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ABSTRACT . . L

The behavidr of footin@slsubjected to ﬁimé—deﬁendent forces %sqthé subiect "

bf continuing research. The approach o this:researcﬁ s twofold' Theoretical

vond experimental. This interim ‘report, is concerned w1+h fhe experimental

results and comparisons to the theoretical anproaches. .
' Two- and three-dimen51onal footinrs on Ottawa sand were loaded

dynamically using the loading apparatus and instrumentation develOped for

-this program. - The two-dmmenslonal experiments permitted observation of

'”the behavior on looae and dense sand subjected to vertical, inclined, and ec-

centric dynamic loads. The threq-dimensional experiments provided force-

time anqrdispiacement—time records of the behavior on dense sand of vertically

loaded footings..“ e ) ‘ ‘ to ’ ’

.

w”'These experiments demonstrate that the theoriesldeyeloﬁed preﬁiouslyl

on this prograh are not satisfactory.

taken in future théoretical research.

They also indicate the direction to be

.
.t

.In an attempt to conslder additional soils, Cal:forn1a sand snd clavs

’ .

" . were studied,‘ A series of sta+jc load1ngs of three-dimenbional footings were

te

dimensional footings on clay.

" conducted on Galifonaia sand. Static and dynamic loads vere anpl1ed to two-,

It was estaolished that the static loads were

truly static by experiments conducted at low rates of ‘loadinez,
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.. + PREFACE

’I'hi,ie ‘is the second interim technical -repdrt on Contract No.
AF29(601)-?561 Project 1080, "Design and Analysis of Foundations
for Protective Structures'. The objective of this research program is
to mvestiga.te the problem,s associated with the design and analysis of
foundations for protgctiv‘e gtructures subjected to dynamic loads from
nuclear blast. The cur‘rent project, i’nitié.ted at Armoﬁr Research Foundation
in February 1960, is, to 4 large extent, a continua.tion of research done
on an earlier contract AF29(601)1161 of the same title,

The firat h\terun report, dated September 1960, covered
the technical woerk up to'that dateé: This publication reports the research
conducted since that time.. In this rqport, ‘the primary technical regults
are coliected into a.ppendices, which will sibs equently be incorporated
into the final report. oo

Personael contributing to the. work described in this repurt
include C.J.. Costantinoy A. Humphreys K.E. McKee, R.D. Rowe,
§. Shenkman, and E. Vey. - The author thanks Mr. C. Wiehle and
Mr. H.'Mason of Alr Force Special Weapons Center for their criticisms
and suggestiors which have mate_nal],y aided this projeqt, .

.
»
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‘Chapter 1

o

INTRODUCTION

A, General

L

Protective construction has in the past few years become g problem *

of substaixtial interest to the etfﬁctura-l engineer. The féundationa. foi‘ rsuch
structures presented partmularly difficult probleme since there was 11tt1e

" information available, This publication regorts ona coptinuing research . '

program conducted at Armour Research Foundation dealmg Wwith' *'the des1gn . .

e
and analysis of founda.fions £or protect,we. structures subjected “to dynamic

loads from nuclear blast” * oSpecifically, this reﬁort covers the research*’

¢ nh [

done subsequent to thit geported in the lnterim Techmcal Report dated Sep-
' R P S
tember 1960, - « j'k"’ Lt _ *

. The res der ie assumedsto be familiar with the results of previous
ARF research in this technical area. The resulte of the original study, con-
ducted under Cont'.ract No. AF29(601) 1161, are summarized in AFSWC
. TR 59-56 (8) More detaxls regarding certam aspects of the research under
that contract are £0L}nd in the three phase reports: Phase Report I, "Recom-
mendations for Full Scale Tests”. issued October 15, 1958; Phase Report I,
'""Bibliography on Foundationa'Subjected to Dynamic Loads", issued. Decem-
" ber 31, 1958; ahd ‘Phase Repo‘rt III, "Interim Technical Report', issued
January. 31, 1959’. Research under the present contract (AF29(601) -2561) up .
to September 1:960 hae been previously rep«:rted-(lZZ).- ’ ¥

. 0

For all practical purposes, ARF research into _th'e behavior of
foundations subjected to dypamic loads hag repreésented. a. continuing. effoxrt. -
There has been no repetition of previous research; although this report has

been written to make it readable without supplementary references, Practical

% . .
Numbers in parentheses cite references listed as Appendix H.

ARMOUR RESEARCH FOUNDATION OF I1LLINOIS INSTITUTE OF TECH: CLOGY
S < ARF Project No. 8193-15
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. the program must dependon more speciél technical objeétives mutually ac-

" with the fnain body limited to a general presentation of results, discussions, -

qualitative point-of-view, foundations could:-be divided into spread footings

~could be explained in terms of these two, idealized.' footing types or some -

- been to aéhie:_ve an understanding of the behavior of footings on arbitra._fy soil

' combination of experimental and theoretical research. The theoretical re- L i

‘aid:in mddii‘ying existing analytical approaches or in developing new approaches. :

ey

¥

}
detailed technical presentations are confined to the appendices of this report

.

»

comparisons and conclusions. . .
. : o * a

B. Technical Objective ' .

"To investigate the problems associated with the design and analysis:

of foundations for protective structures Whi_éh are-subjected to dynamic loads *

from nuclear blasts' is the general ij:ect;ive as stated in'the contract, This °

. w

. _.

definition is, naturally, quite broad; thé_r‘efore. the technical direction of

R
»
»

ceptable to ARF and the Air Force. ' ‘Under the current contract, considera-

L3

tion is limited to spread footings as contrasted with more general "founda-

tions''. During the original project it was postulated that, at least from a

-and pile foundationé.' The assumption was that the behayior of all footings

| 1 i N o

combination of them.

With regard to the spread footing, the primary research goal has l
to an arbit’ra.ry. time-dependent force. The method c;f approach hag been a . .’

search has attempted to develop analytical models which would satisfactorily

., .

explain the footing behavior. The experimental research has been directed

toward proving or disproving the suitability of the analytical model, In ad- N

dition, experiments have been designed to obtain qualitative information to

C. Discussion of the Problem -+ = - - et

Literature.on the behavior o.f footinga under dynamic loads is. quite
extensive, Almoet without exception however, this literature relates the be- l

havior of footings ‘Bubjected to periedic sinusoidal forcing functions. For this '
ARMOUR RESEARCH POUNDATION OF ILL'INOIS INSTITUTE OF lECHNOLOGY

. -2 - ARF Project No. 8193-15 }
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class of problem the soil obviously must not fail; to a large extent, the
case reduces to the determination of an effective mass of soil for incluéicm
as part of a ma:ss-spring system. Although the problem of footing vibration
is one of fundamental importance, it is of relatively little significance for
dynaﬁaic-:a].ly loaded footings used in protective structures. Footings for
prote'ctiv.e structures are subje"cited to forces having an arbitrary time-

" history which may be a_,singlve_fbi'ce pulse as contrasted with repetitious

small force pulses.

" Various aﬁa'l_yti'cal approaches have been suggested in connection

with footings for v_prdtéctive structures. These app‘rio'aches are, in general,
based on modified static approaches and are justified only by engineering
intuition. The author knows of a single previous program which included
experimental studies of the behavior of footings subjected todynamic loads.
In 1954, Massachusetts Institute of Te:hﬁology cofg?l;ucfed lirr;i_-téd' static

and dynamic footing tests (6) (7). ‘ Currently three othe-r.agencies are
teating.footings subjected to dynamic loads: Naval Civil Engineering
Laboratoiy, Port Hueneme, Califo;rn'ia.; University of Illinois, Urbana','
Ilinois; and Wat'erways Experiment Siation, Vicksburg, Mississippi.

For information covering these 'pfogra‘gns, the reader is referred directly

to these agencies.

The present research project has provided quantitative data
. relating to the behavior of small footings subjected to dynamic loads.
Vertical loads applied to footings on limited soil types provided the
bulk of these experiments.’ Sufficient datahave been collected to allow
comiparisons to the analy’tical approaches which have been developed.
The results o.'f these comparisons. aré discussed later in this report.

D. Rep'oi't Organization ° ' o e et * .
) The main body of thig report is primarily deacriptive in . *
nature. Chapter 2 reports’ on'thé results of the research which is
presented-in greater detail'in the éppendices. Chapter 3 .considers the
'themretical approach which has beeh developed to predict the behavior
of footings subjected to dynamic loads. Chapter 4 is devoted to
interpretatione of the experimental results and comparisons of these
to.analytical predictions. Chapter 5 presents the general c;onclusit:ns

ARMOUR RESEARCH FOU:UDATION OF ILLINOIS [NSTITUTE OF TECHNOLOGY
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.
P

. and indicates the direction for future research.« . e .
The appe,ﬁdices deal with specific aspects of the project. ., ..
The first six appendices deal with various phases of the experimental R
program, while Appendix G contains a nomenclature descriptive of the : con_

notations aused throughout this teport. Appendix H lists the references, . ., §
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Cha'oter 2

EXPERIMENTAL: RESEARCH

A. General

This chapter reports the experimental research conducted during
the period covered by this report, Detaile of this research are presented
in the six appendices to this report, In.comp’iling this chapter, liberal refer-
‘ences are made to these ap'pendices. ‘In discussing the experimental re-
search, the limitations and questionable f_eatlt_res‘ are considered along with

the successes and advantages.

Dynamic Loadi'ng Appalziatu'e and Instrurneﬁta.ﬁon ' ¢

» a e ey 0,

.. Bt

. *
st H

Appenchx A, ’Dy Mr. S. Shenktnan. descrlbea the apparatus dev’eloped T e

- . ]

vice wasdescribed in.less complete- £ashzon in the earlier report on this, .

projdct’ (14),

Basic;ally, this apparatus apphes a time- depeﬁdent for;:e to . -
the footing,'instrumentation is provided to measure the appli,ed force tirde

history and resultant displacement t:me history of" thé foot:lng The ARF .

dynamic loader ptoved to be qu1’ce Ba.tl,afacl:ory. Substantial ranges of force-

time history could be achiéved by alteﬂng the controls qsed in the setup,
Some parameters, auch as the rise- time, were not varied .on this 'program
gince only the rap‘ld rise time was desired, although thé equ1pment has pro—

visions built into 1t for.:thls purpose. Moreover, einoe only general‘-require-

ments of fordé time his‘!:,orlen were placed on the equipme’nt, which could be

w tte

.
.

‘. readtly. monitored by suitable mstrumentation. it was possi'ble to, construct o

" the dynamic loader with a. strikmg slmplxcity conducive to relia.bIe operation.

. . . .
. ., . .

. q Tw,o-Dimenaional Dynamically Loaded F.ooting_ B e .

.
. L . U S Y

""" Thé ARF d.ynamic loader was used to apply concentric vertical, et-

centric, vertical, and mclmed forces tq two- dj.menslonal footings on both

loose’and-dense Ottbfwe sand.
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described in the previous report on this contract (13). By using the glass-

" sided container, it was possible to obtain "before'' and ''after! photbgr‘ap_hs_

and high speed movies of soil failu_fes.- The experiments conducted, techniques

employed, - and typical results obtained are presented as Appendix B.

The high-speed motion pictures provide a tool for improved.
qualitztive understanding of the footing behavior., The films themselves,

as well as-sequenced photo'gra.ph_s printed’ from them, permit observation

"_of thé'c.ompléte motion of the footing. Displacement-time d4ta, of course,

can be measured directly from the filth. . The peak and the general trend.
of the applied force are also available although quantitative results are of
questionable value because of the interaction of the'footings with the sides
of the container. For this z:easbn, the tWO-d_imensiona.l ’experimentsprovid'e.

primarily qualitative data.

