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NOTATION

(AR) Arching iatio = P/Ps

B Diameter of a circular trapdoor, width of a strip

c Cohesion intercept on a Mohi-Coulomb diagram

D Dimensionless deflection x 1000 = 5/B x 1000

D Relative density of a sand =- e
r e. ;I;
e The base of natural logarithms; void ratio of a sand

E Young's modulus

h A vawiable indicating vertical position

H Depth of soil above a trapdoor or .tructure

K Coefficient of earth pressure - Horizontal
6 Vertical

K Coefficient of earth pressure at rest

L Total vertical load acting an a trapdoor or structure

Mct Constrained (one-diaen ion.) t4agent Modulus

N A subscript denoting that (N x 100%) of the total change in
some variable has been a •omliehd

PB Average presAsre .otig an a two~

Pp Pressure

P Surcharge presure acting an the urfAce of a soil mass

r Polar coordinate for mdi L distacme

SN Slope of a secant from the initial point of an arching curve to
the point on the curve Where (N x 100%) of the total change in
AR has taken place

Ti Slope of the initial tangent to an arching curve

ult A subscript denoting the ultimate value of a variable

v Shear atress

V Shear forcer



x

W Weight of an object

x,y Cartesian coordinates cf position in plane

8 Deflection of a trapdoor measured with respect to the base of
soil bin

(AR) max The maxim= change in arcching ratio = (AR)Ult - 1 or 1 - (AR).

AAR)N The change in arching ratio when (N x 100%) A(AR) m has be,.

accomplished

7 Unit weight of soil

v Poisson's ratio

0 The angle of internal friction of a soil

a Normal stress

a Free-field normal stress
0
G Subscript indicating a circunerential stress
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AN EXPERIMENTAL STUDY OF ARCHIWI IN SAND

CHAPTER I: INTRODUCTION

1.1 Statement of the Preblem

The present methods used to design buried protective structures

do not produce economical designs. One of the major uncertainties is the

interdependence of the load system acting upon a buried structure and the

structural response caused by the load system. Unlike the load systems

generally assumed in the design of surface structures which are essentially

unchanged by any allowable structural deformation, the load system acting

upon a buried structure is believed to be extremely sensitive to the aefor-

mational mode of the structure. One can imagine the process ,u taking

place in steps comparable to those used in the moment distribution method

of frame analysis. The structure, frozen in its initial configuration, is

subjected to a system of load &aMud b' the surrounding soil which is

also frozen. Allow the struetwe to respood to the loads. The adjacent

soil, having been relemn and e •bjected to the so ef• ormations as the

exterior of the struetur, canet am be qaWying the sn loads. Hence,

the response of the structure modifies the loAd ssten.

The interaction of a buried structure and its surrounding medium

is primarily influenced by three factors: first, those physical properties

of the structure which govern the nature and extent of structural response;

second, the jurrounding medium and its ability to transfer loads by the

mobilization of shear stresses in response to relative displacements;

and third, the state of stress described as free field which would have

existed in the vicinity of the structure had the structure been absent.
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The last factor is further dependent upon the source of energy which causes

the free-field stress and certain properties of the medium.

Soil-structure interaction as defined above is not a problem

unique to protective construction. All subsurface structures are influ-

enced by interaction to some extent, and much research relevant to the

problem had been conducted prior to the advent of nuclear weapons. Pro-

tective construction does have certain unique features which have neces

sitated additional research. The free-field stresses, which are the start

ing point for most designs, are usually large enough to be well outside t:

scope of previous civil engineering experience. As a result, many well-

established tneories, assauptions, and properties must be reconsidered at

these greater magnitmdes of load. Similarly, the well-established practi-.

in soils engineering of modifying an initial design as the result of mea-

surements made during construction cannot be readily applied because luaws

which begin to aom te the design loads are not available. In additioi

the econcq which might be efetaed btW sam new concept applied to numeroui

saller ishelters orevewan a • lap am&s and the reliability which wv1i

be requIre t moc stseturu tend to justify research. Lastly, as the

loads are a .nIDlo certain studies we necessary to investigate the dy-

nraic response of the structures, the time-dependent properties of soil at.

structural miterials, and other properties related to energy absorption an(

damping.

