform in cros~s section. Zquation F-19 provides a
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solution taking into account linear variation of a rea %vith dc-pth. Hc re

-~-again the Runge-Kutta methocP 1) was used. Figure F.- 14 shows the

results *'r the three valucs of A, (2. e. , th~e percentage change in area

with dcp-.h): 570, 15%, and 2576.

As was poinied o.At earlier with the number of parameters in-

volved, there are innumerable solutions which could be obtained. More

involved variat~ons with depth or inclusion of the rigid mnassj could aiz;o

be considered. If consideration is extended to alternate torrnulati .no of

the stress-strain relationships, the possibilities are increased even

more substantially.

The solutions presented above, however, are sufficient to demon-

strate that considerat~on of -oil compressibility offers a potentially

useful thcoretica' tool for exp'aining the observed footing be..avior. It

should be emphasized that the solutions carried out to date have not been

sufficient to vitbi 'u~table soil pp-2nmoteriv. There ins till much to

be done, bu ... .thc r believes that the feasibility of type of

appro!.c:h as becii demonstrated and that continuing et along these

directiow. 19jk.GSsd
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