D. Three-Dimensional Dynamitally Loaded F‘&otingl

Quantitatwe experimental data were callected for small three-
dimensgional footingq., 'I'hes.e experiments were conducted in the 4-ft x 4~ft

x 3-ft box used during the o-_ngmal progranr, Dynamic.loads were applied

by dropping weights and*by using ARF pneumatic-hydraulic loader. Details of )

these experiments are coﬁtained_in App.éndi'x C. Because of reco.rding system

response limitations, the force- time history associated with the dropped

weight could not be satxsfactbrily recorded. Alternate recordmg systems, cquld

have been 1'1'*orpora.ted into the experimental detup but such modifications
were not considered* Justifled for the current program. (..onseq_uently

the drupped we1ght expern’nents weré termmated . *

,m general the results of’, .the dynamlcally loaded footing .

experlmen‘rs were sa.tlsfactory Prmr to the experunents reported in

. Appendix, C a seriés of expenments was condu(,ted to leara to control

the apparatus‘and to get gome indication of the magnitude.of the responses

which could be'anticipated. - The results of this preliminary work have no

quantitative mea.ning,' and hence are not reported.
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" referred to simply as California sand.  The initial 1n_format10n required

~ hence the bearing capacities show a wide ,range of values. ° .

E. Statically Loaded Footings on California Sand

The Naval Civil I:fhgineering Laboratory, Port Huenem e, California, .
has initiated é.n'.experimental program using their BIast Simulator to apply

dyna.mic. loads to footings. The soil they are using isa local 8and; herein

for this comparisan regards the behavior: of small footmgs loaded atatically
when the soil is California sand. '

‘Suitable quantities of California sand were shipped from the West
Ct»ast The' sand box (4-ft x 4-ft x 3-ft) was filled with this sand and a
Hmited experimental study was conducted of footings loaded statically.
'I‘h4= fesultes of this study are reported in detail in Appendix D. Easentially,
the problems were the same as those observed for Ottawa sand. The total range
of values for the angle of internal friction, f , was 42.5" to 48°, with an !
average of appruximately 46°,  While this range‘of variation might ) -t

be tolerable, small changes in.ﬁ invélve large changes in bearing cap'acities,

F. Effect of Loading Rate for Footmgs Placed on Ottawa. Sand

. Studies were’ imuated to determine how rapidly a 1da,d may be : *
applied and still be considered as being static. Particularly, the question .
was whether Jloads app‘lied by using hydraulic Jacks could be considered -

static, The results indicated that the behavior of a footing loaded by means

of a manually &ontrolled hydraulic jack was comparable to thaf of the .
footing subjected to"a fnuch lower rate of load application.’ (The downward
speed of the top of the proving ring wa.s kept at 0.00053 in. per minute). :
These experiments did shed some light on the behavior of loil below . .
footings when shear su'x:faces have formed. Detailb of these _experiments
are'reported in Appendix E.° ' Coe . A : o
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. "G. Footings on Cohesive Soils oo o ‘ Y
. . C &’he exp'erir;lenta.l rc;sea'rch on thé initial p.hases of 'r.his'pr'ogra.m c:)n- . b
. . sidered the, behav:.or of :foofmgs on dense Ottb.w‘a sand-. Subseqdent stud1es . . S ‘
Cot consider other ohesionless matenals. looae Ottawd sand .and the Cahforma S ,E‘ .
, *e e sand discussed earlier. Obviousl'y, one c;.n not llmit cons1deration of soils .« on
. : ) to cohemonless materials. R Eor thm reason, e.xperimental studies were ;Lm- ’[ K
N . e tiatecl under the current prOJect to cons1de-r cohesive materials: The reaults e SIS
' L " af this-research a..re° naported in Append1x F.* w 5 . . o I
' ’ ) . .‘° . Sta.tm And dynamic loads' we.re.a.,pplied to two- d‘lmensional footings ., « . . '

: ., . on .cohesive s0il in the. glass alded con‘tainer. The.,p:mma.ry purpose "Sf this ) v .
A s, Te series- of exvpe.riments wag-to ‘obtain qua.htatwe u;formhtmn relatmg %o the ° ° S s. .
N . -:. belpavior of-footmgs on»co‘hes;;e materzals. ‘In the proCess of condueting' ) o 0’ : e

* '. . “ N .thesc experi;nents the suﬂes ‘of the .glass conta,mer had td be reu‘xf'orced to °, e ':" ‘ o

. : . " . \yithstand the loads being transferred. t‘he cont¥ols rqqmred tb m‘r.md aegr"e ¢ . ' . ".
' ’ . gatwn of. the layer's also had to be 1nvestigated‘ Al'qogether. thé experi- ) . ; . ' - I
e mental results were encquraging smce they indma’ted that auch ah apprgach : : _,':; v
. . : ,. was fea.sible. . a Lt ) . K ‘ ' R -.:. ’ ' 3’ . .-.‘
., ., ..-.. . . .'.... RYCI ;.. . . ":.. ".' e . .::. '.-'.:..-."“
. . . '..". ‘e ':: . ¢ '-‘..' .°:'.. . . .'..'..u .-.,. ..:..-_,' .'- \‘
. . .. s L, . O ...': -'.. '.._‘.. . '_:I a:‘.

) <l . , .. ’:', .o . ' . .. .. '.:: ..."'.. . . ) . '_P'. ..Q:

. - . . o 1 r .o . o T

.. toe, . . . . . \ . . -‘ . '- . . .
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ingl udes genea a.]e me‘;hods qftapproach for.such problems. For thm prbject,

LT e . . Chapter 3 . .
c coT ANA].-.Y"T'ICAL RESEARCH . -’ .
A, Int'rod{zcti.on o, . . cont oY

" The prewous chapter, supplemepted by the appe’ndices, reports the
expenmental studies conducted iA the soil laboraﬁory since the last report.
: Durmg 'ghm peridd httle théoretical resqarch was performed Laboratpry

work, however, was spec1f1ca11y or1ented td prov1de data establishing the

.valtchty, or lack thereof, of the theoret1ca1 app:‘qaches «devélopéd durm.g ‘the

course of this pro;ect'. In this chapter the theory'1s summ,ar.ized with spec1a1

e attenﬁon to the'assumptions made, and the- resulting solutmn.' Thé fo‘llowing.. :

. chapter considers the* comparzson of cxpenmental and analytical results. K N

° ° . ‘... e ) RN
B». Stat1c Bea&‘niCapaahes a " L IR

o o’ . "The literature prov1‘des many ana.lyshs for footing’ fa.l]J.II'EB dadsed

) -by shear fa1lure «4dn the soil ,below the footmg. (Note tha.t, settlements caus ed .

by compressilnht.y of the so11 due to 1ong duratmn load apphcatlons are of .

11ttle in,ter-est he're, smce thé loads of interest have’ d.uratmns of the orde'r of

o

aeconds.) oA numbdre of theoretxcal approaches considered durmg this proj- B

ect ‘are gtitable for predicting. tire bearlng capagities of foot,mgs subjected to’

static loads~ The.theory of plasticity, as dmcussed inthe previous report'(lz)

. 0% 0o

K .

. th’e methods used f.oz\ static loa.dmg. are 'the less peneral. but. simp,ler ones.' o

normally used in soil mechapics. 1n the final report (8) on t'he or1ginal Rroj«. .

ect, .two one-~ sIded failure, and one two srded fallure solutions we're .dls’cussed,

Thr» “one-sided failure modes~d1scussed wete Andexseh a (1) ana,lyéi‘s and a

.

modiflcatmn of Krey s (4) ana].ys1s. For the two slded or symnlp’tricai fail—

ure pa.tterns, Terzaghi' (17')(18) formula was uscd. ot .o

"These three approaches have been found to glve s1milar -(within 10%.

v of each other) values for the bearing capac1ty.. Over the range of parameters

“ARMOOUR RESEAR.CH FOUNDATION OF ILL1N0.|S 'lNSflf.UTE.OF TE,CHNOLOGY'
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6f interest, Andersen's fox'“mula gives a load capacity which is essentially
that gwen by Terzagln s formula.(17), a.nd Ha.s son (4) dgmonsti‘ated that his
formulation of Krey s method gwes ca.pacﬂues similar to those given by

Terzaghi's formula. It was also demonstrated experimentally. in conneg-'.

tion with this research, that the bearing capacity appears.té be e_e.aehtia.lly‘

independent of the type of failure, i.e., one-sided or sy;nmefrical.
For static bearing-capacity analyses performed in cqnnection with
this research project, Terzagh*'s formula was normally accept.ed The ap-

prommate formula developed by Ter'zagh1 for infimtely long fod’tinga with

rough bases is: L e ., s
. P e .o
. .-A—chc-f-yDNq‘+E-'y.BNY. . '(Eq. 1).

where A = fuotmg area (ftz) e S o * .

) . B. = footing width (ft), o ' . . . . )
' c & cohesion, (psf), . . . ) ., ot L Vi
T D '=’ ‘ depth of burial (ft), . . . . _.

o’ ]:Ds' = ataEic bearing ca'pacity (1b), K ) *
oy o=, density of 5011 (pef)y | ' ce e

" g, = angle q£°mternal friction of the soil (deg).

The quar‘ltities . NC, Nq' and NY are dimenuonl'ess bearing-capacity factors,

. .depez;ding only on the angle of inte'rnal friction, 75. " The value of each of - '

these factor s. can be plotted'as a functmn ‘of ﬁ - auch .plots are g1ven by

Terzaghi (17) and Terzagh; and’ Peck (18) For square or circular footings,

. the agproximate formula is modified by emgirical'coefficients.

Comparlsona between this approx1mate formu.la and the experimental

results have been generxally a,at.lafa.cwry. Actually. because the density of *

the x;and in the three-dimensional exper:ments was higher than had been ob-
tamed in the laboratory, the formula was used 1n reverse to obtain the angle

" of mternal friction’for the Ottawa and Lahfornia sands.,

. “e . . .
.
. . KO Y . .
. . *
) :
. .
L . .
.

FOUNDATION OF ILLINOIS OF

ARMOUR RESEARCH INSTITUTE TECHNOLOGY
. . ' 10 - ARF'Project No. -8193-15
. .. : ) . Second Interim Report

o
. .
- . . . KX

. e g v
. RGN s . L . PR

The results obtained -

_

-~




Y
-

401

*

s -

*"(ll/}nr 3

N

°
L4

in this way were consistent and represented a reasonable extra.poiation of the‘
‘values for the angle of internal friction consistent with values obtained by

more normal soil mechanics procedures for these soilg at lesser densities.,

. L

C. Behavior of Footings Subjected to Dynamic Loads’

This section summarizes the analytical models which have been

_considered, Sufficient detail will.be presented here to ‘make the discussions

. $
in the next chapter understandable. Nonessential, details and derivations are

omitted.. ' LT . . ~' v

The behavior-of footings subjécted to dynamic loads was treated in

the original program (8) by what might be termed an "eng‘lnee-ring approach”

This approach was based on an extension to time=dependént loa.ds of o

Andersen's (1) work relating to one- -gided failure of the soil below the.foqt- .

ing. Major assumptions introduced by this approach wgre:e . e

i. The failure surface under dyndmic loads wil] e the same as E
. that determined for a similar static force considering the initial . o
value of the overpressure to bl applied as a Static overburden.

ii. The resistance offered to movertent ig rigid plastic in form,

] [ L]
. i,e., settlement and goil compres sibility are not congidered,
. iii, The maximum plasti‘c resistance equals the static resistance

determmed ahalytically, assuming the failure surfa.ce.a consgidered
‘are the same as.in item i above. -,

v, The ‘qehavior of the soil is governed by the® parametere Y, £, .
and Y where Y:and ¢ may themselves be funct:.ons of’ many 'param— . )

eters relating to the soil’and to the conditions of loa.dmg CefLT e

By considering the motion of the fa.ilure masa crf soil, ‘a différential equation

was established’ for the dynamic behavior. Solutions of this equation allow

prediction of the dis placeme.nt and the m\}estigation of inertia‘ effecta.' ‘

The dy.namic equation was developed using the-shear sarface loca=

tion (r) and static load ca.pa.city (P ) determined by -the static analyeis to
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.

define the failure.ina;s of soil.