Soil-structure interaction may influence the structutre in one or

more of several ways. A buried vertical cylinder with stiff end caps and

flexible walls, which allow the end caps to move relative to one another

Jn response to vertical loads, may possess more or less vertical stiffness



than the soil it replaces. If mo.ýe stiff, the vertical loads will be

higher than the corresponding free-field loals. If less stiff, the oppo-

site is true. This is a par.icularly simple example where the presence of

soil simply changes the level of load. More complex is the buried struc-

ture with fleXural stiffness, for example, a horizontal circular tunnel.

The free-field loads may be taken as a system nf uniform vertical and

horizontal, normal comprersive stresses, the vertical stress being about.

twice as great as the horizontal. In response to such loads, the tunnel

should take an elliptical shape writh the major axis horizontal. However,

the downward motion of the crown and t, e outward motion of the sides cause

a reduction in vertical stress and an increase in horizontal stress which

result in a more uniform pressure on the tunriel. This changes the ' -:--

response from a flexural mode to a compressive mode and increases the load-

carrying capacity. At the s ime tim, it is possible that the tunnel. if

more or less stiff than the soil It replaced# has been subjected to a

stress system of generally different witLAde frcs the free-field stress

system. Th2s, soil strwotwe W ohatge both the anpitude and

distribution of loads acting an a DIUed aumwe. TheMe changes my be

either harmful or helfUl.

Arching Is defined here as the ability of a material to transfer

loads from one location to another in response to a relative displacement

between tne locations. A system of shear stresses is the mechanism

by which the loads are transferred. Arching of stresses in the medium

is responsible for soil-structure interaction. It may act in a large sense

and cause a stress change throughout a volume of soil because the structure

located therein exhibits a different compressibility than does the



surrounding soil. It may act in a small sense, as around a tunnel, an&

cause a redistribution of stress as various elements of the tunnel at-

tempt to move into or avay from the surrounding soil. Arching is not

interaction because it does not dfpend upon structural poerties. Arch*

ing will be classified as active when the area or volume cof interest urd,

goes a decrease in stress, and passive when the stress is increased.

A better understanding of soil arching is essential for the

d.3velolment of more economical designs of protective structures. In

addition, it would serve the designer of conventional structures as well

as the engineer trying to measure free-field earth pressures with gages

which are themselves structures.

1.2 Purpose

The purpose of this stuly is to investigate experimentally soiA

archiM apart from the other variables of the soil-structure interaction

problem In order to deteorm the mimt of load transfer possible in res

SOLs, the reMLve e• aoated with arching, and the size ol

1t3e sawe i •eh the s e tn ted bV arching are significant.

So oe In load experienced tv a trapdoor nu nted in the

stiff, horizontal bae of a sand-ftiled soil container was measured as

the trapdoor was moved verticall into or awy from the soil mass. The

soil =ass itself was subjected to various paeumatic, static surcharges.

The horizontal base was instrtinented with flush-mounted pressure cells

to indicate the distribution of transferred load.

The parameters varied in the tests were the following: the en(

neering properties of the medium (strength and stress vs. strain) kV the



use of two different sands; the depth of soil cover above the trapdoor; the

level of static surcharge pressure on the soil surface; the direction of

motion of the trapdoor from the flush position leading to active and pas-

sive arching; and the size of the traploor.

An axially sywnetrical test bin was used in order to minimize

the influence of sidewall friction, the importance of which was demon-

strated by preliminary tests in a long rectangular box. All tests were run

lay deflecting the trapdoor after the surcharge pressure on the soil surface

had been established so that the influence of structural properties could

be eliminated.

The next chapter contains a rtmiry of the mot relevant previous

work. Chapter III describes the test apparatus •ad procedures as well as the

soils used for the test;. Cbhpter IV presents the resuIts of the tests and

includes a discussion of the relabilit of the data au of certain proce-

dures follored to eliamnate Wiest tic arms in the data. In Chapter V

the data are ifterpreted ith srepet to fte =j vmuAbea of the sftud

amd are oampared vith p..uestnM &mvMtabla u theories A smaieiri-

cal method of redictin a load4etIeenm ce Is 4eveloped. The last

chapter ontains the 17 , omali sD and sme reomandations for

further research.



