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FOREWORD

This is the final technical report on Contract No. AFZ9(6‘01)-256,1,
Prnject 1030, ''Design and Analysis of Foundations for Protective Struc-
turce', ‘The chjective of thiz resezrch program ie to investigate the
protlems associated with the design and analysis of foundations for
protective structurcs subjccted t> dynzmic loads from nuclear blast.
The current project, initiated at Armcur Research Fow.dation in
February 1960, is to a large exteai, 2 continuition of research com-
plcted on an carlier contract, AF29(601)116I, ¢f the same title
(AFSWC Technical Report 59.56), : :

The firs® interim report, dated September 1960, and the second
interim repor:, dated May 1961, cover the technical work up to those
dates respect vely. This publication reports in detail the research
conducted sub.cq.ent to these earlier rnpor*s"and i+ addition,

summa“ sy e reaults rver the: ccurse of this re. h atudy. Since
the t reah v reports were pub‘nshod as AFSWC Technical Note
60-30 and 41 =WC Trohnical Note 61-14 a7 not felr *a be necessary

to include detatis regarding the tesearch reported earlier.
Persuuned (nntr:b'x‘ ing to the work dcscnbed in this report

include A. Humphreys, T. M, Kiel, K. E. McKee, J. I. Ross,

R. D. Ro ¢ and 8. Shenkman. ' h. authors thank Mr. C. Wiehle

of Air Force Spwial Weapons Center for critu.xsms and augge-tions
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which have matérially aided this project.
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ABSTRACT

The behavicr of footings subjected to dynamic forces has been the
subjeci of continuing research, Significant contributions have been made to
the avaiiable knowledge through a combination of theoretica! and experi-
mental research,

Prior analyiic studies have been based on an “engineering approach"
which extended standard soil mechanics approaches to include dynamic ba-
havior. This approach is reviewed and comparisons are made with the
experimental results., To improve the theoretical results the influence of
soil compressibility wae investigated, These studies, which considered the
formation of plastic stress waves belcw the footings, produce improved
correlation with the experimental data, '

Specific techaical results on experimental studies included in this report
are three-dimensional stutic and dynamic tests of foot'n  with overpressure
on the surr uunc.r ; scil surface, two-dimensional stat; ! dynamic tests
on intiir { firtin-s with overpressure on one side (a situation simulating
that encounter ¢ 1 footings for nrches and/or domes), three-dimensional
static and dynamic tests with improved instrumentation to verify earilier
results and to provide improved data, Also included is u presentation on
the Dynamic Soil Facility, built by Armour Rescarch Foundation and used

for portions of this research,

PUBLICATION REVIEW

This report has been reviewed and is approved,

Gz,

/. .
el Blspr A I D

SONA ZKETT JOHN J, DISHUCK
Colone USAF Colonel USAF

Director, Research Directorate Deputy Chricf of Staff for Operations
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Chapter 1

INTROD'. CTION

Thisa !mhliraﬂnn deagrrihan a rmwﬂmﬁng Armour Reamarch
Foundation prcgram dealing with "the design and analysis of foundations
for nrotective structures subjected to dynamic loads from nuclear blast,.'
For all practiza! p:rposes, ARF rcsearch into the behavior of foundations
subjected to dynamic loads 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 rveport self-contained without
undue repetition of previcusly reported material,

The results of the original study, conducted under Contract No.
AF29(601)-1161, are summarized in AFSWC TR-59-5+{1"*, More de-
tails 1cg  L.v; certain aspects of the research unde  t contract are
fourd i the th1ee phase rcports: Phase Report I, "Recommendations
for Fu (-3c¢al- i'ﬂts"(z), issued October 15, 1958; Phase Report II,

(3). issued

"Bibliography on Foundations Subjected to Dynamic Loads”
_Decembe:-31; 1958; and Phase Report III, "Inievim Technical Report"(4),
issued January 31.. 1277, Technical results on the present coutract, No,

AF29(601)-25L1, have been presented in AFSWC TN 60-36(5) and
AFSWC TN 61-14(6). This report, in addition to serving as a final
report on the current contract, includes the detailed technical results
obtained since publication of AFSWC TN 61.14/8),  For further details

the reader if refesred to thesr earlier reports.

Superscript numbers in parentheses cite references collected on
pages 21 - 23,
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Al TECHN!C... OBJECTIVES

" he objcctive stated in the contract is '"to investigate the problems
assaciated with the design and analysis of foundrt:one for protective struc-
tures which are subjected to dynamic loads from nuclear blasts. This
generzl objective really indicates little regarding the technical direction
of the program. ‘I'he more specific goale of the present prugram arve
limited to consideration of spread footings (this {s contrasted to founda-
tions in general). At least from a qualitative point-of-view, it was postu-

. lated in the original program that behavior for all foundations could be ex-
plained by an underatanding of the behavior of spread footings and pile
foundations with other foundations considered as sorie combination 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
s0il to an arbitrary time-Jdependent force. The approach has been a com-
" bination of experimental and theoretical research. The t -oretical re-
search has : .tenir ed to develop nnalytical models whic isfactorily
expisia tt fontir, behavior. The experimental research has been di-
rected toward . rov g or disproving the suitability of the various ana-
(_ lytical models. Ir addition. experiments have baen designed to obtain
‘ quihitative intormation to aid in the modification of exisung analytical
approaches or in t} - developin:nt of new approaches.

B. = TIE 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, previous work has been dirccted toward the design of
foundations for machinery and other equipment. Consequently, these
studies, with rare exception, are related to vibruiory behavior where
*he normal assumptions are that the displacements are recoverable
and that the soil behaver in an cssentially elastic fashion,

ARMOUR RESEARCH FOUNDATION OF ILLINOIS INSTITUTE C7 TECHNOLOOY




Research voncerning the effect of loads having arbitrary time his-

torics has not advanced as fast as research relating to time-dependent
loading of a vibratory nature. Becaune of this laz* of knowledge, the
designers ‘n considsring non-vibratory loads have necessarily attempted'
to Le conservative. In soine instances, this has lead to extremely com-
plex and cusily Jdesigns. llowever, since carlicr methods are in certain
respects iarational, what is thought to be conservative, may in fact be
wisafe. The 1954 work of Landale!?* 8
on footings suhjected to non-vibratory dynamic loads known to the
auttors, which existed prior to ie 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 so1l properties deing
attributed to the dynamic aspects of the loading (see for example OCDM
Method A{%),

Since 1958, a number of agencies have initiated research into this
problem area. Rclated experiments currently are '~ q conducted at
the Nav-. Civi. Engineering Laboratory, Port Huene California;
have:r aty of {1 -inois, Urh:zria, 1ilinois; Massachusetts Institute of Tech-
nology, Cambriige, Mass., «nd the Waterways Experiment Station of
the U. S, Arm;y Corps of Engmeeu. Vicksburg, Mississippi. Analyti-
cal studies have also been carried out by American Machine & Foundry,
University of Illinois and the Watcrways Exp. riment Station.

C. REPORT ORGANIZATION

This _report serves the dual surpose of a final report on the entire
pr- ject and a detailed techmca! report on research completed since the
last interim report. The organization of this report reflects this dual
function.

Chapter ¢ contains a general dincussion of the behavior of spread
footings subjected to static and dynamic cor.centric vertical forces.
Chapter 3 reviews the spacilic studies which have been cumpleted and
which are reported in greater detail in the App-ndices. Chapter 4

ARMOUR RESSARCY POUNBDATION OF ILLINOIS INSTITUTE OF TECHNOLOGY
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reviews the project and summarizes the results yhiéh have been obtained. o
The dynamic soil facility, recently constructed by ARF, is described ’

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

dynamic soil facility. Appendix D considers thres-irnensional static ex-

periments with and wiithout surface overpressure. Appendix C detaiis

three -¢imensional dynamic experiments with and without surface overpres-

sure. Appendix D describes two-dimensional experiments condiucted in the

glass sided container. Of particiular interest here are the experiments

with inclined fuotings having 8%ntit overpressure on one side. In Appendix

E, the engineering approach for predicting dynuhic footing behavior ‘s con-

sidered. The effect uf s0il compressibility on the behavior of {ootings sub-

- jected to dynamic lcads is considered in Appendix F,

AZMOUR 2RKPARCH FOUNDOATION OFf 1LLINOQIS INSTITUTE OF TECHNOLOGY
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Chapter 2

SPREAD FOOTINGS SUBJECTED TO CONCENTRIC VFERTICAL FORCES

In general, the c;mcern here is with the behavior of rigid footings on
arbitcary soils subjected to arkitrary time-dependent forces. Assumption
ui a rig.d footing eliminates any need for considering the actual structural
design of the footing as well as (he stress distribution Lbelow the footing.
The loads of intereat range from those assaociated with zero footing dis-
placements to displacements thc order of the fonting size. The basic re-
quirement is tu predict the dicplacement-time response of dynamically

loaded footings.

In reviewing the overali approach to {footing behavior adopted during
the course of this program, attention is limited to footings subjected to
vertical concentric loadings sincc thia represents, in a sense, standard
conditions and is the subject of much current theoretical and experimen-
tal research. Clapter 3 will review some of the rese which has been
aimed at r _nerai.zations from this standard. The dyni. ... loads of inter-
est are . reiativ-ly short diration (in order of seronde) and are non-
vibratory in naturr. The stort {nad duration means that footing s ttle-

_ments caused by consolidation (long time effects) of the soil as considered )

- fur ordinary fouting de-[ign are not of interest. The relatively ar .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“' 10, 1) in connection with this research and
making use of the available literature. A tt;eo;eticil approach was devel-
oped and applied to the experimental results. Unfortunately, the correla-
tion was poor. It is suificient 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-
Lavior, soil properties naves been reduced to a secondary role. Soil para-
meters have been used, e.g., cohesion (c). angle of internal friction (4),
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and unit weight (¥) from normal soil mechanics, with little concern far how ~ *
the valuee wouid be obtained. It is sufficient for the purposes of this report -
to assume that realistic values have been or are being ohtaineC by other re-
search. It should be ohserved that this represents no small task particularly
since the dynamic properties are requir. Zven further it must be recog-
nized that the formulation of the theory dependl. on the nature (not the values)
of the s01l parameters and that even the necessary parameters may vary for

the dynamic conditions.

A. STATIC BEHAVIOR

The literature provides many analyses for footing failures urder static

" loads caused by shear failure in the soil below the footing. The theory of

plasticity includes general methods of approach for such problems. For

this research, the methods <ounsidered for static loading are the simplified

solutions normally used in standard soil mechanica. The onc-sided failure

modes used were Andersen‘luz) analysis and a modific~t- a of the Krey

analysis dev :iop. by Hasson and Vey(u' “,. For the sided or symme-
trical (ai! re patt. =ns, Te r-..aghi's“s'- 16) formula was usecd.

These three 2 jproaches have been found to give similar (within 10
. percent of each other) values for bearing capacity, i.e., the first maximum
on a static load displacement curve. Over the fanie of parameter= of in-
terest, Andersen's tormula gives a load capacity which is essentially that
given by the Terzaghi formula, and Hasson demonstrated that his formula-
tion of Krey's method gives capacities similar to those given by Terzagni's

formula.

¢

For ltatic bearing-capacity analya;o." the Terzaghi formula is nor-
mally accepted. ‘The approximate formula developed by Terzaghi for in-
finitely long footings with rough bases is:

. P, .
= = eN_ XDNq vy ?nN, (Eq. 1)
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footing width,
= colesion,
= depth of burial,

= static bearing capacity, and

o~ Pl U " W@

= density of sail,

The quantities N N_and N, are dimensionless bearing-capacity factors,
depending only on the angle of internal friction, 4 . The value of each of
these factors can be plctted as a function of ‘(15 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 subatan-
tially beyond the static bearing capcacity considered above. As a prelim-
inary approarh tu the dynamic problem, the farce-displacement curve under
static loads should be known not only up to the initial - ~ value (the static
bearing cpscity, but heyond to displacements of the o of nagnitude of

the Joot) g s:ze. Experimental studies of footing behaviur, e.g., Golderus)

(19}

and Myerhof , "ave normal’y ccnsidered only the bearing capacities.

The only experirnen: data available for the entire force-displacement history

' for statically l>aded footmgs are those initiated under this prmectu 5, 6,17, ZU)

Under a constantly increasing static load one might expect that the ioad-
dispiacen.2nt relationship could be idealized as shown in figure 1. From
(the t.50, it has been observed that unloading occurs on ‘a slope steeper than

the original. The fxrst portion of the curve would represent settlement which \
would govern until soil fa:lure. Figures 2 and 3 present typicsl expenmental ' i
results obtained on this project for 3 x 3-in. and 4 x 4-in. footings on dense, f
dry, Ottawa sand. Certain deviations from the idealization of figure 1 w:ll
be observed, but basically the expcrimental results show distinct settlement
and goil 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. a7
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. correlated with theory. Some two-dimensional foatincgs (see Appendix D)
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Cal. ulation of stati. settlements was investigated by Selig
Static stress and scttlement solutiom:z}' 2 are svailable for a rectangu-
larly loar~-d half-space. Selig used a truncated rectangulai pyramid having
a uniformly stressed I-.oriz.onta! ¢cros: rection .0 develop a mathematical
model applicable to soil. Thre development followed assumptions used for
footing vibration. e.g.. work by Pauw(z”. .For this project there is no
need to go into detail regarding this atudy, other than to say that the re- .
sulting theory did not correspond to the experimental results'™’. As a
rr3ult the only portion of the load-s+itlement curve which can be predicted
is the bearing capacity, i.e , the first peak. Because of this situation, the
load-diaplacement. based on the experimental results, as shova in figures

2 and 3, are used in connection with the theoretical research.

Current experimental research vsing improved apparatus confirms
the earlier results with regard to bearing capacity and load-displacement
curves. As part of the work reported in Appendix B, the earlier tests are !
essentially repeated using tw, lic.r variable differential’ ansformers (LVDTs)
(with lineas r# .ges 1 : 0.15-an. and 2 LO0in,).  This ing antation ver-
ified the ~a~ (er re.nits and provided additional improved knowledge re-

garding details ¢l wre responne.