'We emphasize thaf the determination of the

static data, should be based on the 'best estimate for the' goil propexties. i, e,

. ' the propertles should be selected to incorporate the mflu.ence of the variables

involved.

(This would include effects such as the rate of load apphvatwn, ete.)

" " The static data.

The

4 .
=2
o
.
o

L]
-
L]
-
- ot
Il sl =N

R(9)=
M(t) =

terms in equ

randP.

origmal pro;ect (8). ' - .

equatmn governmg dynamic beha.vmr is gwen by

."I3+R(9)=;M.(t) o .t

. . . .
1.
. . .

yotation of soil mass,
.,dz o/dt* = ac_cel_eratjon,’
rotational inertia, ‘
resistance as a function of 9;

time-~debepdent moxhents .

ations Z can be written as:

(Eq. 2)

were tabulated in Appendix B of the Teport on the

If rotatign about the center of the failure circle is .considergd,- the

-

.

. S | 3 [o_. 64397 r? 4-%‘(132 +ri) + o.7854or'(-§-f;.-, D)z} , (Eq. 3)
. . * i g(l :E) . . .
“ 0 * BR(0),= ~——— Y?B {0 1067r [r i (r+D)’ tan 41] -‘!—-— tan X 2" (Eq., 4) .
Pt LN : Loq
. £ M = P(t) - p 4L 106 ”’6” { e +n>’:l YDl - B} (Eq, 5)
.. L] * L] . f. (r - ._.) 2 (r - _)
. .. ' where ' K e - oo T
. ' -1 - i-. . D.. . .
=t Fd - " - o. .
- L v ETe R d2a r v D) J ‘ '
. * . g = gravitational constant ) . L .
" ' . . B = width of footing, ‘e : . . * *
. ‘* r = dimension defimng lécation ‘of failure surfa.ces. ot )
. oot D = depth of burial of footing, - . R ’ .
. .. ) ARMOUR RESEARCH FOUNDATION OF ILLI.NOIS INSTITUTE OF TECHNOLOGY =~ ° -
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Py

.o rigid- pla.stic behavior.

. @ = rotatidn of soil sass.about péint C, *° ** . .
“P(t) = time- dependent forces gpplied to footmg. . .
° ]?;S = statlc capamty offooting, .
@ . -l . D . ) . . . -. . .
Lo A.z_tan. T-B' .. R
= umit.weight of ‘soil. . : .
. .. Applications of the the&n.y of 'élasticiEy to predict,the béhavior' of

* footings subjected to dynamic loads was also init'ia'tted A8 Rar'f of this project.
..'Hodgg -(5f consideredathe problem for a material which-exhib‘ited AN ide~al ‘
An alterna’ce mathematical a.pproach wag published
“ by Spencer (16)- The plasticity approach is limited in several respects.
.'The idealiza. ion of the material propettles raises serious doubts regarding
“the applica.bilglty of the solutions to real soile. In addition, the complexity
of the solytions arg such that, at least for the present, these approaches can

. not be e‘xpected to yi.eld readily useable results. In spite of current Hmita-

tiona, the plastimty approaches may offer+the only practical means of ob-

taimng & Lomplete understanding of the phenomena involved,

LY

. ent purpeses, hdwever, thg plasticity approaches are of little direct useful-

For our pres-

negs and will essentially be neglected.

.’ . . . . .... .
.
L3N .e .
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. - 1 ] . . .‘ . .
. . . . o
. " L) . . . .0
- * ¢ . ¢ . ..
. . .
P o e . . .
. . . . . .
4 . * .
. . . .
. . . .
., “ .
.
.
: *
.
.
ARMOUR RESEARCH FOUNDATION OF I(LLINOIS INSTITUTE OF TEC.HNC'LOGY,
. . - . .
L] - . N .
vt - 13- ARF Project No. 8193-15

Seoe . - Second Interim Report




.. . Chapter 4

*" COMPARISON OF EXPERIMENTAL RESULTS
.o .. . WITH THE THEORETICAL APPROACHES

A. Introduection 2 ‘ )

In the prevmus chapter the theoretical approaches were discussed
in genera.l tErms, The modified soil mechanics approaches are based on
certa.m comimon assumptions related to rigid body behavior of masses of
soil. The resultmg dyna.mic approaches therefore all assume the same
f'orm. . For.this reason, it is possible to establish, in general, the
suitability of this type approach within certain limits. For this purpose
ﬁhe one—s1ded failure mode and the resulting dynamic equations will be" -
uged. ~ ) .. "

P .

. .« The experix‘nentaf results used for this comparison are'the three-
'dimensmnal footings on Ottawa ‘sand. The expenm‘ental procedures, the
z;esults, etc are presented as Append1x C. The measured force-time and

displacement-nmé records which.were obtained are of interest here.

Figure 1 presents the curves obtained for three static experiments’
dsing 4 in. x 4 in. footings and are reproduced from the report on the
original project (8). Figure 2 shows an average curve for this size

footing based on the three experiments plotted in figure 1.

B. Initial Af:proaches . . .

As indicated .in the previous chapter, the theoretical apl;roa.ches
are based on the assumption that the resistance to dynamic loads is smrular
to that for static loads. - che 1n1t1a1 attempts tointerpret the, data were
f.h'erefore', based on this assumption. By using the measured force-time
curve from dynamic experiments and resistance cu’r\;es based on the static
information, it is relatively simple to calculate the displacement-time
history which would be predicted by the analysis. This analytical result
could then be compared directly with the measured displacement-time
history. These considerations dictated the selection of the displacement * .

as one of the quantities to be measured.

The first attempt to analyze the data obtained from the dynamically
loaded three-dimensional footing was based on this approach. There is
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11’rt1e mezit in rec1ting the type of mociiﬂcationa considered to make the
sfatic reslatance»-dxsplacement curve suitable. It, :Ls sufficiént to sdy that .
there was no reasonable mndlﬁcation which regulted in a calculated
disp}acennent time curve even resembling those :ecarded in thc

la.boratury . ' . , .

. .
. . . . L]

e . Atthis stage it became cbvious that the resistance displacement
for dynamic loads bore little resemblance to that for static loads: The :

assumption that these curves cou.ld be related to each other in some
relativcly slmple way was ghown to be in error., The analytical approach
waé revised and tl;,\e data. analyzed in a different faghion as is discussged °
in*the following séction. . ..

C. Analysis of Da.ta. : RN
’ The analytical approach ;dopted used the measured force~time

and, displacement-tim'e recgrdé to determine the assocjated resistance-
#displacement rélationahip ABb a.n intermediate step this procedure '
:equired aetermination of the acceleratmn-time-history frorp the ** & .-
msplhcement time records. Because of the sensitive nature of this .
dete‘rmination, the.analysis was viewed with considerable trepidation.
Normal good practicé"avqids any procedure based on finding the second
derivatives of edperim ental curves, Unfortunately, by the time the
necessity for this procedure wag established, it was too late to permit

modificatioh of the experimental procedure to incorporate measurements .
. of the az.ccelera.tion directly, ’
. .t Co.p.sider a linea.rized equation of motion of the form: . .
) . mE+R( = P T . (Eq. 8)
‘where ~ * +. . .“ . T J
) . m’ = équivalent mass, ety * o
) x = vertmal di.splacement, ' ) . ' e
W . 3{ R 'd x/dt = vertical acceleration, o .o .
. R(x) = reeistanqg as, a function of vertical displlacxément, !
. P(t) = applicd.irertical force as a function of time. .

Note that this equation agsumes’' a constant mass, a resistance .
which is dependent only on' the displacement, and a force'which 15 a fuhction
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only of time. From the measured reaults the experiments provide
F(t) directly and x as a function of time, Assuming that the' mass, m, y

.can be determmed, equa.tion 6 can be solved for R(x) using the acceleration

. determined from the x(t) data., - . ..

R(X) = F(t) - mx . .. ot L.

L

.
. .

This equation'shows that at each instant the resistance, R, depends on the
" applied force, the mass, and the acceleration, . .

JIn the firet attempt to apply this approach, four experiments, .
P27, P2§; P29 and P30, were considered in detail. These records ] |

were selected since they were similar in nature and had all produc'ed

subs.tantzal displacements. The records of these four experiments . .
were analyzed utilizing the accelerations computed from the displaceméﬁt
curves. Figure 3.show's points obtained from these analyses., The fact ) .
that the poirlts on the R(x) curves for these four experiments are so well
grouped was encouraging *- a single curve can reasonably be drawn through

the pomta. On the other hand, the variations of the points from a single
expertment are indicative of inconsistencies mtroduced by determination |

of the .a.ccel.eratmn. When alternate time 1ntervals were used for .
.determin.a..tion of the acceleration the variations for a single experiment .

weré as significant in magnitude, but showed no consistence with earlier

results, . . . *
This procedure was subsequently carried out for eighteen experlments *
- for which both the displacement and force data wére satisfactory. Table 1l -«
indicates the expqriments considered. Table 2 shows an example ST ..
[for Ex. Ne. P32) of calculations- made. In this example, 5-msec txme . .

intervals were selected and vq,lues for displacement and force were rea.d

. frbm the records a.t tha.t interval »The maps, m, used was 0.0223 1b sec /m.
) based on the mass of the footing added to thé soil in a half cylindet having
radius and lengths' e.qual to the footing dimenhions This relatively arbitrary
determination of the mass wasg 1nvest1gated‘by considering posaible’ ) .
variations -- for all practical_ purposesg however, the inertial term is L.
negligible over the range of poseible values. . . . .

Figures 3 through 7 show the resistance-displaeeineht curves ) !

) M ‘e
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computed in this fashion. The average static resistance-displacement '
(Fig. 2.) is redrawn on each of these figures. The arrangement of the ° e
experiments on eag'h .of the five, figures (3 - 7) merely atterr'!pt's to

" gollect those having approximately the same valués of the resistance.

Obse"rve.,that.there- is little resemblance hetween the static and dynamic

: curved and. more significantly, between the curves computed based on . .
the dfnamir:'expe::hnents. This contrasts with the uniformity demonstrated
by ‘the four results plotted - on figure 3, '

. ‘Whjle, much could be written regarding these calculated resistance-

displacement-curves and their meaning, it is sufficient to say that they

demonstrate the inappropriateness of using the static resistance, directly
. or with any simple modifications. This means that the assumptions on * *
which the dynamic solutions have been based .arenot satisfactory. The .

type of dyna.mic analyals attempted therefore, cannot be expected to .

provide a solution. ’ _ .

. The development of a more suitable approach was not attempted .

du.'ringathis program. Certain observations from the dynamic experiments, .
however, indicate the direction such a devalopment must take. From

the diaplacement 'records, both velocity and acceleration appear to

start at zero. In terms of the previous dynamic analysis, this implies
that the computed initial resistance is approximately equal to the initially
applied force. Such behavior is certainly not to be expected from a rigid

mass subjected o ex;terr;al forces as postulated for equation 3, This

.

behavior, is of the type observed for a compressible material. The geheral

* .