CHAPTER II: SUMMARY OF PREVIOUS RESEARCH

2.1 General

Arching is not a recent discovery; engineers have• long known of

phenomena associated with soil and other materials which are closely re-

lated to the subject of this research. For example, the stress concentre

tion caused by a hole in a plate may be interpreted as an arching situat

brought about by the lack of constraint at the surface of the hole which

allows certain points to move with respect to others located farther awAý.

from the hole (Timoshenko and Goodier (1951), pp 78-85). The transfer of

vertical load to the relatively rigid walls of a silo containing granular

material is another well-knmn exaMle. Terzaghi (1943, p 66) writes,

"Arching is one of the mot universal phenomena encountered in soils both

in the field and in the laboratory."

It is the purpose of this chapter to review the most significant

theceetctal aad imnal studies of arching in soils. In addition,

certain studLes of wool-•statwe interation which clearly demonstrat," the

influece ot apiUM vpm sta!mhwal response are reviewed.

2.*2 PmmtlAnal-se Ana st

Tersiahi (1936a) discusses arching in general and presents

three exa lea which indicate the universality of the phenomenon: the re-

duction in lateral stress on the walls of a braced cut in sand; the re-

duction in load experienced by a yielding trapdoor; and the reduction in

stress in the vicinity of a vertical shaft, a particularly interesting ex-

ample of arching. Arching acts in two ways at the same time to reduce the

4 stresses in the vicinity of the shaft. There is a bin-type arching induced
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by the lateral expansion-vertical contraction around the hole wtdch trans-

fers vertical stress away. There is also ring-type arching around the hole

induced by the same lateral (radial) expansion.

Experiments on arching above a yielding trapdoor were conducted

by Terzaghi (1936b) in order to enhance his understanding of the stress

distribution around tunmals. A trapdoor 7.3 cm wide and 46.3 cm long was

mounted in the base of a bin containing about 31 cm of sand. Tests were

conducted with both loose and dense (0 = d44o) sand. As the trapdoor was

deflected downward, its movement and the total load upon it were measured.

The horizontal and vertical stresses at various levels in the sand above

the door were also measured by the friction tape method. Fig. 2. LA is a

sketch of the experimental setup. The principal test results are shown in

Figs. 2. IC-D. It can be observed that the total load on the door decreased

to less than 10 percent of its orisimal value by the time the trapdoor was

deflected 0.005 to 0.010 times the door width, depending upon the density

of the sand. After reaching the minims value, the load increased slightly

to about 13 percent at a deflection of 0.11 tis the dor width. During

deflection, the vertic alstress abme the trapdo decreased greatly in the

sail located less tbaA three doa widths above the trapdoor, while the ratio

of horizontal earth pressure to vertical earth pressure became as high as

three times the at-rest coefficient of ewith pressure Ko in the same

region. The mechanism of this active arching is explained in two stages.

During the first, which corresponds to the reduction in average trapdoor

pressure from its hydrostatic value 7H to its miniluum value, the sand

immediately above the trapdoor (Fig. 2.1A) expands vertically and contracts

horizontally allowing the adjacent sand located in wedges b , a , c and
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bI S a, , c1 to expand horizontally and contract vertically. This sub-

sidence causes a portion of the weight of the sand located between ac &

a1c, to be transferred by shear across the shaded areas to the motlonles

sand masses. The subsequent slight increase in trapdoor pressure to the

ultimate value is associated with the disintegration of structure in the

sand above the door due to excessive expansion and shifting of the plai0;-

of minimum resistance to positions ab and albI shown in Fig. 2.13B.

is well to note here that Terzaghi and Peck (1948, p 200) state that ulti

mate load on a trapdoor does not exceed the weight of a half cylinder oi

soil with a height and diameter equal to the trapdoor length mad width, e

shown by the shaded area of Fig. 2.13. Terzaghi (1936b) also presents

data from tests run by moving the trapdoor upward and downward in a cyc.r

involving both passive an active arching. Hysteresis is very evident in

both loose and dense saa. The initial portion of the passive arching

curve in linear, and has about the same slope as the initial portion of

the active archiM urve. Twsa concludes with demonstrations that th,

state of GOU stres asolda with arching is not greatly changed by

eltbw seqp o "momA" YLbsatioma. Several points of particular in-

tareat to Pvt•otive onstruction research are not treated. In particukr.

these wae the early portion of the arching curve where 90 percent of the

load is lost, the ability of soil to arch loads of imch greater magnitude

than its own dead weight, and the influence of depths of soil cover con-

siderably less than three door widths.