The influrnce of overpressure on the surface svrrounding the footings
has becn incorporated into the earlier an.lyses. It is 'only on the r..ent
research that experimental data taking overpressure into account has be-
come available Using the dynamic soil facility built by ARF (see Appendix
A), tests on three-dimensional footings with oyefprqu_gure on the surround- : e

ing surface were conducted (zce Appexndix B). These experiments were

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 ARF‘(Z’ utilized the standard soi! mechanics formulas for statically
loaded footings tc include the influence of overpressure on one or both sides

wfa
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“of a fndting. This extension reprczented an impfuvement ovef‘the state-of -
the -art for footing design in use at that time. Previously footing cez.ns
for protective structures had beenGEsed on normal static approaches with
increases introduced in the cohesion to account for the dynamic effects,
e.g., OCDM Method A!?),

Cnly one earlier study relatiog to this typ= of dyu&uﬂc behavior ia
known to the authors. Landale”’ 8) conducted a theoretical and experimen-
tal investigation at MIT in 1954, Unfortunately this study was limited in
scope, therefcre, gereralizations from these results were difficult. Lan-
dale's piunees ¢fforts have served as the basis for several approaches used

in this research.

Eartier in the ARF research“' 24), an extension to the classic soil
mechanics theories wae postulated to take into account the dynamic aspects
of the behavior, the so-called ""engineering approach'. This postulation
lead to a theory ha-ed on an extension to time- -dependent loads of Andersen's
theoryuz) f~» ons -e1ded failure. The major assumpt: ntroduced for this
theory av : ) _ '

I. Tre fasinre surfa e under dynamic loads will be the same as the
surface determuncd by applicaticn of the initial value of the overpressure

. as a static surface pressure. :

2. The soil is mcompressxbie

3. The registance offered to footing movement i3 a functisn only of
displacement.

"4, ihe Lehavior of the soil is governed by the density, ¥ ; couesion,
c and angle of internal friction, 6, where ¢ and é _may themselves be func-
f tions of many parameters relatmb to the soil and the condltxons of loadmg
By considering the motion of the failure mass of soil, a differential equa-
tion was established ba:ed on the motion of the fonting and the soil mass.
Solutions of this equation allaw prediction of the footing displacementas,
investigation of incrtia effects, influence of soil parameters, etc.
5. The resistance is rigid plastic in forn..

The general statement of this engineering approach and the develop-
ment of the equations were presented 1n 1959' "', This presentation allowed
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for overpreasure, buried fcotings, -c1: with both «. and 4, considered pri-

marily a rigid-plastic iorm ui the rcsistance (assumption 5). The latter
restriction was a fuit~tion of available information and aliowed solutions
based on 'nowledge of only the stati: bearing ~apacity. For this reason
the assumptions listed and the subsequent consideration of the 'engineering
approaci.' are more general than the original, since generai forms [or the

resistanue were invesligated.

Appendix E presents the develcpment of the engineering approach
and compsres the result: with avai'able experimental data. Consideration
is limited to concentric vertically loaded footings with equal ovefpressure
uver the entire soil surface. Thi: approach has been extended to eccentric
loads"s), two-aided failuresw). and failure surface locations, takirg into
account the inertial e‘fe.ts' ”. Howsver. in Appendix E, attention is lim-

ited to the pramary formuiaticn of the engineering approach. Utilizing a l
23 in 196! arrived at a sim- '

- ———

very similar set of asaumptions Triamnlafildis
ilar theory based on one . sided failures for footings on a cohesive soil
{i,e., ¢ = 0v. BRased on Triandafi!dis' results Wallace("‘ 7 developed an
approac~h in orporst.ng two-s‘ded failure.

At U ¢ cutset of this theoretiial vesearch there was essentially no
experimentai data rciating to dyaamic loads on footings. - During 1959 a

.."),as part of this re-

serie: of dyram¢ te:ts were onduc:ted at ARF("'.
scarch. Thesec dynamic experiments made use of a.dropped weigh. to
applv the loading. These resuite, although primarily qualitative in nature,
suggested the inability of the mathematical models to explain the experi-

mental results. ¢

: One attempf to answer tho-e questions under this project was research
by Hr.)dg(»H ] Ap?""dix B) based on a ‘.lassic“hlasticity approach to the problem.
The poasibility of a theoretical approa:h waz established under certain restric-
tive assumptions and an example was presentei. Greater gencralization to
extend the solution to other problems s=ems to be possible although the
&ctual labor of obtaining such solutions is expected to increase substantially,
The overall recults are movut interesting since the possibility of this type of
theoretical approa-h wa< astablished. Hodge's work vras paralleled by
Spencer(zs) in England who used a different method of solution for the same

general formulation of the problem.
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- A second attexhpt to answer these questiony was the initiation of an
experimental atudy designed t0 outain quantitéti-ve data suitable for evalua-
tion uf the theoretical approach. A eynamic loading apparatus was devel-
ope’. for applying controlled time-dependent fcrcec to small footings. In-
strumentation was ircorporated into the system to measure the force-time
nisioly applied to the: fouiings and the resulting displacement-time history.
Detailed descriptions of thie apparatus arc ava:lab!c“’ 29, 30) but, for the
present purpo.¢s, interest is l:mited to the fact that suitable experimental
results were develcped. Subsequent improvements have been introduced in
the experimental approach, and further experiments conducted (Append:x C).
These 2xperimonts, past and present, resulted in an abundance of quantita-
tive data, i.e., ferce, ;!isplacement, and acceleration records as a function
of time. for footings tested under highly controlled conditions. The experi-
ments confirmed the earlier observations regarding the limitations of the
engineering approach and indicated that soil compressibili.y could not be

ignored.

A second theoretical approach is reported in Ar -~ dix F. Atteniion
there 15 drvoted to consideration of the soil compres: .y for vertically
loaded [ otings. With the exception of Landale's conaiderationw’ 8) soil
compressibility ur.der dynamic loads has not been considered previously.
There is, however, an abundance of literature reAlating to plastic ltreﬁ
wave propagation which repres“ents a related problem and a poiﬁnt frorﬁ

which to initiate the theoretical approach.
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Chapter 3 l
SPECIF1C STUDIES

T.is ~hapter repo-ta the specific research studies conducted since
issue of the interim report in May 1961. Details of this research are re-
ported ir. the ¢ix appendices tc this report. In discussing theae studies
herein, the intent is made to voint out thei> advantages and limitaticns
with particular emphasis on the asaoziation with the overall project,
Technical details are avoided insofar as poesible in the ccnsiderations

which follow,

A. DYNAMIC SOIL FACILITY

Appendix A describes the dynamiz soil faci!iiy built by ARF. This 18
a multipurpuse fa.:ility, the potentialities of which have yet to be exploit=d.
Basically the fa~:lity is a 48-in. diameter, 300-psi pressure vessel.
Static or dvnam.= pre«sure can be applied over the su ° . of soil filling
the vecase! Crnientrated static or dynamic forces car . . applied in ar-
bitrary ¢ rection or at arbitrary prints within the facility, independently
or in combinat:un - ith the suria-e pressures. Provisions have been in-
cluded for making suitakle measurements within the facility. In designing
this facility avery atterapt was made to keep it as versatile as po=sible
so that 1t will be useful for many problem areas. Appendix A describes
the general facility where footing tests represent but one possible appli-
cation. Specifin tests on footings in this facility are described in Appen-

dices B and C.

I

'B. GENERAL EXPERIMENTAL PROCEDURE

All of the two- and three-dimensional expériments reported in this
study were performed on 2 dense, air-dry Ottawa sand. The grain-size
dist-ibuticn for this sand is shown in figure 4.

Three-dimenaional experiments were performed in the dynamic sail
facility. Prior to each experiment, the bed was vibrated by _usc..ing an
immersion-type concrete vibrator in:o the bed at a puint near the wall of
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" the sand container. The bed was levrlled after three minutes of vibration
and the vibrator withdrawn after an additional one-half minute, Usiag this
proced.re, the average density of ‘%< sand bed. based on the volume oc-
cupizd by the total weight of sand, was 109.1 pcf. Surface den.ity measure-

ments, rsing a scoop density device, were made throughout the experimen-
t2i prcgram in order to check on the reproducibility of the bed.

Two-dimensional experiments were performed in a glass-sided con-
tainer, Thes® experiments involved the use: of both suri-ce and partially
buried footings. In the experiments involving surface footings, the sand
was poured into the glass-sided container and vibrated fcr two minutes by
attaching a concrete vibrator to the top of the container. The soil con-
tainer was then turned on its side to permit placement of a rectangular grid
of black sand (spaced at 9/16-in. intzrvals) on onc surface. The container was
s%.en returned to ics vertical position, and the froting placed on the soil sur-
face. This procedure was slightly modified jor the partially buried footings
in that the footing was in pos:’' ‘on before pov.ring sand int~ *he contaner,
Average sar . tiez for each experime'it are listed ble D-1.

C. THREL - DIML NSIONAL STATICALLY LOADED FOCTINGS

Appendix B describes the threé-dimenai6n31 Ltatie expéx;imentu.
These experiments conel:led »f vertical loading of surface footings, both
with and without a uniform static overpressure on the surfacc surrounding
the footing. Load application was provided by a gear box which was manu-
ally operzic in the initial expérimentl. and motor-driven in the later ex-
periments. L S . ’

Applied loads and resulting footing displacements were measured and
the resuits plotted in the form of resistance-displacement curves. This
enabled a ccinparison of bearing capacity with and without surface over-
pressure,
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D. THREE DIMENSIONAL DYNAWCALLY'LOAI?ED FOOTINGS

[r.e ARF dynamic loading apparat\u“) was used in applying dynamic
loads to *hree-dimencional footings. The experime-nts, reported in Appen-
dix C, conmsted of scncentrated dynamic loads on surface footings with and
without 2 uniform stati overpressure an the goil surrounaing the footing.
Instrumentation. consisted of a high .ensitivity force washer, two linear
variable diiferentia’ trausforme.s, and four accelerometers; transducer
output was recorded on a Consolidated Flectrodynamics Corporation oscil-
lograph. The max:mum applied loads and resulting footing displacemenis
are tabulated, and typicat force-time, displacement-time and acceleration-

time records are presented in the appendix,

E.. TWO-DIMENSIONAL EXPERIMENTS

Appendix D prasents the results of two-dimensional experiments.
These studies wers planned as a continuation of the prasy’ us two-dirnensional
experineent . . present experiments consisted of ¢ | illy loaded sur-
face ‘uor- g+ ana -tatically and dynamically loaded partially buried footings.
Scquenne phetogracis for a nuraber of static and dynan‘iic experiments arce
presented in t*e appendix. In addition, high-speed motivn pictures are

available for ..x lyrami cxperiments. -

F. " NGINEERING APPROACH" TO DYNAMIC BEHAVIOR OF FOOTINGS

Appendix E presents the "enghﬁeuing Abﬁroach" for dynamic footing
response. Mirh of the information contained in this appendix has been pre-
viously nublished. The presentation contained in this ippendix 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 :zrricd through for that sinmple case. Earlier studies have ex-
tended this type of approach to two-sided failure and have considered inclined
and eccentric loads. Presentation of the basic case, . e , vertical loads:
and comparison with the available experimenial dat» demonstrates the lim-
tation of this apprcach. Dasically, the “engineering approach' alone does
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rot provide an adequate explanation of footing behavior. As a result of this -
conclusion, attention has been given to 20il compressibility as one means

of improving the abdility to predict footing behavior.

G. FEFFECT OF SOIiL COMPRESSIBILITY

Appendix F presents an attempt to take into account sl comprecs:-
bility in predicting footing behavior, Several alt:inate approaches are de-
veloped and sample calculations carried out. Assignment of values to the
parameters reprerenting physical properties for the soil represents the
most difficult problem. The values used in the s: mple calculations were
selected primarily to give reasonable values und variations, without parti-
cular attention to the physical significance of the values selected.

‘Because of the lack of accurate parameters, no quanti.ative correla-
tion betwecen these theories and the experiments cnuld be anticipated, From
a qualitative puint «f view there were many similarities b-*ween the experi-
mental and t' .. - cal results, This type of theoretica roach appears
to offer ad antage. in explaiming the initial movement ot the fouting; however,
additiznal rer¢as i 18 required to establish the significant parameters,
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Chapter 4
SUMMARY

Numerous detailed investigations, both theoretical and experimental
have ben conducted since the inception of this research by ARF in May of
1958. This vepnrt ia ons of many publications resulting from this research;
the specific studics repurted herein are only thore conducted since publica-
tion of the previous phaze report, AFSWC TN-61-14, May, 1961. This
chapter will atterpt to aumimarize the entire research effort.

The phi'osophy of this research has been hased on a combined ap-
proach, i.e., theory and experiment. Initially, a theory was proposed and
used in planning the experiments. Subsequently, the experimental results
were used to check the theories and to indicate the direction of future the-
oretical developments. This partnership has provided considerable insight
into the behavior of footings subjected to dynamic loads.

Prir v ¢n the initiation of this research, dynamic ~ loaded footingn
were dees’ ned hy static formulas with the s0il parame . modified by a
fa.tor ¢~ account for the dy=amic aspects. The initial theoretical work was
based on the assu:aption that the suil below a dynamically loaded footing
would tail along shear surfaces and that the dyna:nic effects could be intro-
duced by considering the inertia effects. The “engineering approach” is the

embodiment of this assumption.

As pointed out, the experimental results demonstrated the inadequac'*
of the engineering approach to predict dynamic fouting behavior-—the pre-
dicted displacements may be greater or less than the experimental results.
To overcome these inadequacies in the enginéeifng approach, the soil com-

pressibility has recen considered.