- direction’of the' theoretical work will, therefore, consider the combination
be at'ress. wave propa..gation and shear failure in the soil,

.
-

.
-
.
-

.
.
* - -
. -

.
.
LY
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« been a.nalyzed and compared with ava::abi- *heones. Detailed wr‘tegps 1.4.1‘,&. oo,

.more'general type of dynamic loading was required. The equipments ° ‘ ot f .

)
\

R ‘f'ch;; et B
T SUMMARY

° T gy e — e

e L

The general approach from the inception of the prnJect has made )
use vfa duub]en attack theory ind «xperimentation ‘The theoretical studies
have been used ag the basm for planning the experimental planning.- Converseiy, te 1
the expenmental studies.have aerved to assess the validity of the theoretical . ; ‘
approaches and, in addition, pr ovided a quf,htatwe bas1s on.which new fheoriee . i ) 'l
i
i

could be developed . . ' LR ot

Most of the research reported herein 1é associated with the axperlment.d .
studies- The theoretica,l reseanch coznple*ed eariier in the program was used |, .- .

.

as the basis for planning these EERT A lents, The eaperlmental resmts have R

included covering the experimental precedurd,, : sulfs and evaluatmn;i : .

The studies to date pr ovide murh'informatlon PN ,arding small " b
footing beha.vior. The researchr ela*ln;dn ‘pehevior unCLe‘ static loads )
verifies, in general classical shear surfa.ce apptr oaches. One- w.deu . e .
and symmetrical faillyre surfaces weresnbserved and the bearing capacitids = ° *
have been coxrelated with those calculated from standard, ssil mechanics . e,
equations. In the original program (8), d‘yna'imic londs were limited to * . . e
dropped weights. This teehnique provide.l qualitative infvrmation and a
limited quantitative data for the footings® tested. From these evnern rs, o, y
differences were observed in the mode of r-eh" vior nf umm.v.a,r Fao*ings . .

. . . *

subJected to static a.nd-dyna.min, loads. To obtain furiher mformation, a’ AT S e

developed to provide these 1oa.ds, along with the data Which have been -t '
obtained, are censidered fully in this report. PR e 7

The experiment’s demconstrate that the analytical approach suggesteﬂ . .o
for predzctions of hehavior -of dynamically locaded fqotinge is not sa.tisfactory. 1, o

ARMOUR RESEARCH FOUNDATION OF ILLINOIS INSTITUBE OF TECHNOLOGY . ° - M ¢
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" The pnncipal problem to‘which continuing effort on thu program must be

directed, therefore, is the developmento of a realistic theoretwal formhla- o

tion of the beha.vior of footinga upder dynami‘c loads. We feel tha.t sufflclent

experimental data are now Aavailable to permit such an undertaking without

fear tha.t ah unsu:ltable model will again be uaed. XN
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Table 2

‘CALCULATIONS FOR EXPERIMENT NO. P32

e

-
¥ ]

Time. | Force, F| Displ., x X .x ‘ ¥ | mx Fomil
{(msec)]| (1b)- (in) (in./mseciz (in./msectz))_' (in~./seca,) (1b) ' 7 &-m
0 0 o . '
. . 0.00232" . - .
5 72.58 |,0.0116 . .« _ |-0.000116 | -116 | -2,587| 75,17
1 . 0.00174 . . .
- 10 101° *10.0203 . +0. 000120 | +120 +2,676°( 98, 32
. . 0. 00234 * ¢
15 "83.80 .| C.0320 . +0, 000228 | +228 +5,084 | 78,72
. et 0.00348
20 |.98.76 10,0494 .| -0.000348 |. -348 | -7,760 |106.52
R A 0.00174 .
25 +| 86,04 ['b.0581 , +0.000468. | +468 [+10.436| 75.60
. .o . 0.00408 S
30 87. 54 0.0785 -0.000236 | -236 -5.263| 92,80
e 0.00290
35 94.27 ° | 0,0930 -0.000116 | -116 | -2.587 | 96.86
. . - 0.0p232 ' L
40 82,30 | 0.1046 +0,000004 | + 4 .| 0,089 82,21
. . 0.00234 . '
45, | 84,55 01263 *-0.000004 | - 4 -0,089 | 84,64
ec . ) 0.00232 | | . .
50 87,55 0. 1279 -0,000348 | -348 | '-7.760] 95,31
‘e 0.00058 . . '
55 74. 82 0.1308 +0.000232 | +232 | +5.174 | 69.65
- . 0.0p174 .
.60 | 80.06 .]0.1395 +0. 000004 | + 4 0.089 | 79.97
. . 0.00176 . .
65 | 84.55°* |[0.1483 [° - -0.000352 |, -352 -7.850 | 92.40/,
o . . o .
0 [.74.82 [ 0.1483 ‘0 0 0 | 74.82
. 0 .
75 56. 86 0.1483 -0.000352 | -352 -7.850 | 64,71
: -0.00176 |.
80 11, 22 0.1395 -0, 002088 |-2088 |-46.562| 57.78
I -0.01220 .
85 1 0" -~ ]0,0785 y .
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‘. DYyAMTC LOADING APPARATUS AND INS TRUMENTATION
-7 ‘ . - .- by 8. Shenkman * ) . .

As part of the projett it was necessary iQ design-an

. apparatus. sultable for applyink dynamic loads to a small footmg, as
well as ta ss]cct the apprnpriate instimnenta.tlon +The design of an ) .
apraratus capable of applying a ldad with specified time his{ory presents
a very diffieult.probiem, However, if one is satisfied with a load which’ .
poe'.Sesses only genéral characteristics, the task is simplifieds For .
example, if one's interests lie .in'a type of load characterized by a
very fast rise time (le_ss than oné miﬂisecond) and a correspondingly

fast decay time, a dropped weight may solve the experimenta.l problem. .

. . + For this project it was decided that a loa.d having a rapid .

’ rise time with a gradual decay {ime would be most sultable; This general’ -
form would be ass(ociated with blast Ioaaing from eithet a nuclear or
high explusive detonation -+ actually the transmission characteristic
of the structure su.pported by\ an actual footing would produce a much more
complex loadi,ng form. The geheral Blast loadlng form was selected
nevertheless since it is relatively simple and may have some relatiorxship

" to"the cprrect Ioading. | o L. . . o o .

.« To produce this type of loading, a high pressure source was
used with a quick opening valve, which permitted air:to travel through an
air cylinder actuating a piston. Results cbtained by.this method showed a

moderaj:ely fast rise time (on the order &f ten millis ~conds) but a decay time

time that was undesirably shori. . ) ..

.
. ¢ .. *

" A simple modificaticn of this' equipment, incorperating a hydraulic
system rather than, tHe air, yielded ‘results which.are guite satisfactory in
. both rise time and duration of loading The dynamic Ioading apparatus finally .

developed applies dynamic loads characte‘rized* by & rise time on the order of

.
. )
- ’
3 . . ¢ .. . * L]
. . - - R
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‘, two to five. milliseconds; a slow decay, determined by-the length of time .

the solenoid is actuated; and a sudden decay-to zerd force (approximately

o

.five milliseconds) after the hydraulic valve is closed!

'Y

The appara.tus as sketched in figure A- l consists of a n1trog~en y

bottle,' capable of deJiverlng 2400 psi; an air pres sure regulator, an air

accumulator; a hydraulic accumulator; a solénoid opera.ted hydraulic

valve; and a hydraulic cylinder.
figure A-2

The'over -all a.ppa.ratul is shown in .

2 and a detailed photograph of the hydraulic system irfigure A-3,

, Operation of the: dyna.mic loading device is relativ ely slmple

With the hydtatlic valve closed, pressure is released from the nitrogen

bottle into the air a.ccu.mula.tcr and the lower portion of the hydraulic )

ac cumulator

¢ is a.pplied to the piston. .

s?®

[ ]
a flow control.

A Barksdale, a.c. solenoid, 3-way, hydraulic valve is used as

In this way a pre- dete:;mined pressyre is built yp in the
ﬂuid behind the hydraulic va.lye

When the valve is opened a dynamic load - ,

The valve, in a normally closed position, provides a re.turn

of oil to the reservoir without opening needle valve A (Fig. A-l). Up‘on

completion of a test, the oil transferred to the hydraulic cylinder was .

.

refurned to the a.ccumulator by opening needle va.lves A (to supplement
the oil flow through the solenoid valve) and C and restoring the piston .

rod to its pre-loaded position.

L]

Instru.mentation for dynamic expenments on three dimens-mna.l
footings'consisted of a Liockheed Electr onics Model WRT7S high sensitivity
force washer and a Linear Va.riable Differential Transformer (henceforth .
referred to as an LVDT). ¢.The force waaher, custom-built by Lockheed -

to requ1red specifications, has a linear range of 0 to 1000 pounds. Lioad

sleeves, prov:.d.ed with the washer, connect tp the footing benea.th the

washer and to a steel ball above' the washer.* The ball acts as a roller to.

between the hydraulic cylinder piston’rod and the force washer.. .

4 -
The displacement of the footing was recorded by the LVDT,

, Which measures the movement of the piston rod relative to the cyfinder R

the assumption being that this measurement represents the displactement

of the cenfer of the footing.

-
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l to a strip of steel cantilevered off the cylinder p1ston rod
. ~ Dynamic recordmg was accomplished on a Conso‘hdated Electro—
" ' T, Dynamics Corperation recorder. The CEC oscillograph is a strip chart
", recorder with a .one -millisecond response time. Ab shown in figure A - 4
. the recording system was run independently of theé solenoid valve. The
CEC recorder was permitted to reach full running speed (25 in’, per sec) .

. befm'e energlzmg the solenoid valve, ) :

P ’ JInstrumentation, for dypamic experiments in the glass box (11) .
: was limited to high speed movie photography. A lémm Walleneak Fastax °*
.Camera, running at 2000 fr.ames per second, was used for thlS purpoae.. .
Film speed of the" cam era was determined by timing 11ghts which exposed

, the edges of the .film. "A two-second delay was used ‘to enable the camera

to reach full running speed before energizing the hydrau11c. valve.

A time dela.y, incorporated in the system, permitted the solenoid
. valve to remain open for varying permds of time. In thig manner, the valve ° °*

is controlled ‘electrically for.a range of 13 to 70 milliseconds or manually

i
i
l , for any other period of time.. More accurate determinations of the length
' of time the valve remained open may be made by observing the records.
Flguree A-5and A-6 are examples of force-time and displacement-time *
'. " histories obtairied for*controlled openings of 70 and 13 milliseconds, .
: ' respectively. Figure A-5 shov;e the period of time frofn initial rise of
the force to the stdrt of the sudden decay to be 77 rmlhseconds. Since
l the opening was set for* 70 milliseconds, a close appro:umati on for the
duration of the lpading may be made from the original input. A m?re
l peaked-type load (Fig. A-6) was applied when the solenoid remadned . ,
. open for 13 milliseconds. ¢
i

The apparatus may be further modified to eliminate.the sharp
. decay in force. This is accomphshed either by capping the ofl return
in the solenaid or placing a needle valve in the line, thereby controlling

the rate at which oil will return once the sclenoid is closéd. « Lt
Dynamic loading 1s not limited to’vertical con-centr:lc applications.-
. Experiments have been ronducted using the pneumatig —hydrauhc loader. to

. broduce eccentric and inclineéd loads. ‘An example of an ifclifed loédmg

. . . .
» . [
. « °*
. .
.
. .
.

.
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setup bn the gmss box 1a shown'in figure A-7. In general the ARF | .
,Jpneumatic- hydrauhc dyna.rmc loading apparatus has proven ex]:remely .
flexible aw to the’ types of loa.dmg outputs whxch are a.vailable. ) LT l .
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. TWO-DIMENSIONAL DYNAMIC EXPERIMENTS
' ' ON OTTAWA SAND

.
-
.