In Chapter V, Theoretical Soil Mechanics. Terzaghi (1943) pre-

sents an extensive discussion of trapdoor arching and the various theoriet

available to compute the ultimate load upon a yielding trapdoor. It is
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pointed out that observation shows that the surfaces of sliding formed in

an active arching situation intersect the surface of the sand at right

angles, and that the distance between the lines of intersection is always

greater than the width of the door. Little else is known about the surfaces

except some evidence that the average slope angle varies from 900 (vertical

surfaces) for shallow burial to 450 + g/2 for very deep burial. One theory

of arching which assumes vertical slip planes above the edges of the trap-

door, and which is known to predict reasonable values for the ultimate

arching ratio (the ratio of the load on the yielded door to the load on the

undeflected door), is developed in detail for a soil in a state of plane

s~rain with both frictional and cohesive strength components. The theory,

when applied to a cohesionless soil with an angle of internal friction be-

tween 300 and 400, predicts that cover two to three door widths deep will

allow the load to reach a minimum value (about a 70 percent loss of dead

load), which remains constant with further increases in depth. Since this

and the exj-.irimental evidence dsacussed above (Fig. 2.2) iAidicate that the

state of stress in soil higher then tw or thres widths above the trapdoor

is unchanged, Tez•seai inestigates the 6tpth in which a surcharge pressure

equal to the pressure due to this excess soil can be dissipated. The 4 ieory

indicates that the saoe depth of soil which reduces the distributed dead

load to its minimum value will reduce the soil pressure resulting from the

surcharge to a negligible level. Terzaghi concludes that the pressware

acting upon a yielding trapdoor is independent of the state of stress in

any soil located more than two or three widths above the trapdoor. The

theory developed, as well as Terzaghi's trapdoor experiments, is concerned

only with a plane strain situation in which load is transferred across two
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plane surfaces of sliding. Modification of the theory to fit three-

dimensional situations is no great problem. When modified (Section 5.3),

the theory indicates that cover equal to 1 or 1-1/2 diameters is sufficiene

for maximum arching and the dissipation of any surcharge pressures above a

circular trapdoor.

A considerable amount of work, both theoretical and experimer t •.

concerning design of buried conduits has been conducted at Iowa State Uni-

versity by Professors Marston and Spangler and their associates during .. ,t

last half century. The work, which is concerned both with arching and so.

structure interaction, is well summarized by Spangler (1948). In general

conduits are subdivided into two classes, ditch type and projecting. A

ditch-type conduit is one buried in a relatively narrow ditch which is baL

filled with material assumed to be more compressible than the undisturbed

material. The tendency of the backfill material to settle causes a trans-

fer of load across the sides of the ditch by shear. The result is a reduc-

tion in the total load on a plane at the level of the conduit top. T>-.

reduction in total load Is indspezdmnt of the conduit's properties. The

analysi- is very much 1i1e TesaIghi's in that the sides of the ditch be-

come the vertical shear plines. Projecting conduits are covered by unifor

material so that the problem becomes one of interaction in which the load

on the structure is determined by its properties, the properties of

the backfill, and the geomukry. However, should one know in advance that

a projecting-type conduit will deflect enough to allow shearing planes to

form, the analysis is ýezy much like a ditch-type conduit. At the other

extreme is the very rigid conduit which collects load as the backfill

settle- around it. Between these extreme types of projecting conduits art
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severpl indeterminate types, the analysis of which depends upon field ob-