Studies relating to sail compressibility are preliminary in nature.
Qualitative comparisons of thecry with experiments appear reasonable,
althougt it should he noted that, since much of the suitable experimental
data was obtained neat the conclusion of this research, the available time
precluded making a thorough study of the results.
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S e _Inturtively, cne maght anticipate that the ultimate explanatioh of the be-
havior of dynamically loaded footings may be soil compresaibility followed
by the formation of shear surfaces. Although at the prerent time there is no
proof of :is combined theory, it appears to be a reasonable explanation based
on observed behavior in the two-dimensional experiments. In any case, con-

tinuing research is required to develop an acceptable theory.

The experimental studies have provideﬂ data usad in evaluating the
theoretical approaches considered. Considered independently, the exper-
imental resulte have made considerable contributions to available knowledge.
Suitable quantitative and qualitative data have been obtained for a variety of
controlled loadings. The majcr limitation with regard to these experiments
is the relatively =mall mize 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 footingshas been shown to be limi*ed to less than
1/7 of the container dimensicns or 6-in. square. As with any experimental
research. certain lunitations exist in the approach, e.g., instrumentation,
toil placer -~* an-test procedures. In reporting spec axperimental
| ’ .. : -studies, th attc.nnt 1s made to p_rovide sufficient detail . . chat the experi-
i mernis car be repr duced. Ia addition, an attempt is made to indicate po-

tential limitations.

A general sumimary czn 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:present the only available data

o : for footings with preuure on the lurroundmg surface.

.

(2) Two-dimensional statxc tests in the glul lided conumer have
provided information regarding footing behavior. Although the quantitative
data have Leen shown to be related to that fo- 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, e.g., eccentric and inclined
loads. An example of this application is shown in Appendix D, where inclined
fuotings with overpressure on one side werée tested. .
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(3) Threer-dimcnsional dynamic footing studies have provided gquant:-
tative data against which theoriea can b= evaivated. Measurements of the
applicd force-time wlong with the resulting displacernencs and accelerations
have becn refined., Appendix C reports the moat recent of these experiments

wher~ stati pre--ure was applied uves the surface.

{4} Two-dimensivnal {uutiys subjected ta dynamic forces have provided
demonstra ..ons of the effects ¢f dynamic loading as compared with static
loading. ‘‘he resulting Fastax photography enable the researcher to watch
the progress of failure heneath a dynamicaily loaded footing. The results of
Appendix D are pointed out as an example of this type of information.

As a result of research conducted to date, there is substantial informa-
tion avaiiable regarding dynamically loaded featings. This increased know- \
ledge has ~rved to disprove auumpﬁoni which appeared reasonable earlier
,/" in the program Thus, mure questions have been raised than answered.
This latter a=pecct 1s an important product of a research study. Continuing
researri. i 5V and others can be expedted to resu’ t clear understand-
ing of th dynoiviee behavior of footings and heace in p. . edures suitable for

use by :signe- .
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APPENDIX A
DYNAMIC 5OIL FACILITY

by
¢. Shenkman and K, E, McKee

Since 1957 Armour Research Foundation has conducted a number
of research programs dealing with soil-structure interaction and dynamic
i0ii. mechanics. Primary impetus for an understanding ol these areas stems
frotn protective structures -.. in particular from the emphasis on hard ard
superhard facilities which bas resulted in ""digging in"'. The least under-
.to-od aspects of these probléms relate to the soil: there is practically no
knowledge regarding stress wave transmission or soil-structure jateraction.

Research Lhas been severely hampered by the lack of suitable experi-
mental data. This limitation was due, in part, tu the conflicting require-
ments on any expe vimentation, i.e., control, cost, size, range, scale. A
program crnducted by ARF for-; Office of Civil and ™  =se Mobilizataon(A'”‘
consideres sxieting experimental tools for such studie: a0 attempt to select
the nost uitzbie. This reararch as well as experience with various experi-
mental studies in t' ¢ ARF Soil Mechanics Laboratory mad e certain require-
ments for a dynami~ soil facility apparent to the ARF staff. Such a facility
‘shouid allow investigation of the effects of static surface overpressures on
surface and underground stractures, buried cables and mine fuses; and

evaluation of soi’ stress and atrain gages,

~ A proposal for construction of a facility with there capabilities was
submitted to ARF in August, 1960442
the design, construction and preliminary testing of the facility.

In 1961, the Foundation sponsored

In the Dynamic Soil Facility, aoi1l 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 rednuce second-order effects,
perm..cing proposed theories to Le eatablished or disproved.

Superscript nurmmbers in parenthescs cite refercnces collected at the
end of this appendix.
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Description of Facility

Sasically, the Armour Research Foundation Dynamic Soil Facility is
a pressure vessel fitted with sufficient openings to permit a wide variety of
small soil-structure interaction experiments, Design of the pressure vessel
is suck that an internal pressure up to 300 pri may he applied,

The basic structure, sketched in figure A-1, 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 astructure inrinde:

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 . dicmcter apening on the vessel bottom ¢ udies rejated
to | ¢ flutd::ation of sailx and other granular macerials;

5. four é-in, dicmeter openings in the vessel hrad intended for dynamic

pressure applications or for positioning models on the soil surface;

6. a l2-in, diameter openiag in the vessel head for use 1n 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 application aad an air pressure gage, All of the openings, while
primarily intended for these uses, arc expected to find numerous additional
applications. A photograph of the pressure vessel with the head removed is
shown in figure A-2. Figure A-3 shows the vessel with the head in place,
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*+ Facility Applications

‘the overpreasufe a-yociated with ru;lear blast intluences the be-

havior of the so0i! and herce structures set on or in the soil, The facility
enabics laboratary s‘udies to be vconducted using a pressure over the surface

of the ani' h&d.  This pressure may be time dependent.

Static pressures on the so.l surface have been obtained by placing a
rubber diaphragm on the surface of the bed and sealing the cdges of the dia-
phragn- ‘o the wall of the vessel. For low surface pressure applications
{up to ilv 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 pressurcs are expected to be applied by using water-
filled bags on the so’l surface. The hydraulic system designed for thé dy-
Pamic footi=ce exporiments on an AFSWG sponsored pr -+ m(A-3) (Fig, A-4)
should pro: de canrols of load application rate,

A . ui'apl v onamiec pressure can be provided by a water-filled bag
covering the s5il susface in place of the hydraulic cylinder. Conceptually,

. this system sould be satisfa~tory; practically, because of such factors as
the large volume of water and vessel deformatxon. it may be nece.asary to
increase the size of the various system compcenents, As for the dynamic
force apparatus, preliminary experimentation will be 1:ccessary to establish
the methods of control, ranges of variablcs, etc,

A motor-driven gear box has been us=d to apply concentrated static
loads to models on the sand bed surface, with and without a static surface
overpressure, Various rates of displacements may therefore be used, de-
pendent on the capacity of the motor and relative sprocket sizes, A phnto -
graph of this type application providing a displacement rate of 0,11 in, per
min {s 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-
plucement from the gear box to the model being loaded. This was
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accomplished by tappinga hole in the blind flange covering the 12-in. open-
ing nn the head, and threading one end of a double-e:d air cylinder
into the hele, as showa 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 shcws 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 cxperiments 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 ve: ... .: .ding frame as shown in figure A~11

. aese apulications, wifh the exception of the dynamic surface
loadinge, have b-en developed ard used in ARF Project K193, Design
and Analysis o Foundations for Protective Structures, under Air Force
Special Weapone Center Contract No. AF 29(601)-2561.
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Fig. A-2 PRESSURE VESSEL WITH HEAD REMOVED

Fig. A-3 UFPPER PORTION OF PRESSURE VESSEL WITH HEAD
IN PLACE
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Fig. A<5 MOTOR-.DRIVEN GEAR BOX FOR STATICALLY LOADED
' FOOTINGS WITHOUT STATIC OVERPRESSURE
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Fig. A-8 INSTRUMENTATION FOR DYNAMICALLY LOADED
FOOTINGS WITHOUT STATIC OVERPRESSURE

Fig. A-9 INSTRUMENTATION FOR DYNAMICALLY LOADED !
FOOTINGS WITH STATIC OVERPRESSURE
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APPENDIX B
THREE. DIMENSIONAL STATICALLY LOADED FC JTINGS
by

S. Stenkman

The three.dimensional static experiments were performed in the
dynamic soil facility described in Apperdix A, Of primary interest ik these
experimerts is the resistance-displacement characterigtica of footings cen-
trally loaded witr a concertrated vertical static force and a uniform static
overpresanr~ ou the surface surrounding the footing. Tke results of static
concentiated loads without overpressure on the surface have been repor‘ed
und:r a previous coatract{B-1)*, Iu order to evaluate such factors such as
difference in container geometry, grain-size distribution, experimental set-
up and techniques. a series of nine experiments were conducted without the
overpresevre  These experiments also provide mea ¢ comparison with
the previc us worx,

. ne woil 1 edium used in 1hewe experimenis was an air-dry Ottawa
sand (grair-size distribution shown in figure 4}, Prior to each experiment,
the bed wa. vibrated by inserting an immersion-¢;pe concrete vibrator into
the bed at a point near the wall of the sand container, Thc bed was leveled
after three minu‘es of vibration ard the vibrutor withdrawn after an additionat
one-half minute, Using this procedure, the average density of the sand bcd,
based un the volume occupied by the total weight of sand, was 109.1 pcf,
Surface density measurements using a scoop vden-ity device, were made
throughout the experimental program to check on the reproducibility of the
bed, The footirgs 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 citc references collected at the end
of this appendix,
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- Experiments Without Static Surface Overpressure

Nine vxperiments were conducted in this series. A gear box,
attached tu the loading frame, was used to apply the lcad in each experiment,
However, the means of transferring the load to the footing, and the instru-
mentatios. used in recording force and deflection were changed a number of

titne s during the series and require further description.

A photograph of a typical setup used in Experiments Al
t':rough A4 is shown infigire B-1, !In thege 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 mcasurcd thc footing's displacement.
Load was appiird to the footing through a steel ball resting in a circular
indentation in the center of the footing. A similar setup was ised in
Expcriments A5 and Ab except that an electric motor was used to drive
the gear box, guaranteeing a more uniform rate of displacement. In
Evperiment- &+ Ao the rate was 0,055 in, per min,

; lnerr imentation for Experituents A7 through A9 consisted
of a high scasitivity torce washer and two linear variable differential
transformers (LVET =),  The lincar range of the LVDTs was ¥ 0.15-1n. ,
and ! 1.0-in.; und permitted ar. accurate tracking of both the initial small-
and the fina! laigc-displacemcn:s of the footing. The 0. 15-in. LVDT, a .
more sensitive transducer for the range considered, was used to verify the
general shape of the displacement-time histories for the initial displacements.
As showninfiirr B-2, the LVYD Ts were connected to a steel bar which was
rigidly attached to a length of pipe transmitting the load. Data for these

experiments were recorded on a Consolidated Electrodynamics Corporation (CEC)

recorder; piper spoed was 1/8 in. p2r sec. A complete description
of the instrumentation is given in Appendix C, and a schematic diagram
ix shown in £ s.rc B-3,

l.oad 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 roller between the pipe and the force washer. The displace-
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ment rate in Experiments A8 and A9 was 0.055 ir.. per min,

Photograpl.s taken after each experiment, in addition to sketches of
failure patterns for a number of experiments, enabled comparison of the
failure patterns from test to test. Table B-1 summarizes the results of
tie nine experiments, Figure R-4 presents resistance-displacement curves
averaged for Experiments Al through A6, A7 through A9, and the results of
experiments performed previously, Experiments C4 through Ce(B-1), Note-
worthy in this figure is the apparent higher bearing capacity in Experiments
C4 to Cé6. This is understandable since the average bed density for these
tests was 112, 3 pcf as compared with 109.1 pcf in the present experiments,
However, this does not explain the difference in results between Experiments
A! to A6 and A7 to A9, The apparent iower maximum loads fnr Experiments
A7 through A9 may be due to errors in observing the proving ring readings.
In the experiments, tka proving ring was seen to be jumping, and the ob-

served measurenients were made at the upper extremes of these jumps,

Th « tveipiag phenomenon was also seen to oce a two-dimensional
experime~ ., pr2viously porformed(B‘Z). A motor-dr . ... gear box was used
in this e jerimer- to provid: a displacement of 0.00053 in. per min, Prov-
ing ring and dia! g.ge readings were recorded with a 16mm movie camera
at periodic intervals, Since the jumping was not abserved in the force
washer records, it appears that this effect is due mostly to thc £ ring-like

characteristics of the proving ring.

Experiments with Static Surface Overpressure

The basic static loading apparatus was medificd in this series of
experiments to provide for a static overpressure., The footing, attached
to a diaphragm, ured 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-2,
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A double-end rod air cylinder, connected to the 12-in.
ﬁango;, “as mhown infgae B-5, transferred a cornstant displacement from
the mctor-driven gear box to the footing. The function of the air cylinder
was to provide a seal in the 12-in, flange. Figure B-6 is a photograph of
a typical experimental setup for this series. Instrumentation tor the
experimeats indicated in Table B-2 was the same as used in Experiments
A/ through AY, except that the LVDTs in this serics were connected

" directly to the fooling rather than cantilevered off the loading rod. This
was 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 é~in, openings was removed and final adjustments of the LVDTs

performed.