A glassesided contaiher.wcs cc;nst;'ucted during thé original con-
tract period (llv)n This container was used during that program for five
static loadings (G1-G5) and three series of dynatnic lo.adi.r;gs uging dropped
weights (G6-G8)., Subsequent uses of this container have included footings’
on colesive soil subjected to both static and dynamic loads (Apéendix F)

and alow rates of loading for fc;otingq on both dense and loose Ottawa sand

.
.

(Appendix E), ' .

This appendix reportd on experimevnis 6f.dy1.1amicall.y loaded foot-

ings on Ottawa sand. Since these experiments.repréaept continuation of the
original research using the glass-sided coentainer (9xperimenta No. G1-G8)

the numbering system has been maintained. Table B-1l summarizes the ex-

periments reported in this appendix, In every instance the footings involved
[

are 3-in. wide and the soil is dry Ottawa sand. Movies of seven of the thir-

teen experiments have been p‘rovidedu in two reels, both of which have been .

supplied to the sponsor. . .

In the previous interim report on this'project (‘12),sequence'photos
were presented in fig:u'e E-9 for a footing on dense Ottawa sand (Experiment
No. Gll) and in figure E-10 for a footing on loose Ottawa sand ( Experiment
No. Gl6), Figures B:I and B-2 show sequence photos for footings on dense
Ottawa sand subject to dynamic inclined (Experiment No. G19) and eccent.ric

(Experiment No, G21) loade respectively.

* Concentricwertical dynamic loads were applied by means of the
pneumatic hydra.uhc loading device discussed in Appendix A, * For eccentric
loads. the piston rod was simply located in the appropriate position on the

footmg. Special 1dading devices (Fig. B-3) were built for the inclined loads.

. .® . . .
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These devices assured application o£ the inclined load at the center of the

baéttom of the footing. Figure A-T7 shows the experimental setup with dy-

-

namic loading apparatus placed to provide an mﬂined load.

’ The results of the two-dimensional dynamic exper_iﬁie,nts' are -

These

pictures provide a qualitative understandmg of footing behavior which is es-

.shown in the ‘photographs and movies obtained from the experiments,

sential in attempting to develop improved analytical models to explain be-

hayior of footing (8) when subjected to dynamic loads.
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z - _ ) Start of Test 17 msec .
N L]
. 34 msec 52 msec
. 86 msec

Fig, B~1 SEQUENCE PHOTOS FOR INCLINED DYNAMIC LOAD ON FOOTING '
(Exper, No. G19) .
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APPENDIX C

THREE—DIMENSIO&AL DYNAMICALLY LOADED FOOTINGS.

Three-dimensiopal studies were, conducted in the sand box used
during earlier research on this project. (9)(16) The box is'approxim.at'ely
4- ft: squaze and 3- ft deep. The ob_]ect:tve of this phase of the research wasg' .
to obtain quantitative mforma.tion regarding the behavior ef Small foctings sub-

+jected to dynamic loads. The experiments reported herein were:cgnducted
on dense Ottawa sand. Two methods of.load appliéat@og were used in c.on-, e
junc'tion with the three-dimensional _dyna;mic experiments; dropped weights

and the ARF dynamic loader. For these experim.eilts both the, ferce-time

history acting on the footmg and the reésulting d1splacement -time hxstoi‘y of .
the footings were_ recorded. These experimental results are»summanzed
in this appendix. ' ' ’ R '

. e . N . ¢

For reference, the experiments using a dropped w.e'ight were num-

‘bered sequentially with the or1g1na1 dynamm experimerts (10) where dropped .

weights were used, i.e,, D58 through D62, The experirdents condutted in
the sand box using the pnetmatic-hydraulic loader were numbered Pl

through P46, )

. [ )
Dropped Weights .
The five dropped-weight loadings are summarized in table C-1,
Figure C-1 shows a tr#ce of a typical record for one of these experiments. '
Apillustrated by this example, the measured peak force is extremely high Ve :

and the time response relatively rapid., Actwally, the measured res;;onse

times were of the order of magnitude of the response time of the record‘lng
apparatus., Because of this limitation, the droppegd=weight loa.dmgs were not
quantitatively acceptable, and this pha.ae of the experimlental study wasg halted .

" Modification of the instrumentation system to permit accurate recording ‘of

the imposed force-time data was not felt'to be justified within the realm of ° .
ARMOUR RESEARCH FOUNDATION OF 1 LINOIS INSTITUTE OF TECHNOLOGY
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the present project; rather, ‘it was felt that the technical effort would be
more profitably, expended in experiments utilizing the pneumatic~-hydraulic

loading device.

Pneumatic-Hydraulic Loading’ ) : . .

.
. .

The ARF pneumatic-hydraulic loading system desgribed in Ap-
, pendix A, served’as the primary fmethod for applying dynamic loads.

‘Table C-2 summarizes the results of these dynamic experiments., . .

The remaining experiments were conducted on 4-in, x 4-in, foot-
ings placed on the surface of dense Otti;.wa sand. Table C-2 lists the peak
*force and duration of the force, alo.n.g with+the maximum displacements ob-
served on the records for each expe;'i.ment. Figures C-2 through C-5 are
typical ;ecorda obtained for these experiments. Traces of the original rec-
ords have been used for clarity and ease of reproducibility. These four

‘records are typical and indicate the mode of behavior,
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Table C-2

DYNAMIC EXPERIMENT USIN. ARE PNEUMATIC-HYDRAULIC LOADER
. . Time to
. Footing Peak . Maximum * Maximum
Experiment.| , Size Force Duration | Displacement | Displacement
No.’~ (in. 3 in.) (1b) {msec) | (in.] {msec)
P1 4x4 e 366 >1000 | >1 > 64, 0
P2 dx4 - 340 1000 >l o, - »70.7 .
P3 s 4 x4 303, 1310 >1 268.8
P4 4x4 . 277, 249 0.989 82.1
P5 4x4 331 83 >1 >63,8
P6 4x4 394 70 > . 1»66.2
P7 4x4 299 44 0.276 33.8
P8 4x4 137 25 0.044 15%2
. P9 4x4 216 34 ¢.00 . -
. Plo 4x4 397 54 0.29 50.9 -
Pll 4x4 476 59 *0.889 49,3
‘P12 30 in. diam, 434 + 57 - -
P13 30 in. diam, | * 420 49 - -
Pl4 30 in. diam, 430 57 - -
P18 30 in. diam, 459 7 1 - -
. Plé 30 in. diam. 462 79 - -
P17 30 in. diam. 377 76 - . -
Pl8. 30 in. diam. 531 61 ° - -
P19 30 in. diam, 493 59 -| - - .
P20 30 in, diam. 194 58 |« - ¢ -
P21 °* . {Record spoiled)
P22 30 in. diam, 203 85 - -
P23 30 in. diam, 288 %8 - -
P24 4x4 . 324 24 0.16 17.3
P25 4x4 . 546 27 0.260° 38.9
P26 (Recordsspoiled) » o °
. P27 4x4 159 ¢ 8ls 1,80 67.8
P28 4x4 148 . 69 ‘0.937 59.8 .
+ P29 4x4 123, .79 0.90 73.8
P30 4x4 168 66 0.932 56.9,
. L]
P31 * 4x4 371 79 0.487 73.7
P32 4x4 112 87 0.151
. P33 4x4 104 81e 0.046 42.2
P34 , 4x4 103 84 0.012 16,7
P35 4x4 104 70 0,012 *l14.0
P36 *4x4 % . 101 80 0.012 15,5
P37 4x4 140, 7 0.012 15,3 *
pP3s 4x4 366, 90 $.989 66.6
P39 4x4 334 73 0.893 62.9
P40 4x4 303 78 1.00 69.6
P41 4x4 272 72 0.957 6.4
P42 4x4 . 270 77 0.989 .| 64.9
©43 4x4 272 84 0.152 64,3
P44 4x4 332 L 0,176 . 68.3
., P45 4 x4 341 122 0.150 71.2
P46 4x4 301 - 82 0.053 36.9
ARHOUR RESEARCH FOUNDATION COF JLLINQOIS (INSTITUTE OF TECHNOLOGY
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APPENDIX D

.

FOOTINGS ON CALIFORNIA SAND

During the original and current programs (8)( 12) most of the experi-

‘mental research has been done usiné dry Ottawa sand. Appendix F reports

* experimental studies in which cohesive soils were considered. This appen-

dix reports on experiments using an alternate cohesionless material, refer-
. :

red to as Califofnia sand. This material was stlected because it had been

used in a'series of dynamic plate bearing tests conducted in the blast simu-
lator at the Naval Civil Bngineering Lahoratory, ‘Port Hueneme, California.

The sand was shipped from California ‘specifically for use on this project.

Exptriments using ’che Califovnia sand were limited to static load-
ings of three- d1mens19na1 footmgs in thg sand box. The container had aver-

. age base dzmenswns of 46, 48 in. square. The sand was placed in the box

in four layers, the bottom layer 12 in. the next two 6 in. ‘and the top layer
6. 5.6 in. Each layer was placed and vibrated uniformly over the proceeding
layer for 20 m1nutes using a 1-hp flexible shaft concrete vibrator. The sur~
sface of each layer was then levelled and the weight of soil recordede Surface
densities were measured for each layer using the ARF density scoop (2),
A sand sample was collected each time an additional three inches was added --

samples were combined for grain-size analysis and triaxial tests,

. The é.ve;'age density ofthe gand based on measuredweight and volume,

in the container was 105.0 pcf The surface density of eachtlayer after vibra-

f1on wag measured in four locations. These results were averaged and the

average values are tabulated in Table D-1. In additiontothe gram-swe analy-

*

ses of sampleg’ collected as the container was filled, subeequent grain size
analyses were made on samples taken from the surface, a 12-in. dépth, ar.xd
a 24-im, depth int the container.at the .conclusion of the.program (Fig. D-1),

.
. s . .
-
.
0

L] N * .
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Table D~1 . *

. AVERAGE DENSITY OF CALIFORNIA SAND -
Weight per Unit <.
. Layer No Volume, Y (pcf)

. o 1 * 101.4 .

. 2 " 105.5 : .

ST "3 . 105. 2 . :

: 4 i 107. 1, |

3 R -, . . ) ] ¢

The line represents the average results of sieve analyses conducted on the *
. samples obtained during placing. As indicated by the notation on the figure,
the specific points are results obtained from samples from various depths

. within the container after the experimental program., Variations are within
1

those anticipated from gample to sample; hence we conclude that repeated

. vibration caused no significant vertical migration o£ variyus grain sizes.

In an attempt to determine the aoil properties six tria.xiitl tests
. L4

. were conducted, The gamples msed had approximately 2. 75-in, diameters

and \i'ere eight inches high, The gensities used.were the highest that could e

be obta.ined in a cylinder of this size. The results of these tria.xial tests are

given in table D-2, Since’there is no apparent correlation betweenthe angle

. of internal fri¢tion and the deneity or lateral pressure, the a'we:rage va.tlues

. of densilty and angle of internal friction were used. Based on the limited ac-
curacy of thé deneuty determination and pagt experience dealing with triaxial
tests of Ottawa sand (2) these values are assumed to give. at best, an indi-

. cation of the correct value, *
*

. Experimental «+Results

. . . .