servations. A concept important to this study is the plane of equal

settlement which beparates that soil in which stress is being transferred

by shear from that soil which is acting merely as a surcharge. This plane

fits in with Terzaghi's observation that the state of stress a certain dis-

tance above a yielding trapdoor remains unchanged. The definition of this

plane as originally proposed by Marston has been mcdified by Spangler

(1950) to include the effect of the weight of soil located between ,he

plane of equal settlement and the structure, as well as the influence of

that load transferred by shear upon the settlements of the soil columns

adjacent to the structure. The modification is essential for situations

in which large surcharges are considered. To locate the plane of equal

settlement, a quantity known as the settlement ratio must be treated em-

pirically. Spangler (1950) presents reommoaded values of the settlement

ratio to be used for culvert dosla. Spanger's observations also indicate

that flexible culverts we bwet nowmsuted with well-compacted sidefills,

which greatl•y increas- the aeu a eoty of the structure by limit-

ing vertical deformation at the Wioe of a vuw Incree" in load. Van

Horn (1963) has developed the MW epErosah for three-

dimensional structures, and also a method of dyaamic rus.a1is for the

various Marston-Spangler conditions.

Finn (1960) presents a closed form solution for distribution of

stress in a plane, semi-infinite, elastic medium caused by rigid, vertical

displacement of a trapdoor-like portion of its lxundary. Chelapati (1964)

modified Finn's solution to account for a variable depth of cover. The

stresses due to lower boundary displacement (arching stresses) are
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superimposed upon the stresses due to weight of the medium and a pressure

on the upper boundary. Integration of the normal stress on the yieldine

portion of the base should lead to total load acting thereon so that arch

ing can be expressed as a function of displacement. However, at the edge

of the yielding strip the arching stress becomes unbolinded so that the ir

tegral cannot be evaluated (Fig. 2.2). Chelapati, by assuming that ten'•

forces cannot be transmitted by soil, discards that portion of the strtel

distribution where the tensile normal stress associated with a displacem,

away from the medium (active arching) exceeds the compressive normal rtr

due to weight and the upper boundary pressure. The remaining compressiv

normal stress is then integrated to yield the load on the trapdoor.

Chelapati's solution, not being in closed form, is presented graphical!

terms of P (the surface pressure), 5 (the deflection), H (depth of me-

dium), E (Young's modulus), and the ratio of the average presruce or. the

trapdoor (PB) to the surface pressure for specific values of Poisson's

ratio and H/B (B being the width of the yielding strip). The above not

tion in a modification of Chelqptils notation so that it agrees wita tha

used herein. Certain general observations can be made based on Chelapati

work. Given H/f and a value of Poisson's ratio, a particular value of

arching ratio (PB/Ps) is associated with a particular value of the quanti
EfE

6E. If the three parameters, E , H , and P , are varied one at aP H "s
s

time, it is possible to estimate their influence upon the deflection assc

ciated with a certain arching ratio. An increase in E will allow the

zame load transfer with less deflection. An increase in H demands more

dcflectiorn tocether with an inercase in B (so that II/b remains con-

Otant), but. the rclation is such that the di.mensionles deflection
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(5/B) remains unchanged. An incrense in P requires more deflection for

the same percentage of load transfer. The solution al-co implies that the

initial slope of an arching curve like those presented in Chapter IV should

increase with W/B for a constant value of B . The data cannot be ap-

plied to passive arching in any obvious manner because of the technique

used to remove the very large tensile stresses.

Bedesem (1964) presents a plane-strain plasticity solution for a

trapdoor deflecting away from a medium which behaves according to the Mohr-

Coulomb failure criterion, and which carries a uniform surcharge pressure.

Although he concludes that the results should provide a good estimate of

arching in a granular medium, the agreement between his results and experi-

mental data depends upon increasing the angle of internal friction as a

function of the cover-to-span ratio (R/N) for a partic- - *,roblem in order

to account for additional lateral restraint not found in the vicinity of

shallow structures such as footings. In view of the surcharge pressure

which ought to make depth effects negligible *Ad the known tendency of

sand to exhibit a lower angle of inteml friction at higher confining

pressures (Tersaghi and Ptak (19i , p 8)), the correction seems unrealistic.

However, since the test results *aganst which Badesea compares the theory

were obtained in a plane strain configuration, it is probable that sidewall

friction caused the measured loads to be too low, and the preLictions to

appear too high. It seems, toc, that if the major principal stress were

assumed vertical at the surface and horizontal immediately above the struc-

ture, the solution would yield more realistic results.