Four complete bed getups were performed for this series

of experiments. Since there wereonly smalideflections wilh 'igh over-
pressures, subscquent tests were conducted assuming that the initial con-
ditions were only jittl~ different. It should be emphasized that this is an
assumption ~ the results accepted with this limitation, °~ e experiments
in general, ¢ .volvea a gruadua' decreasing of the applied ¢ _.pressure from
test-tu-tes’ urtil fi.lure was ceached. It was not possible to reach failure under
an overpressure of 1{ psi or greate: since the force washer was liinited
to a force of 1000 1b. For this reason, a proving ring with a lirear range

. of 2000 1b 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 fgire B-7. However, a force of 2000 1% was still not sufficient to cause
failure when the soil surface was subjected to an overpressure of 10 psi.
In these experiments, proving ring measurements were visually recorded
2long with corresponding marks on the CEC recorder which recorded - : sl
the two LVDT3s, )

Table B-2 summarizes the results of these experiments.
Since the load generally associated with footing failure was reached in
on'y two experiments, the peak loads listed in Table B-2 are, with two
exceptions (Experiments B8 and Bll} the maximum load obtainable under
a given overpressure, using the available experimenta! appa‘ratun. Resistance-
displacement curves for the two experiments where failure did occur are
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plotted

in ; ,r: B-B, No sttempt is made herein to discuss the shape

of theve curves,

It was found, :in conducting these expcerimenis, that the seal

afforded by the surface d.aphragm was unsatisfactory ina preventing a small,
but constant, pressure lcakage into the sand bed. Although many attempts
were made to remedy the situtation, a perfect seal could not be accomplished.
An air-press.re gage connected to an instrumentation coupling on the side of
the pressure vessel measured this leakage. Therefore, the effective over-
pressure listed in Table B-2 for each experiment, is the difference between

the air

pressure above and bencath 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'”. Further modification of this method assuming a

zero depth of burial and a cohesionleass soil, results in the two equations:

and

where

f:.-m—na'] 2 e

Fe Jio yand ' 4y (Eq. B-1)
B 7 8 ¥t rir

—~ T 12-—-tand)- T B tan ¢ - -95-—- tan ¢ (Eq. B-2)

s s .

B = width of footing,

P' s wveetical load per unit length,

q = uniform pressure on surface,

r. radius of failure surface,

¥ - . unit weight of so1l, and

¢ = angle of internal friction.

Using ecquations B-! and B-2, we may determine the bearing'

capacity of the footing as a function of overpressure. With no overpressure
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on the surface and an angle of internal friction, ¢, of 40° {based on past
triaxial tests), the maximum footing load is 197 lb;_whe;l applying an over-
_pressur- of 2 psi, thir value is increased to 968 1b. An average maximum
i0ad of 216 1b was recorded in Experiments A7 through AJ, showing favorable
agreement with the theory. An overpressure of 2 psi1 applied to the surface ‘
in Experimert Bll, where a maximum load of 1.208 1b 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 § of 40° was approximate, a better agreement between the analytical
and experimental results could be obtaincd by considering a slight increase
ing.

Based on the modified Andersen method,l a load of 3,858 1b
is required to produce footing failure when applying a surface pressure of
10 psi. Unfortunately, because of the limitations of the expe.imental appara-
tus, experimental verification of footing failure subjected to pressures above
2 psi was not possible. In future experimental programs this situation can

be corrected.

Arn cxperiment, designed to measure the surface displacement
under different uveruressures, was performed. In this experiment four
LVDTs lccated alcag & diamcter of the pressure vessel as shown in

- figz;e B-9, were usv;d in measuring surface displacements. One would
generallvy antic’ipateu the displaccment at the center of the bed to be greater
than that near its outer boundaries. Records obtained from this experiment
did not follow any gieneral pattern as shown in figre B-10, The cause fox
these inconsistent results has not been definitely determined.
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- Table

B-1

MA XIMUM STATIC ﬁESISTANCE WITHOU"I‘ dVERPRESSURE

{4-in. Square Footings)

. Experiment l ““Maximum Bearing . Displacement at
. Number { Load ! Capacity Maximum Load
{1b) ! (psi) i (in.)
1
. AL 240 15.0 0.175
A2 294 18.4 0.185
A3 257 16.1 ! 0.145
A4 241 15.1 _ 0.160 !
| X |
A5 290 18.1 § 0.190 :
Ab ; 267 16.7 i 0.152 f
A ' !
A7 i 239 14.9 0.188 |
i ]
A8 } 201 12,6 0.160
i
A9 . 215 |t 0.136




Table B-2 _
STATiCALLY LOADED FOCTINGS WITH STATIC SURFACE OVERPRESSURE

Ettective ] Displacement at
Experiment Number| Overpressure Maxirium Load ; Maximum Load
(psi) {1L} (in. )
Bl* 10.5 396 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
Bé 2.0 940 0.181
BY 2.0 735 0.052
BS 1.0 293 0.38
Bo:x 9.8 2,070 0.102
310 5.0 2,070 0.129
_Blix 2 0 1,208 0.258

* Init:a} bed setup.

a Motor, driving gcar box failed at this load
NOTE: 'n all experiments, except B8 and Bll, the maximum
load and displacement were the highest attainable with the

experimental apparatus, rather than the bearing capacity and
associatcd displacemens:.
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Fig. B-2 TYPICAL SETUF FOR EXPERIMENTS A7 to A9
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Fig. B-9 DISPLACEMENT GAGES USED IN DETERMINING
SURFACE DISPLACEMENTS UNDER A STATIC
OVERPRESSURE
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APPENDiX C

THREE-DIMENSIONAL DYNAMICALLY LUADED FOOTINGS

by
S. Shenkman

Tw: serles of expe riments cn three-dimensional dynamically
Jcaded f: - tinge were potfcrmed in the dynamic scil facility described in
Appendix A. inltlally, ccencentrated dyramic Inads were applied ta a 4-in.
square by 2.1, kigh al:minum block placed ca the surtace of the sand bed
(grain.eizc distributi-n st.-wn in figure 4. Supplementary experiments
were ther perfc ined by epplying a uniform static overpressure to the
surface of the sc.l sar--unding the footing, in addition to the concentrated

dyirzmic load applied to the center of the foating.

P.: -+ ¢ach «xperiment, the bed was vibra' = o9y inserting an
imme- i n<tyn (o ovtete vibrasor into the bed at & it near the wall
of th- ser. « - *tainevr, Trd bed was leveled after three minutes of

vibraticn cid . e vibrasc r withdrawn after an additional one-half minute.
Using th.: procedure, the average density of the sand bed, based on the
volume t.ccupied by the t. ¢al we'ght of sand, was 109.1 pcf. Surface
density meaerements, using a acbcp dénsity :ievice. were made through-
out the ¢xperimental program t: check on the reproducibility of the bed.

H4
The dynamic lcading appnatus(c'”.:\vas used to apply the con-

centrated dynamic loads. The basic hydraulic system remained
similar te that previcusly uvsed. Three needle valves are shown in
figure C-1, a sketch of the dynamic apparatus, The addition of needle
valve B to the hydraulic system permits closer controi of the force-
time histcry., As chcwn in figure C-2, an increase in load duration

of approximately 10 msec results when the valve is closed. Needle
valve B prouvides ar additicnal function in the experiments using a

static cverpresscre which will be discuseed.

G ol . iy i= pas ‘e ¢l
Sup:urutcip! rambels % parerthesle cite refcrencos ccllected at the
end of th - apparadic,
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Instrumentation for the experiments consisted of a high

. sensitiv_ly force washer, accelerometers, ‘linear variable differential

transfor...ers (LVDTs), :nd air pressure gages.

A Lockheed Electronics Model WR7S high sensitivity force
washe:, vas custom-built to required specifications with a linear range
of 0 to 10CJ 1b. Load slccves, provided with the washer, connected to the
footing beneath the washer and to z 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 keps. The accelerometers were attached to the
footing, 1-1/4 in. from each corner, with a 10-32 stud.

T o .VDTs, aSanborn Model 585 DT-1¢  ‘itha ¥ i-in.
linear rangc and an Automatic Temperature Co. Model 6 . .5 with a
1+ 0. 13-in. ".near 1acge, were used to measure the footing displacement.
In the experiments without surface vverpressure, hoth transforme:s were
connected to a strip of steel center-supported by the loading rod, and did,
in fact, measure tke deflection of the rod relative to the hydranlic \.;)linder.
However, it was assumed that this motion represented the dinplacement'
of the center of the footing. In the experiments with surface overpressure,
the LVDTs were connected to each side of the footing in order to simplify
ad_]ustment of the gages once the oressure vessel head was placcd. Use

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

of the footing, while the < Y. in. LVDT followed the motion of the footing
over the larger range. The - t 0.15-in. LVDT, a more sensitive trans-
ducer for the range considered, was used to verify the general shape of
‘e displacement-time histories for the initial displacement,
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‘ Static overpressuare applied to the surface of the soil was
measnred by a 0 to 300-psi range United States Gage Co. indicating gage.

The y>ge was attached to the removable head of the rvc1sure vesscl and read

directly to 1 psi. A J.P. Marsh Corp. zero-psi to 100-pei 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 vesscl at a point below the surface of the sand. The prime

purpose of this gage was to mcasure any air pressure leaking through

the diaphragm covering the soil bed.

A Consolidated Electrodynamics Corp. oscillograph, a strip
chart recorder with a one-msec response time, was used for dynamic
recording, As shownin £ .or C-3, a schematic diagram of control and
recording equipment, the recording equipment was run indcpendently of the
solenoid valve. Thke CEC recorder was permitted to reac’ fuis running
speed (24 in. per sec for Experiments El through E8, and 30 in. per sec
for remaining vaperiments) before the solenoid valve was energized,
Photogr ., i i " e inst:umentation and dynamic load’ vparatus for cxpe:-

iments v .hoit 0 ¢rpressure, are shownaini. = C-4 <-5.

bxper-nci's Without Static Surface Qverpressure
Inthe prowvicucs preogram, force time and displacoment time

were recorded for footings subjected to concentrated dynamic Icads. In

attempting to correlate expcrimental and theoretical results, it was found

that experimental acceleration data were necessary in calculating soil

resistancc beneath the footing. For this zeason, four acceleror.eters

were attached to the footing near the corners in the present experiments,

It was anticipated taat the average of these fuur accelerometers would

define tﬁe acceleration of the center of the footing. However, upon runm’ng‘

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

accelevometers at both the onset and termination of the load. If this response

were due solely to the actual force applicd to the footing, the a.celeration

data would provide n. aningful results. Subsequent examination of the

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

alnaing of the so'enoid valve. The valve, upon being energizcd, applied a
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" concentrated load to the channels supporting the system, thereby deflecting
the cha..els and transmitting a load through the hyéraulic cylinder and
into the tooting. These observations were further varitied by examining the
results of records taken of the accelerometers, force washer, and

+0 15.in. LVDT, by energizing the solenoid valve without any picsesure
in the pneumatic system. Thiz situation was remedied by stiffeaing 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-1 summarizes the results of these experiments.
Typical records obtained for solenoid actuation times of 13, 45, 70 msec and
infinite duration, are shown in figuresC-7, C-8, C-9 and C-10, respectively,
Although ~onsiderable variation is noted between the records includ.d on
these figures, certain generalizations can be made. The two LVD7T records
serve to supplement cach other. the ¥ 0.15-in. LVDT is me, ¢ 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 iru.c. . .r ¢ at significant disturbances occurre: ‘'n the solenoid
valve is op aed and when it is closed. The general natuie of the obtainable
foree-time history far an infinite duration ioad is shown on figure C-10 -
t he initial peak is followed by a significant decrease and a subsequent
return to esscntially the peak force. When the soler. | valve is closed

the force drops off and therefore the trough may ¢r may not appear depend- '
ing on the duration.

Figure C-11 demonstrates :he cffect of displacement as a function
of a load duration. In this figure, peak deflection is plotted against the
integral of the force-time hustory. The force-time history for the infinite

<duration loading was integrated up to the time of peak displacement.‘ This -
“plot indicates trends, but the scatter is such thai the results cannot be
considered as conclusive.

Integration of the accelerometer records provided an independent
check on the LVDT-measured displacements. In figuresC-12 and C-13
double integrations of the accelerometers are plottad along with LVDT
displacements for Experiments E26 and E28. There is no apparent reason
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for the consistently lower displacements fouad through the double integration.
Since the LVDT: could be at lcast approximately checked atter the tests,

the intesration techniques must be assumed incecurzte. A check of these
procedurcs indicated no apparent source for the consistent variations.

It i» 1.teresting to note that the velocity-time curves determined as an

intermediate siep beass stiony shilarity to the fusue tune scvosd,

Exper.menrts Witk Static Surface Overpressure

Application of a surface overpress.:re necessitated altering the
expe rimenrtal setup. In ti-is case, the hydraulic cylinder was fixed to
the ineide cf the 12-in. opening of the pressure vessel head, as shown
in figure C~14. The rcma:nder of the hydraulic system was attacaed to
a herizontal beam connected to the pressure vessel lnading frame, as
shown in figure C.15, Hydraclic fluid was transferred from the hydrauiic
systern rc the hydrs.iic cyiinder through a hele tapped in the blind flange
of the 12-in. op'n’: g. A qu.ck-discconnect valve, attached to the flange,

enabled re~ vi' - frhe flange withcut any less cfcil. © ure C-16 shows
the fortin' 0 ji2re rothe eund wth the dizaphragm use prevent a
stalic 9i face 1 rpressore irem leaking into the sand bed.

Tabic C-2 summa2rizes the experiments performed in this series.
In this table, v defise pra% displacemer® as the final displacement of
the focting; the time t~ prak displacement is the time from initias lcad
applicaticn tn the initia! peak of the displacement. These definitions
permit better correlat.on of applied lcad with displacement, since in a
nuinber c¢f experiments a "becuncirg" of the LYDTs was seen to occur, and
there was a depree «f uncertainty as to whether thie "bouncing' was due

to soil res:stance .r pistcn rod vibratien,

Six complate bed setups were perfofmed during this phase. In each
setup, tke sand bed was vibrated, leveled, and the instrumentation, footing,
and diaphragm weore piaced in position, However, as shown in Table C-2,
when static surface overpressures of 25 psi or greater were applied, the
peak footing displaceinents were negiigible . Since the apparatus was
limited to a dynamic load of 1000 1b (th« ilinear range of the available
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force waaher); fhe majority of experiments yielding measurable dis-
placeme:gtl were performed with a static surface overpressure of 10 psi
or less. initially pressures yrcater than 10 psi were artempted, and as
a result a number of experiments were perfornied on the same bed setup.
A or E <dded to the experiment number indicates that the dynamic load

wab icapplicd to the footing without velicving the static surface overpressure.