. * .The experimental techniques represent substantial refinements

over those ysed previously on &his program. Figure D-2 shows two photographs

-
[ L]
.
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of the exeperime;ltal setup. A gear box attached to the loading frame was®
uged to apply loads to the proving ring., This load waa transmitted to the
footing through a ball bearing guide which guaranteed that there were no
maoments., The guide, aleng with the deflection gages, was, supported on a
plate which, in turn, rested on beams spanning the sand box. Deflections
were measured at three points on the .fbo.ting-. In the following pa'ges aver-
age values are dsed unless specifically stated otherwise, A grid of Ottawa

sand spaced 5/8 in. center to center was pla.ced on the aurface to simplify

observations of the surfice behavmr.: - . *
- Table D-3 presents the results of this experimental seriea, For

each experiment the footing™size, bearmg capacity, bearing pressure, and
surface density are'tabulated. Table D~4 presents the average values for

each of the footing sizes ingluded in the experimental series. , ‘

Figures D3 a.n.d D-4 show the load-/isplacem ent.curv:as for
4- and 5-in. square footings respectively. Figures D-5,. D-6 and D-7 are
photographs of typical footings after failure. ¢

Analysis } * . 0

Preliminary a.na.lysis.of the experimental da.tajndica.ted‘poor .
correlation, Ths; reproducibillty, as demonstrated in table D-4 by tl;e ‘.
variations in bearing capacities for the same aize.footing, is poor. Figure
D-8 shows the ranges and average values for the three footing®sizes. One
w::uld anticipate from available analysis that an .inclined straight line should
go through the origin., Such a straight line is drawn bn the figure although the
data would not justify this type of curve. . When-this was’observed during the,
experimental portion of the program, a total of eight 3-in. x 3-iﬁ.'footings
were loaded in an attempt to improve thé reproducibility. - Considerable °*
attention was devoted to unproved controls on the placement techniques in order

to increase the reproducibility. There was no noticeable improvement, At this

.
. L4 .
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essary to explain the observed results.

. ’ * . - ]
. . [ 3

stage, an investigation of the variations in soil properties was deer_ﬁed necs.

.
.
£ . .
. .
v

Terzagh1 s formula (18) for square surface footmgs on cohesion-

less soil is: - ' . *

g, = 0.4V.BNy, ) i ' (Eq. D-1)

where:r L e . . : .

. Q, = ‘ bearing capacity for square footings, psi ’
. Y = . density of soil l“b/i.n.3 . . " '

"B = footing dimensions, . ' |

. I:IY = dimensionless factor .deper-xdiné .on g . ) .
. P a angle of internal friction. . '.
A pl;t of NY versus f ig shown in figzreD-9. ) °

. By applying equation D-1 :o find N, and subsequently using fig-
ure D-9 to f.ind g, the experimental results presented in tables D-3 and D-4
can be used to determine g. The values of ¢ would be 47° (with a range of
42,5 to 48°), 46° (with a range of 45° to 47 ®); and 45° (with a range of 44° to
46°) for 3-in., 4-in,, and 5-in., square footmgs, respectively, If we consider
the series of footings expertments as an involved method for determmmg g, °
these results are quite consistent. The total range is 42.5° to 48° with an
average value of about 46;. Comparison with the results of the triaxial test
on the California sand (Table D;2) indicate that su?h results are reasonable

for.the soil densities found in the sand box.

The reason for the 'inconsistent' experimental results is now ob-
Vious, Relative minor variations in soil properties can make major «differ-
ences ig the bearing capacity., This is demonstrated by considering the per-
tinent porfior.'.e of figure D-9, A change of 1° will produce a change of ap-
proximately 30% in the bearing capacity, Since no method of placing and

compacting the soil between experlments is perfect, one must expect majorn

ARMOUR RESEARCH FOUNDATION LOF, ITLLINOIS INSTITUTE OF TECHNOLOGY
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.

variations between supposedly identical exppriments when using 4 sand with
a high value of §. ) :

Q

. -
=

The general shape-of the load-deflection curves (Figs. D-3 and
5 D-4) is of considerable interest. The first peak is associated with the
bearing capacity and is the value discussed above. After this peak there

is a decrease in load capacity and, with yet increased deflection, a rise
to a second peak. For example, in Experiment No. Cl2 the first peak

is 892 1b., a suhbsequent drop to 645 1b, and finally an increase to 1387 1b.
For this 5-in. square footing, the second peak was 55% higher than the
first and occurred at a displacement of 1,55 inch, Note also (Fig. D-4)

. that the load resistance at large displacements is fairly uniform for the

.

. I R

different experiments while the bearing capacity is quite variable,

- + . The latter observation could reflect the changes in apil properties due to

. the loading (the properties agproaching the same values independent of the ,

[P

initial cdnditions) or the influence of the footing displacement. .

»
L] L]

-
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ARMOUR

TRIAXIAL RESULTS

Densityv * Lateral Angle of
( cf) Y Pressure Internal Friction
P ' (psi) § (degrees)
106, 8 10 41,1
102.5" 10 45,4
105.5 15 _ , 44,4
| 107.2 15 40.4
“*107.0 20 40, 4
104, 0 20 | 40,0
L]
sAverage .
los.5 .| ° 41.95

There were large variations in the measurements

of the diameter for this specimen and hence the
‘denaity is of questionable accuracy.
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© Table D-3, - o

STATICALLY LOADED FOOTINGS ON CALIFORNIA SAND .
Experiment Fo‘oting Bearing Bearing . 'Surlface.'Soil
No Size Capacity Pressure . Density
- o (in, x in.) *(1b) (psi) ( pef)
c1 - 33 132 14,7 107. 1
c2 3x3 230 25.6 108.9
c3 -+ 3x3 256 29.5 * "
c4 33 320 5.6 | 1108.5
C5 3x3 350 | ICIRY R
ce 3x3 527.5 58,6 | 106.8
c7 3x3 506 56,2 08,10 .
cs ' 3x3 403 44,8 |* 104.8 - 110.5
C9 4x4 965 60. 3 " 107, 1
C10 4x4 582 36.4 | 106,5 )
cl11 4x4 730 45, 6 106.4 -.107, 7}
c1z 5 x'5 892 ) $ 35,7 106.0 - 107. 4
c13 5x5 930 ¢ .| 3m.1 .| * Jos. 3, 109.. 3
Cl4 5x5 . 1802, | . .60.0 108.7 - 109. 9
*Surzace‘;ﬂ-en-sity. m?asurer.nents not taken. ¢
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q . L3 a
o . ‘Table D-4 .
. SUMMARY OF STATIC EXPERIMENTS )
“ : . ON'CALIFORNIA SAND
* Footing Average ABvera.'ge . Average "
d earing sBearing
. Size Density Sher - P .
K (in. x in.) ° « (pe) Capacity ressure
.l. . (1b) * (psi) .
3x3 * 107.8 . 341.7 38, 1 .
¢ 4x4 ° L * 106.9 759.0 47.4 . .
e 5x5 108. 3 110870 . 44,3 ’
L) d . .
. . ¢ ¢ . )
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EFFECT OF LOADING RATE ON STATIC FOOTING BEHAVIOR
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Y »

During the course of the over-all program.' a large humber of foot-
ings on sand were tested under ''static’’ loading. Therve Veie guesiions raised
as to whethef, in fact,_these loads were -sufficiently slow to be con_sidered. .
static. The limited experimental program described herein was planned to.

inve'atigate this question,

. During early tests, static loads’ were applied through a hydraulic
jack with the t9ta.1 léaq applied within five minutes. In more fecent experi-
ments, a gear box was used to apply the load. This arrangement allows con-
trol within'reasonaﬁle_ l.imits of the r:i.te of displacement to which the footings

are subjécted by controlling the number of turns per umit of time, By me-

‘chanically controlling this loading.raté. it is posesible to investigate the vari-

ations between 'normal' and "slow' static loads. Consideration here was

[ ]
limited to cohegionless soils.

Ld
L]

The previous report (13) oh this project describes controlled loade
ing rate tests for footings on both loose and dense sand, Two a'dditiorlal ex-
periments were conducted to provide more complete data on foo‘rm& behavior
under controlled displacement (the downWard speed of the.top of the proving
ring was kept at 0.00053 in, per minute). The load-deflection curves .for .

dense and loose dry Ottawa sand respectivély frbm thése two experiments are

shown on figures E-1 and E-2,

Figure E-1 for the dense Ottawa sand demonstrates the behavior

associated with failure‘under static loads. Each peint represents observed,

values; the straight lines connecting them, however, are approximations. *
Once significant displacement occurs (starting at approximately 100 1b).a *
repeated behavior is noted., The load increases with essentially no increase

in displacement until suddenly there is a finite displacement and an associated )
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‘reductton in load due to expansion of the proving ring. Under conditions for

the controlled rate test, this stuttering is a véry real phenomenbn. . With

fewer observations the experimentalist could arrive at erroneous conclusions,

. B . . .

For a footing on'loose sand (Fig, E-2) loaded in the same v]ray with

the samé rate of load application (0, 00053 in./min) the behavior is consider- L

ably .different than for a footing on the dense sand. In general, there is a

‘smooth curve relating the load and the displacement. Here again all of the

peints shown are correct expemmental points, The figure does show a limit-

ed number of points where decreases in the Ioad were aasdc:ated with mﬂ

creased d1s placements,

) The jumping observed for the controlled rate of loading is undoubted-

. ly a function of the rate of loading as well ag the density of the sand. For the

pur.poaes of this project, it is sufficient to note that, in spite of the jumping,
the values and general shape of the load- diaplacement curves for footinge en dry

Ottawa sand are the same for the controlled rate tests as for the hydraulical-

ly loaded footings tested in five m.inutes. It-is, therefore, realistic to refer

to fc.;otings on sand loaded by a hydraulic jack as statically loaded+footings,
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APPENDIX F i
FOOTINGS ON COHESIVE SOIL
The major portion of the experlmental studies’ conducted on this

research program deals with footings on cohesionless soil.

In an attempt
to broaden the experimental basisg of th_é p'roject', a series of tests were
conducted with footings on cohesive soil. This appendix describes these .
experiments which were conducted on footings subjected to bath static and
dynamic loads. . L : .

Labwsratory studjes on cohesive soilk were 11mited to two-dimensmnal
experiments conducted in the glass-sided container. *The decision to consider
only two-dimensional footings on cohesive soils was based én a number of
factors including: (i) the relatively small size of the glass-sided container
simplifies the problems involved in soil placement, (ii) two-dimensi‘onal .
studies allow more qom'plete observation; and (iii) two-di mensional experi~ .
ments are more d.irectly_.co'mparahle with available th;.or etical solutions,
The undesira.ble feature introduced by limiting consideration to two-dimensional
footmg is that the resulting data will be of limited quantitative accurac-y due to .’

the edge effects on ‘the two sides. . . ’

. The initial constrdction of the two-dimensional contaiher was described
in an earlier report on this project (11). In connection with the experiments
involving coheslve materials, substantial modificationg of this container were
required because of the much increased Ioading. Essentially, it was necessary
to strengihen the glass sides. This may be done in tiree ways: by introducing
an intermediate steel member to reduce the span of the glass, by replacing the
ordinary glass with tempered glass, or by replacing the gla.ss gsides by steel
‘plates during load application, All three of these techniques were used during

It should be noted that since the two-dim ensional*
com.a.mer atte.mpts to simulate the plane stram situatmn the sidegs ideally should .
be rigid. Obviocusly this ideal is satxsfxed to a greater or lesser extent depending

on the rigidity of the s;des . *

the course of the present study.’

Another mod1f1cat1on to the glasa ~sided container was the
mcorporation of a double thickness ‘of glass enclosmg a plastic
‘sheet mparked w1th gr:d -lines, These grids, w.hich mratch those initially

* . . .
. . . L]
.
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placed on the.soil specimen, provide.a reference against which to observe ' l .

I'e * . *
soil movements., . : . .