Sirieys (1964) presents in closed form an elastoplastic solution

for the state of stress about a deep tunnel through rock which satisfies the
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Mohr-Coulomb failure criterion. The bounds:; loads are a uniform radial

stress applied at a great distance from the tunmel, and a uniform pressur

acting on the inside of the tunnel. Although the solution may not be

applied directly to the test results reported herein because of differinv

geometry and boundary conditions, the distribution of circumferential st2

along a radial line is of assistance in interpreting the changes in vern

cal stress measured adjacent to the trapdoor. Fig. 2.3 shows the gener&s

geometry and the circumferential stress distributions associated w-.tV-

active and passive arching about the tunnel. It is evident that the

existence of the plastic regions severely modifies the stress distribu-

tion associated with a hole or inclusion in an elastic material. The

radius of the boundary between the elastic and plastic regions is a

variable which depends upon the properties of the medium and the boundar,

3tresses.

2.3 ROn Arhu Stud:es

8elig et al (1960) have developed a method of dynamic analys.,

based upon the #Am aem that the full shear strength of the soil is de

veloped Cang vertical sheow planes rising directly above the structure

to the surface when the ultimte strength of the top structural members

been developed. Selig (1960) presents additional experimental evidence

support the method of analysis mentioned above. A series of plane tests

were conducted in a glass-walled box with several types of structuires il

cated at the bottom in order to observe the formation of shear planes.

For flat roofs, vertical shear planes were observed, alter the roof had

been forced to deflect, rising above the structure to the surface for ad

depths of cover (a support-yielding situation). The only pressure-yield
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structures shown are shallow, and although the disturbed zone above them

runs to the surface, there is no major depression there like the depressior.

associated with the zupport-yieldinr structures. The disturbance above the

deeper support-yielding structuren tends to discredit the idea of a plant,

of equal settlement. The writer is firmly convinced, however, that the de-

flections imposed upon the structure were many orders of magnitude greater

than those required to cause arching of all load from the structure. As a

result, the photographs presented by Selig (1960), although suitable for

giving one a notion of the behavior of the soil, are unsuitable for deter-

mining the extent of disturbance. It is interesting that the distance be-

tween the vertical shear planes above a flexible roof panel is less than

the width of the panel. The planes are separated by a distance equal to

0.8 the width of the panel.

Luscher and heg (1964) present the results of an extremely

interesting series of tests concerned with both arching and interaction.

Tests performed by hydrostatically lodiag both the inner and outer sur-

faces of hollow sand cylinders, with inside diameters of 1 in. and wall

thicknesses of 1/4 and 1/2 in. 9 downstrated the capacity for ring-type

arching. The cylinders with 3/2-in.-thick walls were subjected to ratios

of external to internal pressure which varied between 13 and 20, depending

on the void ratio. The cylinders with 1/4-in.-thicY walla nustained pres-

sure rat. ,s between It and 6 before failing. The rate of loading was varied

in some teits and with more rapid rates of loading, premature failure

occurred at pressure ratios somewhat lower than those mentioned above. The

sand cylinders underwent large radial deformations (3 to 7 percent of the

original radius) prior to failure. After the tests on the sand cylinders,
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flexible cylinders were tested to determine their strengths under hydro-

static loadings. Finally, soil-surrounded cylinders were tested so that

the interaction between the soil and structure could be observed, and the

effect of ring-type arching separated from the influence of the sand in

pr.venting buckling of the tubes. Because the pressures acting on the ot

side of the interior cylinders were many times greater than the hydrost.

pressures for failure of the interior cylinders acting alone, it was conl.-

eluded that the prevention of low-mode buckling far outweighs ring-type

arching in causing the strength increase of the assembly. The symmetri,.•

nature of these experiments tends to make direct application of the resu2

to buried structures rather questionable.

Triandifilidis et al (196) ran a series of static tests on

rigid, vertical cylinders buried in sand. The cylinders were supported a

the bottom of the test chamber. Passive arching was observed in all test

except those with very dense sand. The arching which was developed appea

to be independent of the surface pressure (0 to 80 psi).