.A number of experimental otservations werc made in addition to
the acceleration, displacement, and force records. The diaphragm used
on the sand bed was found ineffective in preventing all preasure 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 measared
by the pressure gage connected to an instrumentation coupling on the side
of the pressure vessel. The difference in preasure between .ie surface
and the sand bed for each experiment is listed in Table C-2,

Appli~1tion of a surface pressure necessitated closi - needle
valve B. If ne nnedle valve were not closed during the periments,
the riessu- 2 within 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 part. Closing needlc valve B, combined with the amall foot-
ing displacements, resulted in force-time histories which did not decay
afier approximately 80 or 90 msec as was the case in previous experi-
ments, even though the solenoid actuation 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 maght be
ant1c1pated the obsevved footing behavior (acceleratxons and duplacementl)
increaae as the ov*rpressures decrease. - '
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" Table C-1

)YNAMIC EXPERIMENTS WITHOUTSTATICO\'ERPRESSURE

b > __

s . Time to
Exlsz:rb':-ern I(lll:“:? ‘:l:ce) D\iﬂu::‘cn off Peak Fccz‘ Peak Farce thll:‘::ae';nent Tig;:;:l:cl:er:l:nt
{msec) 1b (msec) (in.) {msec)
El {INegible record)
E2 14. 24 91.2 263 1.3 1.34 84.0
E3 6.17 71.6 120 8.6 1.28 88.7
E4 11.96 99.4 225 1.4 1.37 93.4
E5 9.81 94,0 190 9.4 »1.5 ame-
Eé6 9. 65 87.1 246 2.7 1.43 35.5
E? 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 a7 12.3 0.56 37.0
Elo0 7.35 39,3 269 5,2 0.56 42.7
EIll 7. 66 48.8 272 11.0 1.21 55.2
El2 7. 60 51,0 255 7.2 1.34 56,2
=13 PR 58,9 220 16.8 30.2 ———-
El4 267 52.6 229 9.3 0.9¢ 62.3
ElS e.21 56.9 219 7.1 0.68 68.4
El6 10. 1% 91.8 190 8.4 1.09 88. "
El7 9.76 97.4 190 9.5 1.18 89.0
El8 5.08 93.6 142 5.9 V.76 88.3
E19 8.77 96.0 120 1.2 .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 i0.03 51,2 252 8.7 1.1z 85,1
E24 C1.44]  17.s 124 2.3 0.07 14.6
E25 17.74] >1060 | . 218" 6.5 1.37 119.5
E26 3.06 22.0 319 11.3 0.34 32.2
£27 (Illegible reccrd)
E2t 14.00 78.9 297 10.2 0.92 80.8
E25 12.43 88.1 204 9.3 1.12 87.4
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R Table (ory } )
' . DYNAMIC EXPERIMENTS WITH STATIC OY_ERPRESSURE

- Experimeny Peak Time to Peak Time to Peak | Differential

C Number Force |Peak Force | Dis placement Displacement | Pressure

- (1b) {msez) in,) {msec) (pui}

" 75 38.4 0. 124 51.9 (]

r2” 185 14.¢ 0.605 80.5 0

F2A 196 11.6 1.200 78.4 0
Fi* {Illegible record) 106.0
= F3A {Illegible record) 41.0
F4 568 16,7 < 0,001 »? 98,0
/ ‘ FiA 5128 6.2 < 0,001 ? 85.0
\/ F5 871 15,6 0.003 18.0 97.0
, F5A 9953 8.2 0.005 4.2 102.0
, Fb 924 8.5 0.012 7.5 55.0
. FGA 954 7.4 0.024 8.3 52.5
F7 1930 8.6 0.032 8.6 26.0
.F71A 1043 11.8 0.039 10 9 25,0
} 3 ' (Iilegible record) 0.056 ¢ 10.0
RA | 764 10,3 0.084 10.3 1 9.0
-9 ! 046 10.3 0.113 8.3 4.9
F9A a8n 9.8 0.131 11.2 5.0

120 646 1.6 1.260 66.6 0
F11” 943 11.8 0.018 i1.8 23.0
y FllA 855 6.7 0.125 11.7 23.5
' Fl12 863 9.5 0.064 a.1 5.2
i F12A 18 8.2 0.082 5.4 4.8

F13 246 9.6 V. 697 .70.5 [
. F14* 993 13.7 0.019 12.0 24.5
F15 961 10. 6 0. 054 8.8 8.3
Fl6 935 14.9 0,117 © . 13.0 3.8
. FidA 805 9.7 0.193 13.0 2.7
= Flel 400 7.2 >1.2 ? 0.8

- * Initial bed setup

? ‘The time was not apparent in thesc experiments
Ce & Residual static plus applied dynamic load

Mota: 1. Displacements are cumulative with respect to the initial bed aetup.
o 2. A or P added tc the experiment number iadicates that the dynamic load
was reapptied 10 tho footing without relicving the static surface over-

pressure.
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Fig. C-4 INSTRUMENTATION FOR EXPERIMENTS
WITHOUT STATIC OVERPRESSURE

Fig. C-5 DYNAMIC LOADING APPARATUS FOR EXPERIMENTS
WITHOUT STATIC OVERPRESSURE




Fig. C-6 TRUSS USLD IN STIFFENING CHANNEL MEMBERS
SUPPORTING THE HYDRAULIC APPARATUS
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APPENDIX D o .
TWOQ-D;:MENSIONAL STATICALLY AND DYNAMICGALLY
LOADED FOOTINGS

by
S. Shenkman

- Focting behavior was studied qualitatively by two-dimen-
sional experiments. The glass-sided container constructed for tha

1)
{D-1) was used 1n these experiments. The footings

original program
were 3-1n, by 4-in. and the soil was a dense Ottawa sand (grain-s:ze
distribution ghrun in figure 4). Previous work of this nature was
completed on past ccntracts, including the following series cf experi-
ments: a) static concentrated loading, Experiments Gl through GS(D'”;
b} dynam:ic concentrated loading using dropped weighta, Experiments
G6 through GS(D'"; and c¢) dynamic concentrated loading applied by
means of the pncumatic-hydraulic lcading apparatua, Txperiments G9
through TN 2)_ Included in these experiments v vertical static
aridy amic ! uds cn surface footings; vertical static ioads on buried
footings, vertice) eccentrically-applied dy;namic loadings on surface

footings, and iuclined dynamic loadings on surface footings.

The present study continues these experiments using b_.h - ..
- surface and pa rtially buried footings. Ti;e humbering system used in
the previous studies is continued cn this program, since the basic
farility remaina the same and the qualitative objectives are similar.

These experiments are summarized in Table D-!,

* ;
Superscript numbers in parentheses cite references collected at the
cnd of this appendix.
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Surface Footings

Two static experiments, G2Z and G23, were performed in
this scries, In each test, a constant displacement rate was applied to
the footing by o mcter driven goar Lox, suaning ai 8.055 in. per min in

Experiment G22 and 0. 11 1n. per min in Experiment G23.

Instrumentation for Experiment G22 consisted of a proving
ring which measured the applied load. and a dial gage which recorded the

deflection of the footing.

Instrumentztion for Experiment G23 consisted of a fo:ce
washer and two LVDTs (+ 0.15-in and + 1-in. linear range as described
in Appendix C) 1ecording on a CEC recorder, Figure D-1 £\ows the
setup for Experiment G23; the setup for Experiment G22 was similar
except for the 1nstrumentation. A photograph after failure is shown in
figure D.2 ‘

Tv.o raethods for comparing the results o: «..periments
Gec and Gu3 vt sumilar previous setups (Experiments Gl, G2, and GS“D'”
would involve ei‘her 3 comparative plot of their resistance-displacement
curves, or ex.a.uination of the resulling bearing capacities. Both methods
would of courr- be desirable, however, the resistances and displacements
for Experiments Cl, G2, and G5 were tabulated tn a point before the peak
bearing capacity, and the resulting peak loads recorded without their
corresponding displacements. Tatle D-2 presents a comparison of
these expe:1 1:ents, based on their bearing capacity. Also included in
Tablc D-2 i» :he result of an experiment previously perforined in the
glass-sided comaiuer(D'Z) where a ut’atic concentrated load was applied
to the footing at a "slcw' rate (0.00053 in /min).

The comparison attempted isv based on the experimental
results without any regard to lo. ! application techniques or instrumentation.
Ir Experiments Gl, G2 and G5, the loads were applied by a hydraulic jack,
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whegeas in G272, G23, and the "slow" rale loading cxperiments, the loads

were applied by a gear box. Since G22 is similar to Gl, G2, and G5, the
mean; of load app'ication docs not appear to praduce significantly different
results. '

In observing the proving ring and dial gagus while conducting
an experiment, the load and deflection seemed to jump 1n substantial
incrernents Th.s effect bas previously been demonstzated in the "slow"
rate of loading experimen®, where the nroving ring and dial gage readings
were recorded by 2 movie camera, the results of which are plotted in
Fig. D-3. If we consider the extreme forces recorded by the jumps as
defining an envelop, the lower curve of the envelop records a resistance
of 224 1b, which is an agreement with Exbeﬂment G23 as plotted in
Fig. D-4. It is therefore felt that in all static experiments prior to G23,
the peak resistances were ohserved at a point representing the upper curve
of the envelop, and do not represent the true bearing capacity of the
footing. Very liniited jump:ng was observed in the force washer records.
The spring .una: <’eristic or time required for reco. of load in the

proving tng mac explain this jumping.

Partiatly Luried Footings

An effor! to simulate the geometry and type of loadings for
- arches and domes was made in this series of experiments. Considering
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
cuter 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 1t should be recognized that the real three-dimensional

situation may introduce significa1t variations.
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Since the object of these experimen 5 is to supply
qualitative results, the actua! problem was simplified bv applying a static
overprcssure to one arde of a simulated arch or dome footing. The experi-
mental procedure for these experiments considered static and dynamic
concentrated loads for vertical fcotings and footings inclined at an angle
of 30° to the vertical The footings wc rc T-shaped with bearing surface
dimensions 3-in. wide by 4.1n. deep. Strips of plastic foam covered by
a sheet of paper were glued to the sides of the footing to prevent sand
from leaking between the footing nnd glass platea. A rubber membrane
contained by the glass box on three sides, and the footing, sand and a
steel plate on the other three sides, was inflated and held to a given

pressure, simulating a static overpressure on the surface.

Instrumentation, shown schematically in fiqure D.5,
included a force washer, a + 1.6 in, LVOT, «nda + 0. 15 in. LVDT
recording on a CEC recorder, {see Appendix C for a complete description
of the ins*:-- 1t tion), In addition, a 16 mm Wollen-» Fastax camera

was used - c.bserve footing failure under dvnamic loa

2ne LVDT  rere connected to a strip of steel which was
ranter-supported by the loading roed. It was anticipated that these
LVDTs would measure the displacement of the center of the footing,
regardless of the movement of the footing. However, it was seen that
in many cases, tae loading rod would bend when the footing started to
turn and ti: displacements recorded re not those of the center of the
footing, bul -ather, 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. Fo1 thia reason, load-displacement curves
for the two-dimensicnal static experiments are plotted until the point
where the + 0. 15.in. LVDT became nonlinear.

In each of these cxperiments the force was applied normal
to the base of the footing and the deflections measured parallel to the

direction of load application.
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¢ - . 7. Table D-3 summarizes the results of the experiments using
a corcentrated static load. Resistance-displacement curves for these
experiments are plotted in fi_:tes L6 ar 2 Dn7. Typacal setups are shown
in Figs. D-8 and D-9 for vertical and inclined footings. Each of these
experiments used a motor-driven gear box applyinyg the load to the footing
ai a displacerment 3% of 0. 110 in. per uun. A surface overpressure
of 5 psi was used in Experiments G29 and G31, however, overpressures
as high as 10 ps1 were a‘tempted in Experiments G24 and G27, but they )
were found difficuit to control for the procedure used, ana in bot_h cases
caused the rubber membrane to burst. Sequence photographs of footing
failure in Experiments G28, G29, G30, and G3l are shecwn in Figs. D-10,

D-11, D-12, and D-1% respectively.

Table D-4 summar.zes the reaults of eight experiments using
the dynamic loading apparatus ~ "In each of thrz> experiments (G32, G34,
and G35) the load was applied three times before failure planes were
apparent. Repe 2ted application of the !oad 1s indicated »y A or B in
Table D-4 atter ne experiment number. Repeated t- 3 was felt to be
jusriiies .f thd -l inlacements on prior tests was smali. Footing displace-
ments, hsted .n ! able D-4 for these experiments are cumulative with
respect to the indt:a. setup. Typical setups for these experiments are
shown in Figs. D-14 and D-15, for vert:cal and inclined loading application.
Force-time ana dmplacemén'.-nme >records a‘re‘ shown 1n Figs. D- 16, . (
D-17, D-18, and D-19 for Experiments G33, G36. G37, and G39,
respectively; sequence photographs tzker froim the 16 mm mowvie film are

shown in Figs D-20 to D-22 for the above experiments.

Of particular interest in these experimeats, both static
* and dyhamic, is *he Jocation of the failure plane. While it is not poaaible
to generalize these locations because of the limited number of expecriments,
the following effects have been ohserved:
a) Vert:cal footings; in all cases failure occurred
within the area of the simulated dome.
b) Inclined footings.