. -

Compact'lon of the cohesive soils in the two- dimenmonal container :

operated compaction ma.chine {Soiltest Model CN422), designed to compact

was the subject of cons1derab1e investigation.. A standard mechamcally- . e l :

soil into a '1/30-cu ft cylindrical mold, was énlarged and modified to com- '

pact cohesive soil mixtures into the container to a depth of 18 inches. The

circular hammer was replaced by a 10- 1b rectangular hammer (4 1n. x 2 in. ),
that closely fit ‘the wall .difnensions of the model box. A roller baee was _ ° ¢

. . added that enables the contamer to be passed under ‘the hammer in indexed '
¢ .
L . increrhents until a complete layer of soil was compa.cted. By varying the .

number of layers and number Jf blows per layer. a given. soil dene1ty was

. - ' obtained. The compa.ctor mecha.msm ‘always raised the hammer 12 in. above

of this setup is included as figure F-1, ' ) )

. As. will be observed in later phoi.:ographs of the experimental re-
sults (F'ig. F-4). in mosat instances, fadlures took place along the boundary
e between compacted layers., The appearance of thid effe.ct was reduced by

. . t.he.surf-ace of the soil during the entire filling of the container, A photograph l
‘ increasing the number of layers (using thinner layers) and decreasing the, .
number of blows per la.yer. Nevertheless, so lbng ‘as the soil is placed and ." ) ' .
°* .
compacted in horgzonta.l layers, one, would expegt the soil properti\al to re- . *

2
L] o o,

o * flect the method of placement. As a matter of fact, even in nature, the .

properties must reflect the placement whic¢h implies a layered eifect Thik '

Jis undouktedly a broad £:eld for soil mechanics research, but for our pur-

: . layers. No atter'npt was made to establish the effect such discontinuities

might have on the soil properties. Co ‘ )
i * * LS

| - poses the objective was only to avoid obvioud discontinuilies between the l ’
U . o All of the footmg experiments connected with cohesive.soil are re- .

portﬂd in this appendix. To assure uniformity and reproducibility, the co-

hesive materials“used for these investigations were manufactured in the

. . - - .
-

. Fezo ARF Project No. 8193-15

i . ARMOUR: RESEARCH FOUNDATION OF ILLINOIS “INSTITUTE OF TECHNOLOGY * '
. . Second Interim Report '




laboratory from basic constituents.,

_The results of an ARF sponsored pro-

gram {15)'were used m.selecting the constltuents used. Tables F-1 througlr

F-3 present data for the soil constltuents whlch are .med

For a more com-

plete discussion of the manufactured soil,the r_eader is referréd to the ARF

research..

Static Ex]_:;e riments

* A series of four prelimihary experlments was conducted uaing a

maxfufa.ctured 5011 of fire clay, Ottawa aa,nd,b and mineral oil. The partlcu-

la.r mixture has many questlonable features because of the oil bdse. How-

ever, in esta.bhshmg procedures for placement and testing, the oil base of-

fers distinct a.dv-s.ntages gince it ig little influenced by, exposure to the atmos-

phere a.nd hente can be reworked a.nd retested with only negligible variationa

¢+ in its properties. The data from these four tests were not'assumed to have

quantitative significance.

Table F-4 summarizes these four experiments, The solid mate-

rials used in putting together this soil were 50% air-floated ball clay ( 95%

Kaolinite) and 50% uniform Ott:awa sand (.‘:‘.0-40 Mesh), [Light mineral oil
(DTE 150), equal to 22. 1% of the total dry weight, was added and the con-

sutuents mixed uniformly.

Because the mineral oil does not-evaporate, this

mixture remamed unchanged during its usag’e (15).

The s¢il properties of

this mixtyre are not‘discussed, since there is no attempt to use these re-.

sults_i:n a quantitative fashion,

L]

Knowledge obtained from these prelimmary lpadings led f.o mcreas-

ing the strength of the container, decreasing the densn:y (weakening) of the

*so0il, and decreasmg-the width of the'footings.

* L]

Figures F.‘ 2 and F-3 show typical exuerimental restults for cohesive

This preliminary work was fc)l}OWed by a scries of nine static’tests.

The 801l used for these tests was ball clay (95% Kaolinite) mixed thh vari-

ous quantities of water.

For all practical purposea. although it wasa .
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mhanufactured, this is ai_naturai soil, since it eonaiats only of a natural con-
stituent (ball- clay) and water. Becauseitis mamifacturedfrom controlled mate-
rials, one might ant1c1pate bettar erroduCIbihty and greater corxtrol, but
fundamentally it is no lesa real' .than, & spec1men removed from the ground
and remolded. Compaction wasg ca.rrled out in the same manner. as described
for the artificial aozls. pince placement of the specimen represents a major
problem, four of the five-specimens were reused by removmg the dmturbed

poriion of the soil and conducting a-gecond experlment on the* remaining. so11

.

Table F-5-gummiarizes this series of nine static-footmg experiments.
The letter 'A' after an expemment number indicates the second loading using ’
the same soil specimen. The specimens for, later expenments were pre-

pared using more layers with a reduced humber of blows‘per layer.

Dwring the course of this experimental work, spec1a1 care was taken
to minimize loss of moisture, Two dishes of water were auapended near the
top of the so11 container and the container sea.led The success of these pre-
cautions is demonstrated by one of the dynamic expenments in which the soil

specimen stood for one week witl_x a change in moisture content of approxi-

mately 1%, .

. Pigures F-4 and F-5 are photographs of two of these static 1dadings.
Figure F-4 shows experiment No, 3 with pronounced layer effects. Figure
F-5 shows experiment No. 5A “'rhe're the improved place;ne'nt had reduced
the dayered effects,, ,The results of the experiments listed in table F-5 5 are
gummarized in table F-6, Figures F-6 and F-7 are typical plots of the loa.d .

displacement curves for footings on cohesive sozl o

Dynamie Expérimenta

A series of six dyzaa.mic exPeriment's- waa performed for footings
on c6hes1ve goil, Table F-7 summarizes the ¥esults of this ld.boratory re-

search. Fig., F- 8 shows experiment No. 7 where the footing has begn punched.

.
. . . s . . .
.
» .

.
.
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- inte the-‘_-soil—muc.:h as.one would expect for a pile. Fastax films of this fail-

. .

ure are available on loan upon request to the sponsor. The soil.used for

these experiments was theé fire clayswater mixture discussed,in connection

.

with the static studies, .t .o

" The first five dynamic tests were performed on a single container .

,of soil, The full container had a moisture content ranging from 21.1 to

22.0%, with & wet density of 128.5 pdf. The first fouriloadings wer.e_' performed
on this-soil, Experlments No. 6 and 6Arproduced no obsgervable d1splace-

ment while the movies 1nd1catea at the most "elastic beha.vxor for 6B, After "

one week, the moxsture ‘content wis found to be 20.2 to 20. 7%. . Expermae'nt e .

No. 6C was performed on this soil. The disturbed portiox'm of the soil were

removed and cxpenment No. 6D conducted The moisture conteﬁt after the

loadmg was found to be 20 2%. © . .

The final test, 'dx.periment No. 7, was'ﬁerfér‘:'ned with a l-in, wide
. . . 2

footing on a soil having a deheity of 127, § pcf and an average moisture con-

tent of 24%. Figure F-8 shows the results of this experiment.

Comparison with Theorx . o : . .

« It is interesting to compare the max1mum resistance from the static .

ekperiments with the predictmna which result from direct application of the

bearing capacity forrnulas for two-dimensional footings. The maximum o * "
bearing for a footing on a purely cohesive 3011 woud be; .
. »
= 570 c D < {Eq. F-1) . -

where: ’ ’ 't . . ) . g .
. q = bearing'.capacity . .

¢ =. cohenion, psi. . . . ] o

The maximum .force' the footing can resist, P, Jis .give'n by . *e )

P, = 5.70 cA, S (Eq. ‘F-2) ) oo
where A .is the area of the footing.’ ' e ) L .
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B ’ ' ' Au part oi the ARF sponsored study of artificial soils (15) the un- -
confined-compressive strength was determined for several values of the -
moisture content and maximum obtainable density. iA curve of thia data is -
included as figure F-9,) For cohesive materials the unc:c;nfined comp;'e.s-

;" .,& sive strength. q : is nqu.al to twice the cohesive strength, . Hence equa- .

| tion F- 2 ,can be written in terms of the unconfined compressive strength as

B . * ’
Li . . PE - Z|'85 quA . . . (Eq' F-3)
. Copsidering the nine static experimgnts reported in tibles F-5 and F-6,

experimental reaulté_ can be compared with thedretical prediction.a (Table ¥-8).

J In determining the unconfined compressive stress the avérage moisture content

] «from table F'-5 was used. The area for ea.ch of the footings was 10-8q inches.
N v . . .

For mos‘t of the experlments. the comparison of theory with experi-
mental data was disappointing. As indicated by table F-8, the theoryin 8 out

o of 9 cases gave results over 50% less than' the experimenté,l values., There

. are at least two possible’reasons for this diacrepancy: (i} the experimenta are

. not truly two dimensional Bince the friction between the 3011 and the container
sides a.dd to the resistance, and (ii) the soil in the container was at a much

greater density than samples used for unconfined compresgive tests and hence

i L
would be expected to be a ''stronger soil'. Bgth of ¢hese factors are undoubted-
ly present and contributing to the poor comparison, This assumes the theory °*
. 7 < » tobe correct. There is always a certain skeptxcmm regardmg the theories,

Eoe Bt in this instance, the experimente; appear.to be reeponstble for most of the

variations. .. . . .-, o

' ‘A number of other considerations regarding experin.:lental and analy-
tica.l approaches could be introduced, but seem u-rele"ant to this study. Both .

atatu: and dynamic tests of small footings conducted in the laboratory have

g given uaeful results both g"ant{ta.tively and qualitatively. The experimental

difficultiea- encountetred are understandable and could be overcome'in: future

. . . . .
. -
. . .
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.work, For exaraple, in testing three-dirmensional footings, é_ffects caused
by the container sides can be eliminated. At any rate, the results.of these

- pilot experiments are encouraging and will aid in conducting future experi-

ments with cohesiv'e‘ﬂoil. T . )

.
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Table F-1

i . . + . GHARACTERISTICS OF KAOLIN- '
J‘i - S5 : - e ————— |
Sj‘ "o Name: , ~ Florida plastic Raolin. ' .

ey

. | Supplier: E'dg'a.r Plastic Kaolir Co., Edgar,. Florida. *

Solurce: +'Edgar, Florida. .

. o . Y . . . l
. Mineral Content:, Better than 99% kaolinite., . . o,
e * . . . . « -
) Preparation: Ai::floated. . : . . . I
. . Chemical Analysis:Aluminum Oxide , 38.71 % I .,
\ . Gilicon Dioxide *45%,91 t . . . '
* . ‘ Iron Oxide . 0.. 42 .
., B - . Titanium Dioxide 0,34 LI * .
Calcium Oxide 0.09 °* . . !
‘ ‘Magnesium Oxide 0.12 . . . e .
. . . * Sodium Oxide’ 0,04 :
. _ e *. Potassium Oxide 0,22 . e e I
. ' . Ignition Loss * 14,16 Y
‘ £ . . , > - 1oo.00%' e l .
Atterberg Limits: Liquid Limit = 70,2, Plasfic Limit = 40, 8 . v .
b ¢ Plasticity In'dex = 29 4, S}xrinkage Lhmtc- 22, 8s I
m’ ’ Particle Size: 30-40 micfon 2 % . . .
E’! ¢ 20-30 . 2 ¢ !
8 ' .10-2Q 4, I j
§ 5"10‘. 10 . . . * . ¢
g 3-5 ., nmo,, - o, . .
N 2-3 : 11 - : . I
] 1- 2 .12 sl . -
¢ L] 3 . LI . .1/2 1 * 10 ¢ ¢
.5 . Less than 1/2 micron 38 .
' 4 e .. .. 100 %" . - -
E‘i . . . : .
‘ 4! 'Specific ér’avity: 2. 66% . ‘ . . I
E} * 4 Color: White, . ' . . ) .
) o:ii‘3 » - t - - ) * ~ - . .' ' '
R ARMPUR RESEARCH EOUMNDATION OF ILLINOIS INSTITUTE OF TECHNOLOGY, i .
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Table F=-2

CHARACTERISTICS .OF BALL.-_,G LAY

’Na.m‘e: o
»

Supplier:

Sodrce:

Preparation: _

- Mineral Content:

OM 4 Kentucky ball clay. .,

.