ARMOUR RESEARCH POUNDATION OF ILLINOIS INSTITUTE OF TECHNOLOGY

a5




1) Location of the failure plane for static loading
was dependent on the applied static overpressure;
under arcbient pressure, failure occurred outside the
structure while an application of 5 psi to the
surface caused the shear plane to develop within
the structure,

2) Formulation of a failure planc for dynamic loading,
under both ambient and overpressure conditions,
occurred outside of the structure. In two experi-
ments, G35B and G36, the footing was seen to turn,
the initial failure cutaide the structure formed and
followed by a failure plane within the structure,

‘ An important phenomenon observea in the 16 mm movies
was the turning or twisting of the footing during load application. As a
result, in most cases the /inal 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 during
this seriLs ! »x eriments, however, {uture experim - of a similar
nature s! Luld attampt to piace the point of load applic .i closer to the
busaring -uriace of the footing, thereoy minimizing the resulting
eccentricity. Of course, the eccentricity may be completely elimninated
by rigidly connecting the footing to the loading rod., 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

| | HEREN
e e e e e e
- Average
Experimert | Density of Type of Type of Static
Number Sand in Footing Load Surfac
Container Gvarpressure
{pef) (psi)
H G22 107.6 Surface Static 0
G223 107.7 Surface Static 0
G24 - Partially buried, [Static 10
vertical
G238 106.0 Partially buried, [Static [}
vertical '
G26 108.8 Partially buried, [ «tic 0
vertical ,
G217 109.7 Partially buried, St ‘c 16 :
vertical
G28 108.1 Partially buried, IStatic [}
vertical '
G29 107.2 Partially buried, [Static 5
vertical
G0 107.8 Partially buriad Btatic 1]

inclined 30?
frorn vertical

Gn i 110.1 Partially burled, [Static s
inclined 300
from vertical

G3z, 032.4}, 108. 6 Partially buried, { Dynam.c 0
G32p inclined 30°

from vertical

.

G33 109.6 Partially buried, [Dynamic o
inclined 30°
from vertical
G34, GI4A, 112,3 Partially buried, |D-namic 8,5 13
G34D inclined 30°
from vertical
G35, GI5A, 113.0 Partially buried, {Dynamic 2,1,0,5
G35D* inclired 30° .
- from vertical '
G36 1117 BPartially huried amic 0.3
iihedrygeried fom
from vertical
cr’* 107. 4 Partially buried, [Dynamic °
vertical
. 1 D i 5
GJB. 112,3 ‘lf’ea;ttiicual}y buried, [Dynamic
G39 11n.3 "P'?:Et‘i_cuaﬁy:‘l:\:ﬂed. Dynamic

‘Movlel of these cxpcriments are available,
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Table D2

TWO-DIMENSIONAL STATIC EXPEPIMENTS OF
" SURFACE FOOTINGS

Experiment Maximuam . Bearing
Number Load Capacity
{1b) e lpsi
Gl 264 22,0
Gz 300 25,0
GS 344 28,7
"*Slow* rate of 275 22.9
loading
G22 329 27,
G23 234
.
S Table D-3 " i
TWO-LIMENSIONAL STATIC EXPERIMENTS OF
PARTIALLY BUR!ED FOOTINGS
Static Surface Maximum Deflection at ]
: ¢ Overprvisure L.oad Maximum Load '
xperiment Numbesy . . (psi) {1b) ) {in.)
G258 0 625 0.127
G26 o 805 0. 234
G2s 0 be? 0.123
G29 5 782 0.112
G30 (] 468 0,152
G31 5 940 0,328
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Table D:f_

TWO-DIMENSIONAL DYNAMIC EXPERIMENTS

OF PARTIALLY BURIZD FOOTING

Sxperiiacat .f __-Pm! Foree -':"{-.;:.; to '.;in'.:. o Overe
S I N B o
! (rsoc) {psi)
CoG32 inclined 391 10.9 0.052 13.8 0
G32A inclined 95 10,3 0.153 1.7 0
Gz’ inclined 519 10.9 0,742 76.5 0
c33® inclined 435 12,6 1.393 80.9 0
G34 inclined 803 ) ——— ———— ——— 3
G34A inclined 793 [P e ceo- 5
G340 iaclined 916 13.2 a——— ———- 3
: G35 inclined 969 19.9 0.372 19.6 2
G35A tnclincd 918 13.5 0.353 15.€ i |
Gasn® R 776 16.2 I.5s» ' 85.¢ 0.5
G36® -neling 2 946 15.2 0.66 74.5 0.5
637" vestical 552 12.2 1.308 73.3 0
G33 vertical 755 13.1 1.410 97.9 5
G39” vertical 778 12,1 1.165 90.8 5

»*
Movies of these experiments are available. Repeated applicotion of the load on a
given setup is indicatcd by the letters A or 1M after the experisent numoers,
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Fig. D=1 SETUP FOR EXTERIMENT G23
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Fig. D-14 TYPICAL SETUP FOR DYNAMICALLY LOADED
VERTICAL FOCTINGS
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APPENDIX E

_ENGINEERING APPROACH
by
K. E McKee

Mathematical Mode)

Thi "Cupineeisiiy appruacis”, as uhed hercu, refers to the
extension of standard soil mechanics approaches to explain the behavior

of footings subjected to dynamic forces. The analv's1s, bascd on one-

(F-1*

sided behavior using a formulation similar to that used by Anderson
was sclected 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 - fool.ng width,

L = depis of burial cf footing,

F(l) = iime- Jepéndent force per unit length,
p, = oOveupressure on surface,

r = radius of circle of failure, and

® = rotation of soil rnass.

A complete nomenclature for this appendix is contained at the end of the
appendix. Assuming that the locztion of the failure surfaces are known
(i.e., that r is specified) and that the shear strength aiong the failure
surfaces can be incorporated in terms of an equivaient resisting force

acting at tac center 3£ the fuuting, f"(f.‘) where I‘a is assumesd to be a
function of the rotation, 8, for the known i, the dynamic equation .
can be written as:

J9 + R(8) = M(t) ~ (Eq. E-1)

—

* . - .
Suporterint nnnher: donnta - fosencas callocted ot the end of ‘L
Ap Yiw :
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where:

8 = rotation of soil mass

- a2e
N & = = angular acceleration of soil mass
dt

7 = rotational inertia

R{¢} resisting moment ab a function of 8
M(t) = time-dependent moments

The terms in this equation can be expressed in terms of figure F.-1

. _ .
J = -igl 064397 r* + 2 (D% + r%) 4 0.78540 (3% - D)*  (Eq. E-2)
R(8) = (r - %) P (0) + e @ 1061{[;3 +{r+ D)3 tan”(’}r
D (r - B) ‘
————— tan A (Eq. E-3)
' M) (r- BP0 vo 106‘('0'[;3 “r+ D)3] : (Eq. E-4)
+ —"—2—‘1 (r - BV
where
. D
tan'= 1. 2,332 2 (Eq. E-5)
tanpd = D (Eq. E-6)

T+ D

The only new symbol used is g for the gravitational constant, i.e.,
3z.2 ft per lecz or 384 in. per secz. It should be noted in the above
N development that the influence of soil shear strength and surface over- "

pressure are included only by implication -- the values of r and PE(G)
«epend on thess parameters. Within thia framework, Equation E.1. with the
subsidiary equations,mathematically describes the behavior of dynamically
lcaded footings based on incompressible 20il and the 2ssumed typo of
one - sideu failure.
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Values for P (6) and r can be obtain<d [rom theoretical
or eaperxmental connd»ratxons For certain soils and in partxcular for
dry sand, experiments indicate that the soil stremngil is mdependent of
the strain ra'e"‘"%. For this reason, one might anticipate that the so1l
below tue footing might hehave 1n essentialiy the same fashion for static
as for dynamic load ags. As a reasonable theoretical apurcadi onc might
assume that the resistance 13 riyid-plastic in form with the plastic
resistance ¢qual to the static hearing capacity, P,. Using the failure
surfaces indicated onti v ¢ 21 and minimizing to establish the failure

surface associated with the ultimate load capacity, the folluwing cguations

result:
4 -Ttan ¢ 2 D ,lt+2wan§
Py er?m‘] r [l+_r @ *
. "_?")Z ( ltazntar\G )]+
(Eq. E-7)
_ T
- ['aTr (2r+ D)+ DBy (5 4 )
and
. C e 2 , , B
2o Fan- 3% fewmsns
‘ 02
D.> /rrc o -
+(l+-;-) (l+2‘tan0)]-115:-—- 1+ ‘a"“]lll(l' )+
I - N PO X Y I
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Equations E-7 and E-8, ui course, can be sclved numeri-
cally fc - any two parameterc. For this analysis, the parameter ordinarily
to he dearmiacd would Lo 1" and r. The other parameters, 1.e.,
¢. ¢, ¥, B, Dand n, Would have to be specified. Trial-and-error solution:
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
P3 directly. The computed value of P’ along with the assumed r are
used to solve equation E-8 for B. This proceduie ‘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.meuntal results, shown onfigures 2 and 3 of the
" main body are typical of static test data. As pointed out earlier these
experiments verify the theorctica! values for the wlitimate Yoad conncity
Verification of the failure pattern by experiments is less simple to
iscertain since it depends on qualitative data. Figure E-2 shows a
thotograpi ' . - + sided failure surface for a buried ! g subjected
tn atatic 1o de. (- mparison of this photograph with fig.. . £-1 would
indicate at lezst «.nsiderable similarity, although it should be emphasized
fi ,-rc E-2llusirates static behavior while figure -1 is here applicld

to dynamic as well as static behavior.

Analytic Sclutions

The above development uses the shear surface location (r)
and loud 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
shculd be selected to incorporate the influence of the variables involved.
(Tnis would include effects such as the rate of load application.) An

investigation of the influence of the varivus parameters was considered
using an exponentially decaying forcing function of the form: l
Pit) = Pye’ o« (Eq. E-9) !
ATMOUS RESEARCH POUNBATION OF (LIINGIS INSTITUTE OF (ECHNOLOGY l
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It shou.d be noted that P, is peak applicd force. A graphical presentation

" of thit load-time curve is givén iufigun E<3 for various values of K. .- i
e, E-?

The results presented here ace based on earlier invectigations by ARF(P 6.E-7)

* and hence detailed solutions are not inciaded.

Figure E-4 shows the in‘luence of variations in soil
properties over almost the entize ran~e ot significance tor a tooting on
the surface of the soil. A critical rotation of 5° was arbitrarily used in
preparing this curve. It 1s interesting to note that, except for the
limiting ard impractical caqes in which the soil has very little strength
{c- 0, ¢ = 5°), the peak Jurcc varies by less than 10% for values of =<
less than 3. 6. This vkservation is limited by the form of the forcing
function, the absence of pressures on the gurrounding surface, and the

lack of burial of the footing.

Figure E-5 shows the effect of varying the static air
pressure, p . acting on the surface. Again, a critical rotation of 5° was
arbitraril:- eelected. This variation was carried out fo- surface footings,
pariicula~ s0i' p-rameters (indicated on Fig. E-5), - selected failure
sutiace. The s: 1tions indiiate thal inertial effects are of reduced
significance a: P, increases. For this reason, fijure E-5 15 plotted as
P, divided bv the static force, Pa assuciated with P, = 0. This presentation

e &
it oa

aveids the rzlacivelv unirteresting curves which would vosu

vom appl
'fbrm of figure E-% to these cases, and, in addition, illustrates the-
significant contribution to the static capacity, P‘.' attributable to the
surface pressure, P, Figure E-5 can be converted to the alternate furmn

by multiplying the ordinates of each curve by Ps p o
0=

. The influence of depth of burial 1s demonstrated by figurc .6
Again a critical rotation of 5° was arbitrarily used. The distance below
the surface has a major influence on both the static cvapacity and the
irertial effects. The figure was prepared {v demonstrate the increase
in inertial effects with depth of Yurial -- these effects are defiaitely
significant even for loads of relatively long duration. This can be shown
by comparing the bottom curve (D = 0) with (he uther curve when the

ARMOUR RESEARCH POUNBATION OF ILLINOIS INSTITUYE OF TECHNOLOGY
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radiis ui the faiiure circle and the soil properties are held constant. Care

shou'd 'e taken in approximating other solutions from the results of
figu=w E 5, since, by nature of ‘he parameters which arc held constant

the footing width decreases with depth of burial (D/B -~ 0, 1.88 and 24. 4).
Howcver, the iner‘ial eifects as well as the static capacity of a spccified

fonting would increase significantly with dogpth of burial

The above examples have been based on assuming a strength,
P{@), rigid plaatic in form, having a value equal to the stati~ bearing
capacity, P‘. This assumption has the advantage of reducing the
cal:ulation time required to obtain a series of solutions, but is in no
other way nccessary. In the course of the research reported herein
solutions have been carried out for P(8) based on the static tcst data and
modifications thereof and for elastic-plastic forms for Pb(b) such as shown
in figure E-7 {with A showing 1deal plastic behavior ana B and C
indicating increasing and decreasing strength with rotaiion, respectively).
Approximately twenty-five such solutions were carried out for various
relationstiups . t.s on the footing capacity and displace: It should
te noted th t the o- sumption is made that the displacerm.c... cau be
considereu 1n term: Of the rotatior. or linear displacement with equal
ease. Experimentai results are always in terms of the linear dicnlacement.
Each snlutian re<nlted 1n a predicted displacement-time curve for the
footing being considered. Subscquent experimental studies provided

displacement-time data.

To cumpare the results with these data, the above
procedure was reversed to obtain P(8) or p(x) irom 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 disgplace-

ment.
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Compariscr with Experiments

<

Considerablé quantitative data was available as a result of
the contrn'led experiments for dynanvically loaded funtings. This test
data provided a basis for evaluating the "engineering approach™ presented
above. Dnly limited details regarding the experimental approach are pre -

- . . . : E.3, E-4
sented. Detailed reporis on ihe experimental studies are avazlab!c.( ! '

E-5, E-6)

Figure E-8 shows a typical experimental setup with the ARF
pneumatic -hydraulic loader 1n place over a forting. Table E-1 summarized
experiments from which those used for this evalu: tion were selected. (It
shovld be pointed out that a considerable number of other experiments have
been corducied as part cf the svonsored rescarch.) Figures E-9 and E-10
show typical sketches of the records obtained for force and displacement,

As indicated previously, the engineering approach is based
on the assumpticn ti-1t the resistance to dynamic loada is similar to that
of static loads.
based or th’ assu:iption, By uding the measured dyn. force~time

The imitial attcmpts to intcrpret the data were therefore,

curve and :at:o v o:istang. curecs, it is relatively simpie to calculate
the displacciuent-tn e kistory which wuuld be predicted by the analysis.
This analytical res:it could then be compared dircctly with the measured
displacement-tirae history, These considerations dictated the selection

of the displacement as one of the quantitics to be measured.