Kent&cky old mine 4,

N

Rentucky-Tennessee Clay Co., Mayfield, Ky.

.
.

Approximately 75% kaolihite with the remainder

Chemical Analysis! Silicon Dibxide

S {llite,, montmorillonite, feldspar, and quartz. .
- Airfloated. ' K L

51,72 @

. . Aluminum Oxide . 31.98
Titanium Dioxide 1,52 )
Iron Oxide 0.87 .
Calcium Oxide 0.21 . .
'Magnesmr:u Oxide C.19 .
Potassium Oxide’ 0.89° " .
Sodium Oxide 0.38°
Igrition Lioss 12,24 . .
* . 100.00 % ° te

' Atterbe.rg Limits: Liquid "Limit 2 62. 6, Plastic Limit = 31.3

Plasticity Indix = 31.'3, Shrinkage Limit = 21.6.

‘Specif.ic Gravity! 2.69, - " ' . b . . ’
Cplor: N Tan when d;.’y. mediumd brown when wet’. *
* . ‘h. [ '
. R . ‘ . . . * N s " ‘e
. 2e . R . % b . .
o . . % L4 .

. . . .
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' | . . Table F-3 ]
oL ' CHARACTERISTICS OF OTTAWA SILICA SAND .
<L . . - . .
' "| Name: Ottawa flint shot silica saﬁd.l
Suppliexr: Ottawa Silica Co., Ottawa, Illinois. )
ﬁ Source: : St. Peter sandstone, Ottawa, Iilinois.
Mineral Content: Better than 99% silica.(SiOz ), .
. “Prepagation: * Sandstone is blasted and mined. The sand is thep
. washed to remove the clay present and graded to
’ the desired size ranges. °* ) :
. °| Particle Size: 98% between 0, 84 mnm and 0,42 mm, . ) -
* Specific Gravity: 2,65, ., . IS '
. Color; Off-white. Lt to . )
. L] . .
. Comments: Well-rounded particles. » . o
L4 L ° . . ..
N . ) L] . ) * .
. . . . .
E . . L] . . * L] e . - . . :
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Fig, F-2 E}QPERIMEI\‘T'T NO. ‘Y3 AFTER STATIC LOADING )
‘.. iy . . :
s @ .
Iy ‘
R * . .
F‘ig. F-3 EXPERIMENT NO, Y4, 1-.1/2 IN, DEFLECTION ,
R ~ ! * . ARMOUR RESEARCH f'OUN[;ATION o' ILLINOIS INSTITUT;E OF TECHNOLOGY
. . c e ) F-17 ARF Project No, 8193-15
e l . . _" " Second Interim, Report




&
Ll
]
h

L ]
TR BT M e 5

B T

A

8

Ay

e Eig. F-4 PROGRESSIVE FAILURE OF COHESIVE SOILS (Exper. No. 3) °,

. ARMOUR RESEARCH FUUNDATION ,OF ILLINOIS INSTITUTE OR TECHNOLOGY

. - : e * ARF Project No. 8193-15
. . . F-18 , . Segond Interim Report
' - . —— -




-

-
‘|
.

.

;E N R o 4 s P N . E s
- .

w1 3 o - SI7ISEE Tt IR T e
- -
. -

.t

.
s

e
. .
. .
.
.
Y .
.
L
. .
L]
ARMOUR
.

Fig. F-5 FOOTING ON COHESIVE SOIL AFTER FAILURE .

0
. . .
. -
e -
.
- L
° L]
° -
a ° . . » . N
.
.
L]
A\
.
L]
[ ]
L]
L]
L]
L] . .
. .
L)
Ll
.
E]
. [
L]
.
.
. . » .

. * L) . . 3
. .(Exper. No. 5A) . . . T e
* 8 :‘ .

RESEARCH

FOUNDATION OF ILLINOIS INSTITUTE OF TECHNOLOGY

'

ARF Project No. 8193-15
. Second Interim Report -

*
° .
L] . hd
L]

. .
T T ST P T N et ks - S ey e e

Y . . e *

S . e G e *
.




\

. .
L] . - -
- b - bad . -
- ’ T - . * d S
- o TE Wme N R ..
. L]
:
. - - . - .« ® .
. .. . .
: .
L
:

. Cc. .o . . (ve'pue ¢ "ON *I3dx7)

TVI mﬂ.ad%onv NO DONIILOOQJI YOI INTWIADVILSIA-Avol JDILV1S 9-d."91d .

-
(1) G
- ) . . . - . - . - w
“ e . . ‘. . ’ *m ‘yuswmaderdsiq ) . . P
. . . i 4
z
o -
001 °
s
po ]
002 =
b
00€ .
.0
=
00y =
o
0o g o
[
3 z
. =2
009" Y%
[~]
=
2
00L o
X
(8]
008 =
006 * =
=
o
uo.o_” z
<
0011

. ARF Project No..8193-15 |

Second Interim Report

.o
L]

¥-20"




. . . . . ? .
B ¢ . . . _:. .
s ’ e g
- . | ¢ f/- . . — 'Eﬂ
4 LN . . . . R
' . / ¢ B A I o . é '
.... : . . . . f\! P . .-
. . o 'I' ¢ . e d . . — .g .
. / .u"- . . .a.. . . U
) J ) * "I * . . DA z * .
g} * | " ) ° . . . . o .
= * * 4 ‘e cot .. (=] U.
.o | 3 . . re ,_: : . E
o'#° . LAY s o -, ‘.E.S
¢ - IT e oo = e - ‘ L] “. h
) . te ) . ' .o a m:. .
. . . o Ju o LN . . 4 ] .a o .
’.. .. - . ] . N O. 3 flt
. . * * a ke
A R A ' . Bl .
) A rq [d
‘ ro '. o c o * . ! . 6 2
* . < * L o ° :D ) 8 *
\ . . : s : . <
. * * ' . e ] qg
L) * %
B - 3 P ' LAl
. \ J . ® . L] a* .l.
o H , I3
. M . . O »
‘.' . ¢ 0 ”» 4 . * & . O S z *
. ‘| . ° L * . . . (&)
* = - . L\“ . . : % .'EA:} * »
"EEHERS ' i
S ik B NEH S . [ s I
l . * . : . \\ . . ¢ " e (=] h“.
. . »
L] . ¢ ¢ .G
l ‘ L0 .0 =] © 4, © S Q < o . 9 o o
. e, "6 , 1S = o * o = =3 S o ' 9 =
. : S. o < - 0 0 ufl l‘“ N :o pour]
. S . | ar‘peoT ' :
i ' ARMOUR RESEARCH ;:OUNDATION OF ILLINOIS INSTITUTE OF TECHMNOLOGY.
. - “'e. T . _ =" - ARF Project No. 8193-15
! i ce .o ) . F-21 . . ,Second Interim Report
.. . o . o .0
AR — — b — . ’
L3 ' . " ° '\' ‘ R T . 4 1]

. )




R )

°
N .
- °
) e
s
° om
- &
.
. .
A
.
‘
e @
.
* IR
o,
1
..
Y
L)
]
.
L]
. .
.
[ ]
.-
..
P
°*
L]
. .
s .
]
.
. .
.
.
. .
4
.
PL
.

., ARMOUR
.

Fig, F-8 FAILURE OF 1-IN, ‘FOOTINé ON .COHESIVE SQIL - .
. . -(E:gpeir. No: 7 .o L. s
. . . . . . . . -
RESEARCH FOUNDATION OFf,  ILLINOIS xus'rfwrs_ 'OF TECHNOLOGY
: . . F.22. *  ARF Project No. 8193-15
. ‘ . *e * Second Interim Report’
- . ‘ . 3 B .
° '3’“".’ N ", . ’-, .°
: . : ) TS .

.
. .

LB
L ]

.
.l
. I
[} .,
L]
.
“~
.
.
[]
.
. d
.
P
-
.
. l
.
.
.
.I
. L4
LI .
.
o
v

3

-




60
! . . .+| Optimum Moisture | .
_ Content =
8 . {Associated density 115, 3 pcf. ] |
& 50 - }
o | -
. & . = // \
5 40 : !
& .. O
. ) -
2 . .
m L]
« . .
o .
. * L) . . Y
. g 30 - / — -
¢ Q . . .
0 . ) .. y
o . . .
QE, e . . : . -
. g . . . .
8 20—
.rg . . . . . . . .
' . 10 '~ . : - ... ] .
. 0 ° * * ‘W
0. . 5 w10 15 - 20 -, 25
el o, * . . Moietul’e Content, w, per cent . .' . R .
Fig. F-9 RELATIC)NSHIP OF UNCONFINED COMPRESSIVE, STRENGTH ,
. TO MOISTURE CONTENT . . . . i .'
ARMOUR RESEARCH FOUNDATION OF ILLINOIS INSTITUTE OF TECHNOLOGY'
‘., o . * M
o ° . - ' . ' .ARF Project No. .8193-15
. : . . F-23 oo _Second Interim Report.
* N ] 1t . o




.
.
.
.
.
®
* .
ARMOUR
L
)

: -
.
° .
L
.
L
.
L ]
.
.
°
Y L]
L IR
L]
L)
RESEARCH
. *
o
.
°
»
L]

AFPENDIX G

NOMENCLATURE

M . . .
L]
. .
. . .
.
.
. .
e
.
.
.
.
L] . L]
. . .
-
>
.
-
.
L4
s °
D
L4 -
.
.
L] . *
. . '
.
L]
. .
L
. » 4
. « ¢
FOUNDATION OF JLLINOIS
.
" ® L}
2 .
L
° P ° . .
.
®
e e ki st RIS O S
.\ W '

.
.
°
.
0
.
-
.
.
sy
.
.
f
.
»
.
.
°
°
.
. .
.
.
.
-
.
.
.
. .
.
.
.
.
) . .
L
.
. . . .
. .
a
-
. .
» .
. . .
.
o
. .
« ®

INSTITUYE OF TECHNOLOGY

e T, .
A P .

COREG ezl 4 agedls o




EERCIE I

APPENDIX G

NOMENCLATURE * , "
A = avea. i ) ’
B =  footing width .
c =" cohesion ) : . :
D . = depthof burial _— '
4 = gravitgtipnal. constant )
. I = | ineitia ) ‘ ) .
. M = .. moment
m = m?as ) . . . *
.' Ne» No» ' Coe o .
and NY ="" dimensionless bearing capacity factors
P = force
. P =  static ca:p‘a.city ‘ K
Q = .bearing capacity
9g. = . bearing capacity of aquare footi:{g ) *
9 unconfined compressive strength : *
' R =, resistance . . .
) r =  distance
Lt =. time . )
w = wat;r content .
. =  density of soil ° .
@, = angle - . ) .
" 3 = " gt 0/dt = angular acceleration . L
Y = . tan"! (D/r-B) ‘. .
ﬂ =  angle of'intez:nal friction
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