The first attempts to analyze the data obtained from the
J * :mically loaded three-dimensional footing were based on this approach,
There is little merit in reciting the type of alteration considered to make the
static resistance-displacement curve suitable. [t is sufficient to say that
there was no reasonable modification which resnlted in calculated
displacement-times verifying those recorded in thc 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 assuniplion that these curves wouid be related to each other in some
relatively simpie way was shown to be wrong. The analytical approach
was revized and the data evaluated in a different fashion.

¢
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This evaluation used the measured force-time and displace -
ment-t me records to drtermine the associated resistance -displacement
relationship. Carrying tnrougn this procedm;e raguir+d determnation of
the acceleration-time history from the displacement-time records. Because
of the >-nsitive nature of this determination, the analysis \(Ea;.s_,viewed with
consides tble ticpidation. Subsequent espessnwutal btudics making
use of four acceiercmete ra placed on the corners of the footing provided

auta justiiying the earlier use of the measured displacement-time.

Consider a lhinearized equation of motion for the footings ot

the form:

mx + R(x) = Pit) . ( Eq. E-10)

where
m = eguivalent mass,
x = vert:cal displacement,
8 L4 - verucal acceleration,
R{> = res.stance as a functior of verticatl disp aent,

P{., = avLp od vertical force as a function of time.

Note that Fg.7* .« E~1M accumes a constant mass, a rcsistance
which 1s 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, Equation E«10 can be solved ior R(x) using the ac:eleration

determined from the x{*) data.

R(x)- P{t) - nx . (Eq. E-11)

This equation shows that at each instant the resistance, R(x),

depeands 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'veed util;zing the accelerations computed from the displacement
ecurves. Figuiz E-11 shows puints vblained from these anaiyses. The
static R{») curve, the average of the three static experiments shown in fige
:re 3 of the main body 18 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 s0 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.

Th:s procedure was subsequently carried out for eighteen
experiments for wnich both the dispiacement and force data appeared
satisfactor. . 1a.e E-2 indicates the experiments cc red. Table
E-3 raov  an eyoraple (for Exp. P32) of calculations mace. In this »
example, S5-m.esc "me intcrvals were sclected and values for displace-
ment and force wore read from the records at that interval. The mass,
m, used was 0.0223 lb-s¢ cllin. based on the mass of the footing added
to the soil 1n 3 half cylinder having radius and lengths equal to the fzoting S
dimensions. This relatively arbitrary determination of the mass was in-
vestigated by considering possible variations - for all practical purposcs,
the inertial term is negligible over the range of pouiblé values.

. Figures E-11 to E-15 show the resistance-displacement
curves computcd in this fashion. The average static re-istar;ce-di.plaée- ’
ment is redrawn on each of‘the se figures. The arrangemert b! 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 arnd dynamic
curves and, more significantly, between the curves computed based on the
dynamic experimeiis. This eontrasts with the unifor mity demonstrated
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by the resalts plotted for static tests on fizure 3 of the main body.

While much could be written regarding these calculated
resistauce -displacement curves and their meaniag, ‘t s sufficient to
say that they demonstrate the inappropriateness of using the static
resictance, directly or with simple modifications for a general dynamic
load. Tha forces for the aeriea of dynamic swperiments considered in
detail above had rise times of two or three milliseconds  For sufficiently
large rise times, the behavior is explained Ly the "engineering approach”,
since this is equivalent to the classical static analysis of soil mechanics.

A complete understanding of dynamic behavior must then
depend on an improved understanding of the behavior of footings subjected
to rapidly applied dynamic loads. As a result of these evaluations of the
"engineering approach', one limitation certainly arises due to the
assumption of a rigid soil mass. The following Appendix considers an
approach taking into account the compressibility of the soil beneath

the footing.
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Table E- 1

DYNAMIC EXPERIMENTS ON 4.IN. SQUARE FOOTINGS
e g e g —— Ty
Experiment Peak Force Duration TMaximum Das- Time to Maximum
No. (1L} {msec) | placement (in.) | Displacement (msec)
l .

21 366 1000 1 64

P2 340 1000 1 70

P3 \ 303 1310 1 68

P4 ’ 277 24¢ 0.9 82

P5 33l 83 H 63

Pé6 394 ¢ 1 66

P7 299 44 V. 28 34

P6 137 25 0.04 15

9 216 34 0.00 -

Plo 397 54 0.29 51

P11 476 59 0.89 49

P24* 324 24 0.16 17

P25, 546 27 0.26 39

P27 159 Si 1.00 68

P28 148 69 0.94 60

P29 123 79 0.90 74

P30 163 66 0.93 57

P3] 37 79 0.49 74

P32 112 87 0.15 18

P33 104 81 0.05 43

F34 K 84 0.01 17

P35 104 70 0.01 14

P36 101 80 0.01 16

P37 140 71 0.01 1%

P38 360 Y0 0. 99 67

P39 334 73 0.89 63

P40 303 78 1.00 70

P41 2i2 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 P12 to P23 on 30-in, diametcr plates a.2 not of interest

here. The records of P26 were apoiled and data is not available.
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Table E-2

EXPERIMENTS USED FOR ANALYSIS

o X

E'-periment Peak Force

No. {1b)
P? 299
P8 137
P10 397
Pll 476
P25 546
P27 159
P28 148
P29 168
P30 168
P31 n
P32 112
P38 366
P39 334
P40 303
Bl 272
P4, 270
.3 272
14

337

~Figure With R (x)
(Fig. No.)

17
16
17
18
15
14
14
14
14
18
16
18
17
17
17
17
1?7
17
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Tabie E-? |
SAMPLE CALCULATIONS

EXPERIMENT P32

Time | Force, F| Disp., x X I % S 1 % b ok -;:.-:.-_,.,;;
msec) | (1b) {in) (in. prr scc)lfn. per we ) lin. persuc‘) {1b) '
0 0 0
0.00232
5 72.58 0.011A =0,000116 116 «2,587 } 715.17
0.00174
10 101 0.0203 1, 000120 +120 +2.676] 98.32
0.00234
15 83.80 0.0320 #0.000228 +228 +5,084| 78,72
0,00348
20 98,76 0.0494 «0.000348 | 348 -7.760 1106.52
0.00174
25 86,04 0.0581 10.000468 +468 }+10,43.] 75.60
0.00468
30 87.54 0.078% =0,000236 | <236 -5.263 | 92.85
0.00290
35 94. 27 0.0930 «0.000116 | -116 -2 #87 196,86
0.00232
40 32, . 1046 i0, 000004 + 4 ‘91 82. 2!
0,00234
4> 84. .5 aiic3 «0.000004 |- 4 «0.089 |34, 64
0.00232
50 87.55 0,:279 «0,000348 [ .348 7,760 }95.31
0.20358
55 74.82 0,1308 +0,000232 |+232 +5,174 169.(
0,.00174,
60 80.06 0.1395 i0. 000004 + 4 0.089 :79.97
0.00176
65, 84.55 0.1483 -0,000352 352 -7.850 (92,40
[\]
70 74.82 0. 1483 0 0 0 74,82
0 ‘
75 56.86 0.1483 -0,.000352 |.352 «7.850 |64.71
. -0,00176 '
20 11.22 0.1395 -C.002088 -2088 -46,562 pB7,78
-0,01220
a5 0 0.0785 |..
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Fig. E-10 TYP? CAL RECORDS FOR OYNAMICALLY LOADED
FOOTING, EXPERIMENT P27
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APFENDIX F
EFFECT OF SOIL COCMPRESSIBILITY
by
K. E. McKee

BACKGROUND

As a result of soil compressibility, stress waves are generidted in
the soil below a footing loaded by 4 timc-dependent force. An idealiza‘ion
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 is that the soil properties should depend
only on depth and be uniform at each depth,

Since any approach to this problem representa » stress wave propa-
gaticn, t'is appundix makes use of literature relatir stress wave
prepage aon. in particular, for the materials of interest herein, i.e., soils,
and for the loagir g of irterest, i.e., a dynamic pressure applied to & portion
of the surface of 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 propagé.tion with
the entire development and all of the ramifications would r.eprepe'r-xi a majr
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 iheéreiical ;olutions l;or stress propﬁgatior. problems
are far from new. Starting in the nineteenth century, classical mechanics
_included studies into this tcchnical avea. This intercst 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 clasticity,
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, and from a large number of books on seismology;

e.R.» Love
‘ (F-4) (F-5)

e g i’.ullen(r'z). CEwing, gt_a_l_(b.'s', Macchivane , or Richter’
Without in any way ... ..12tu go over what was done in detail, certain
general ckeervations may be of intercst. The range of problems which were
consi-icved is, in retrospect, astonishing. These solutions were far frem
incnaive and, in general represented those cases which could be solved
conveniently. The analyses were also based on simplifying assumptions
which, 1n general, were not investigated to any major degree. Finally,

the éxperiment.\l data, primarily related to earthquake observations,

were suitable oniy for evalualion and poinis 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 verification

for the assumpiicns and as a result the theories were to some extent not
much _nore than zn approximation suitable for large distanc. s from the
source,

Within the past two decades, there has been substantial research,

both thecreti a1 .~ i experimental, relating to stress v. Iropagation.
JFA Fa7 -
Davids‘gé _ Kclsk-r(” '); and Rinehart (F 8). have summarized much of

this work although c :rtain aspects are available only in the recent tech-
nical literature, In the foilowing paragraphs, areas of specific technical
interest will be consgidered.

. The eleme:tary theory applies for an elastic half-spacc loaded -
over its enlire surface cr a bar loaded umformly with plane cross sections
remaining plane and only axial stresses. This formula results in the

standard wave equation, i.e.;

Z g, - patg,

e 2 ‘ . .
E - — 0 . .(Eq. F-1)
T T ‘ ,
and .
}'——
Yo =4 5 (Eq. F-2
P . q. F-2)

¥ Superscript numbers in parenthescs cite references collected
at the end of this appendix.
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or smilar ¢quat’inse {21 strain ct p&x".icle Vcht.:ity.:w'rhe general wave
equa*’~n arising in correction with many phyeicat systems and mathematical
tzzls !renerally using Fuurier expansions) are availzblc for obtaining solutions,
€. g., see Mille t{F=9 . One of the mere sign:Ecant observations resulting from
this approach is that a scress wave is *ranamitied without change through the

spsciman,

An excellent disc.ssicn of the the~rerical hmitation of the elementary
ther ry for elastic stress waves has buer presented by Abramson(F=-10),
Abramscn summarizes the mcre exact thearies that have been considered, along
with the results, The varizue thecries are compared with each other and with
the avai.abie data. Because of numerical complications, solutions based on the
exact theories are rare., (Use of high speed digital computers is expected to
improve this sitaation.) Experimental research along with refined approximation
sclutions are, hcwever, =sufficient fcr a basic understandir g of the phenomena,

Stress prcpagation through materials having nonlinear stress-strain
characteriatics is of particular interest for this study. Donnenn{F=11) formu.

lated ir 19, 12 Jas s for the thecry of plastic stres ves., During World
War It 8 {orpe lation was used independently by th: avestigators in three
countries to investigate plastic stress waves -= Rzkhmatviin!F=12) i the

USSR, Taylt:r(F"”' F-14) ia the UK and von Kfrmfn(F'ls’ F-16, F-17, F-18)
in the USA. Since *that time there have been many studies, both theoretical
and experimertal, in th's general area. Of part{cular significance was the
introduction of strain-rate effects by' Malve:nw':!q' F-29) Rocent papers
by Abramaon(F'lo) and Lee(F'Zl) summarize the statﬁa of this subject. To
demonstrate the basic problem, the Donnel! formclation is shown in figures
F-1 and F-2, '

Figure F-1 shcws an idealized lineax stress.strain relationship with

an initial clope of E‘ and scbsequent slape of Ez associated with stresses

greater than ¢ 1 If a stress, equal to o less than Ty is applieh. a strese

wave wculd be propagated with a velocity ol:/ 7 as would be expected for
an elastic stress wave. Fcr a stress, ¢, greater than 0"1' there would be
two distinct stress waves propagated from the scurces as shown in figure F-2,
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The first wave having a s*ress of C"l is p:‘u;)al,?ga'Pd at _F— while thn
gecond hiving a s' rese ct’ . propagates a:/ -2

. As shown in [1g.10 ¥.2
this resul's in a spread betacen the twe frents which wiil increase wath time,
This approach 1s cbviously suitable fcr any material which has a slope de-

creasing i any fashion with increased stcees, Fcr unloading, many materials

follow the init.al slope, in which rase the unloading portions would be expected
"E; E
to travel with a velocity of / 7

in the wave shape and s.:bsequent cbliteration of all portions traveling at

. Donncll's formulahon explains changes

less than the initial velecity through the catching up of the unloading portions.
Donnell's formuia%ion, which took less than cne page in Applied Mechanics

in 1930, represents the basis for mes’ studies nf plastic stress waves.,
There 1s one limi‘ation in the above which was not specifically mentioned

by Dornell -- ¢his form:lation 18 limited ¢5 stress-strain cur s where Ez

is less than El' A concave stress-straln curve can not be handled in this
fashion. The cutronning o f the second wave would be physically unacceptable.
Figure F-3 s* sws ti.e 5'tca’:zn being coasidered. For s ies equal to or
less than (1 the 5°:. sse's wruld be propagated with the inat.al velocity

5 . For stress levels kighe v than «'i’l the standard approach, e,g., %ee

White and Griffis'F "22) cr Salvadcri, Skalak, and Weidlinger(F -23» F-24)
uses the secant mcdulus, as sl'-cwn onti, ~. I3, to establish the velocity

of the stress [rent.

The concept of a "lccking material' has been adopted into a2 number
of studies of plastic s‘ress wave propagation. '"Ideal locking materials' were

(F-25, F-26) ag an idealizaticn for certain classes of

intrcduced by Prager
materials. In mucn the samc fash.on as stress-strain relationships are
considered an ideally plastic (i.e., the strass remains constant with an
increase in strain), Prager c: nsiders the relationslip to Ye ideal locking
with stress increasing with nc increase in strain, Figure F-4 shows
severs! of the idealizations which have been used for locking materials
and obviously vthoers zoold be coneidered. Salvadori,” Skalak and Weid-

: linget(F'zs’F -24,F-27,F- -28,F-29p.ve used incking materials in con-
sidering stress-wave propagaticn in scil media. To a large extent, the
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subsequent development represents applicatons and extensions of these
study: s, 4

MATHEMATICAL FORMMULATION

The concept of a 'locking material' was selected to investigate
the influence of soil compressibility on the behavior of dynamically
lcaded footings. As a reasonable representation far the footing problem,
certain simplifications were introduced:

1. The affected soil volume is symmetrical about
the vertical axis,

2. The soil is infinite in dapth,

3, The precblem can be reduced to ome dimension
i.e., expressed 1n terms of the vertical damensions.

4. The s0il properties are constant at each dapth
although they can vary with depth.

5. Lateral effects, e.g., inertia asd the effect of
.} ant coil 18 negligible,

Su1l properties can be idealiudh term- s 1teal
fock:nz media.

Within these assumptions there are unlimited specific formuiations
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 cxtending
vertically below the footing. Figure F-6 shows this column at time t
and a short time later at t + At based onthe material properties
illustrated in figure F-5. The nomenclature introduced for figures
F..5 and F-6 includes: ' :

p(t) = pressure time history actmg on column eof’
80l below footi.ng

x(¢) = disphcement of footing ass ﬁmction of time

. dx

X =3 velocity of footing
dzx

% = d-:z-= acceleration of !ooﬁug
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z(t)

fe °
Po =
60 =

veriical location of compaction front »

%—f— = velocity of compaction front

strain associated with locking
mass density associated with locking
initiai :nass density

plastic stress

Considering an element having a total depth of £, the momentum at

t + At, is:

M+ = F a2 8t - xexon] [% +%a4 Ea. F-3
+ fo[l- (z+% At)] %,
At time, t, the : omentum would be:
M o=, zex]krp (L] % (Eq. F-4)
Applicatior of Newt.n's law gives: ’
Plt) - o - i M ‘A‘:‘ M | ’ (Eq. T'-5)

Substitution of equations F-3 and F-4 in ecuation F-5 gives:

PO - o plzax) x+p [2 % %-p tx (Eq F-6)

The conservation of mass gives: € o = Fe (2 - %) (Eq. F-7)

which substituted in equation F-6 gives:

pit) - O, - - -

Cote

ToEex X + = - kik - k, . (Eq FTB)

Under normal circumstances, where the initial velocity is zero, i.e,, & 0'5 0,

p(t) ~ 9,

fe

ABMOUR RRSRABCH

= [zex]xi [t -4]% . (Eq. F-9)
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Based on equation F-7, z can be expressed in terms of x :

x + ¢ ' (Eq. F-10)
Po

’
[
P

<

1 -

where the constant ¢ = 0 since when t =0, and £ =0, and x = 0, Substituting

x into eJyuation F.9,

Fo

| Q—

fe ' . (Eq. F-11)

R e
o c

4
witk the initial conditions
x (0)

x (0)

Since thé- . ' “ti’ n can be reduced to a linear equatio~ * substituting
U = xk, :t car e solved ir closed form as:

! 't

y] v [ ‘
t = ;2 —.—- - -—-‘—— - d dr E . F"lz
x(t) J (Po o ) - o)dl (Eq )

0

o

~—

Since the stress-strain relationship allows no recovery this solution is

meaningful only so long as:

t .
[[p (r) - °o] aT 20 (Eq. F-13)

By considering a rigid masse at the top of the soil column as
shown on figure F-7, the effect of the mass of the faooting can be ir.croducac.
into the analysis. Following the same approach used without the rigid mssn

the results are

PO -0, B P,

h . :
r = 2 X +(s-x) x ¢ (kB - )% (Eq. F-14)
C [+
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\ ~ .
Sin..c equation F-10 is again applicable this can be reduced to:
. ) P\ -0 hf . F . .
2 X %+ Fo_ xX + e _ 2. (Eq. F-15)
fe fe : Pc-Fo, ’fc-fo :
‘ Here zgair a general solution can be found as hy substituting u = % (x tk) as:
N,
2 t
2 x(t) = h’t _._l....‘, +2(—-—- p())-o‘dedt’
Po fe ?
-hp_ ( 1 _ .1 . (!-:q. F-16)
fo 7

In an attempt to introduce more realistic soil characteristics,
TN it is desirable to consider possible variations of the yield stress with
depth. 1f o is the value at the surface, one can postulate g, + f(z) where

f is anarlis s nction representing the variation be'c the surface. - The
resulting e aaticn would be:

) - % _Rf.

. . flz)
’ .pc fc

€ec

%+ (g “x) R +(E-R)K {Eq. F-17)

In general, equation l"-? m"'hz also be modified so that at least f would be

a function ofdepth i.e., f,o {(z) 2 = Pe (x - ) (Eq. F. 18)

Equation E-i8 can he anlved fur x as a function of z and subhsequently
E-17 solved for z(t). This type of solution i
relatively complesr to perform (it requires approximately 8 hours of cal-
culations using a desk calculator) but offers no other diffxcnlty. 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

f ' : depth offer essentially the same mathematical complexity, as a simple
relationship. It should also be noted that with the high speed digital

1
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computers, a numerical solution may be superinr even when a closed form

solut on exists. .

To this point only a uniform column of sanc. below the footing has
been considered. Ar cbvivus siiernale would be a colunin of soil increasing
in #izc with depth. Considering the instance where the soil properties are
independent of depth and there is no rigid mase, the initial development was
based on a linear increase of a.ea with depth., Figure F-8 shows the frustrum
of pyramid which was considered. In essence, the development follows
that used for the uniform column. The resulting equation in terms of the

footing displacemeni is:

Cc
* - l o ’Z
pl - oy = Cio  x + C, (1 + —z—x)(xx + x°) (Eq. F-19)
where S ,
A P £
1 C ‘ ¢ Po
C, = %! ) and, C, = PP
! o Pc - Fo . ' 2 Fc o
Even for this lincarized formulation, numerical solutions are required.
Here a 411 .av . 3rn of column dimensions or soil p* ‘ties with depth
coulZ br ncerperated  Also, a rigid mass could be ... .idered to be

located in pla ¢ - the footirg.

Other farmulations depend on the form assumed for the stress-strain
relationships. Certain others were considered, €. x., elastic locking
material, but for the purpnses of this study, attention is limited tc the rigid -
plastic locking maternals. This is done for several reasons; first, this
relationsl.ip resembles those determined for soil; second, mathematical
simplificationa 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 have been carried out basved on the formulations
considered above. In the following paragraphs, these results will be con -
sidered and compared wath available experimental results. The attempt here
then is to establish the significance of the differences between the various

assumptions,
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Equat.on F-12 1s the closed form solution based on a unifrrm
column of so0il beneath the footing. Insight into this solation can be
obtaine” by considering the load to be a step pulse, as shown in faguse '
F-9. For a solution to exist P, must exceed 9, and the solution

- up tu time t is:

} i, . .
- 3 p -0) t , (Eq. Fk-20)
Fo PC o °

For taimes excesding t, the sotution would be

x(t) = ‘jr'

[ ! - 2 '
3 l £ to o (t-to)
x(t) =/ F - — 2 [(po -o)t (t-_T.)..._o...z.__]
[
(Eq. F-21)

Considering a normalized dimonsicnless displacement for t ¢ i'o

x 2
FTTT TS - % (Eq. F-22)
t R ) (p, - ) ,
4 LY FC o o
and for t t,
L
x . = Iz : T 1 (: - l)4'!
S B T iz ) °  F==-1 7 :
° ¥ Po Pc” ° © ° (Fq. F-23)
. The maximum (and assuming no recovery the permanent) dis-
plarement based on equatinn F-13 would occur at
t P . ' '
Y | o - . : . ‘
— = .. (Eq. F-24)
t, 9% . oo ; .
= ) and would be
. % x ey
, P
. / max = / = . (Eq. F-25)
. : 1 1 N o
.. t. A - } (p, - o)
! : o ‘{ Fo [ o o
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The dimensionless displacement veuu; dimensionless time is
. . shown on figure F-10, This plot shows the behavior which would be
-’ R ' : anticipated, e,g., & linear behavior during the psricd oi load application
' with the maximum displacement occurring later depending on the ratio of
p“.'eo . Thie particular solution represents a gross simplification of the

actual situation. Not only is the soil idealized as a column of uniform

30il below the footing, but the load is idealized as a step pulse; interest-
ingly, the results bear marked similiarities to the experimental rzsults.
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 I.VDT (linear variable
differeatial 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 r.ason, more of the detailed evaluation whi wve been made

are car .ed ou’ with the earlier data,

General c. mparison of the experimental results with the dimension-
less plot of figure F-10 is particularly informative. Initially, there is
some hesitancy, hut basically the initial behavior is very aearl: 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 observad
behavior,

et

The most upparent factor to be considered wouid be the time
. history of the luading. If interest is restricted to the shape of the
i resulting displacement curve this can be done in terms of:
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T
[ ] "/'r

/ {. - = . - '),-o'r ., F.
f2 'z e ) // (P(¥) - &) dla (Eq. F.26)
o o '

for varioue values of - Thie wae done tor Experiment P27 and the

results are plotted on figure F-11. It should be noted that no attempt is

made in this presentaticn to calculate the actual displacement, For subae
X scquent calculations relat'vely arbitrary values have been selected, i.e.,

Pe = 0.0683 lb pcr cu n, nd £y = 0.0625 1b pur cu n.The divisor for

— the displacement based on these values would be

/g( L.l . f2qa.357) = 1.31
fo Pe

The maximum displacements are plotted on figure F-12 as a function of Oy

The experimentally dete rmined maximum displacement for Experiment P27

\ is approxinmua' iy . j1n., which would correspond to o, pproximately

: 1.2 psi. " ais valinof g, isun realistically low indiciz..,.g a need for
ER! further evaiuatic: of the parameters, The time-histories of figure F-11
can be compared w:th figure E-19 keeping in mind that figure F-11 uses a
4 i dimensionlcss displacement. The initial vclocily based on the theoretical

L ) approach is less th;r_t the sbserved data for the values of e, plotted - l
a much lower value of S, would be required to justify this rate. Unfor-
tunately lower values of o are associated with maximums cccurring at ‘
later times. These results are thercfore mutually contradictory with
the iritial velocity indicating a lower value of o, ‘and the time of ) I ‘

maximum indicating a higher value of o..

For the experimental setup the force-time history is measured
above the footing. The aluminum 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 alte: the time-history of the
h response - they tend to acccunt for the initially slow response and reduce

the displacement at each time, assuming all of the soil pararacters and
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forzas >rema.m the same. Limited analysea’taking into accouut the rigid
mass has been conducted. Fcor the particular parameters gelected, the
mass 1~troduced only amall variations in the rvesulta. Iour tnis reason,
these results have not been inciuded, although this should not be inter-
b preted an eliminating -~cnsideration of the rigid mass. On the contrary,
this factor should be considercd in future attempts to improve the
analyses.
‘ For realistic conditions one anticipates variations of s0il
‘€ : properties with depth, Equations F-i7 and F-18 provide a method for
s . introducing variations 1n plastic stress and initial density with depth,
These variations with depth can be introduced in as gereral a fashion as
desired. As an example of the influence of such variations a series of
solutions were carried out for a situation where the plastic streagth
varied linearly with depth and the initial density 1s independent of depth.

For conveniunce, the stress was expressed as:

. Fo
o, + afi -——z-c—) z= 0 + ax {Eq. F-27)
where Ya'' ¢ a3 constant., As was mentioned earlier, ‘o 0.0625 1b per

Lo . 0,085,
[ +1

cu. in. and j: z 7. 0683 th per cu in, were used, thus (1 -

The resulting equation is:
1

e : ., .2 i 1 <i 1 ~
» t Ak + i i xag (- - y = [pt) -0 fl-Ltm - ———

x * 4% £o Fe [p °.l "o JacJ

(Eq. F.2¢)

T o Solution of this equation must be numerical ia nature -th: Ranga-Kutta

< ’ method was used. Figure F-13 shows four plois for 6 = 1.25 psi
with a = 0.25, 1 % 100 =nt 1000 (. 025, 0,085, and 8.5 psi per
i L _ respectively). Figure F-13, which illustrates the variation for a
/"'f relatively arbitrary set of parameters, is typical. Obviously the key
parameter is o, - The value selected was based on the extrapolation

.
,

from figure F-12.

- ‘ In the above exampies, the column of soil below the footing was

assumed to be uniform in cross section. Zquation F-19 provides a
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Loy,

solution takinyg into account hinear variation of area with depth, Here

-3 .
again the Runge-Kutia methof 1 was used, Figure ¥-14 shows the
results {cr the three values of A, (i.e., the percentage change in area

with depih):

%0, 15%, and 25%.

As was poinied cut earlier with the number of parameters in-

volved, there are innumerable solutions which could be obtaincd. More

involved variations with depth or inclusion of the rigid mass could alzo

be considered.

If consideration 1s extended to alternate formulati .ns of

the stress-strain relationships, the possibilities are increased even

more substantially.

P SN

The solutions presented above, however, are sufficient to Jdemon-
strate that consideration of ~0il compressibility offers a potentially

useful thcoreticaltocl for exp'aining the observed footing be..avior., It

should be emphasized that the solutions carried out to date have not been
sufficient to astabiich suitable s0il parametars.
be done, bu' ... 1 thor believes that the feasibility of
appro~.ch ~as bhecn demonstrated and that continuing et

directions 18 jusislied.
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