2.4 e stu-is of fl.tQ ,wtM Interaction

MoDonough (1959) pwfcsmd elastic analyses of two concentric

spheres and cylinders subjected to uniform radial pressure P on the0

surface of the outer body. A relation is presented which gives the ratio

of P to the pressure on the interior body as a function of the compres

sibility ratio of the bodies. A technique is developed for finding the

compressiblity ratio of a buried structure and the surrounding medium so

that the elastic results can be applied. The method is successi'ully used

to predict the pressures experienced by buried drumlike structures in

nuclear field tests. An elastic analysis of three concentric spheres is
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also given. This analysis leads McDonough to conclude that an intermediate

liner of either very high or very low modulus should be placed between a.

buried structure and the surromding medium. The stiff liner attracts

uore load from the medium, but carries most of it around the structure. A

weak liner forces the medium to carry the load around both the liner and

the structure.

Wiedermann (1960) reports on several series of static inter-

action experiments conducted in dry sand. Although many of his test results

are questionable for a variety of reasons, he is able to conclude that a

dimensionless quantity called arching force is independent of free-field

pressure, and that being close to the surface does not change the form of

the arching force. The arching force is equal to the arching ratio minus 1,

(AR - 1). Some of Wiedermann's tests were conducted with a footing-like

punch pressed into the surface of a soil mxs with a surcharge. With a

surcharge of 10 psi, the load on the punch ws Increased to 40 psi before

the deflection of the punch began to increase rapidly.

Whitman et a (1969) ha combated a series of static experi-

nents on domes in snd. Are"bWas obser e In tests or both rigidly and

flexibly supported structures. bse structures Which were rigidly supported

felt pressures slightly greater than the surface pressure until the domes

failed by yielding at the support. The resultiM crown deflection caused

a relief of about half of the load on the structure. Yielding took :lace

at about 100 psi with dense sand and 70 psi with loose sand. The flexibly

supported domes never experienced loads equal to those associated with the

surface pressure. The highest load was equivalent to about 0.6 of the

zurface pressure, and as this pressure increased from 10 to 200 psi the
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load on the structure fell to 0.3 of the surface load.

Mason et al (1963) have studied the dynamic load on small vert

cal cylinders of varying vertical compressibility which were buried in Lvnd

at various depths. The input pressure at f ie surface of the sand had a ris

time of about 1.5 msec and a very long duration. At all depths of burial

and for all times, the stiffer structures over-registered, i.e. experience..

pressures greater than free-field pressures. As the depth of burial was 4

creased, the over-zegistration increased until a critical depth was reachet

below which no further increase was notec.. For any given depth of bur-- -.

over-registration varied with time in such a manner that it was a maximumn

at about 2.0 insec, and a steady-state minimum at about 5.0 msrc. Sore, lec-

stiff structures under-registered slightly when the vertical cylinder wal_2:

were in contact with the sand, and under-registered greatly wher the verti-

cal cylinder walls were isolated from the sand by a cylinder of teflon.

This indicates the stiffening effect, probably due to friction, which soil

may have on a soft structure. Mason (1964) has taken the influence of the

vertical stiffhess of the soil and the vertical compressibility of the

structure into account in an analysis based on % concept similar to tne

plane of equal setllemnt mentioned previously in Section 2.2. The ana'ysi

indicates that the over-registration experienced by a deeply buried, rigid

structure should increase as the ratio of vertical length c.• span increases

This is supported by limited experimental evidence. The analysis further

indicates that a~s the ratio of soil stiffness to structural stiffness de-

creases, the over-registration will increase.

Allgood and Gill (1964) are of the opinion that arching (defined

as follows) can only be developed in the vicinity of buried arches and
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cylinders by rigid body motions like those induced by the failure of arch

footings, or by placing flexible bedding beneath a cylinder. Arching is

intended to mean the reduction in vertical load at the spring line from the

total load acting at the surface directly over the arch. Their tests, sup-

ported by the evidence of Luscher and H~eg (1964), indicate that the influ-

ence of the surrounding soil in developing a load system close to hydro-

static limits vertical deflections enough to prevent load transfer to the

adjacent soil. This e general agreement with Spangler's (1950) comment

that well-compacted sidewalls next to a flexible culvert more than com-

pensate for a decrease in arching by inczeasing the strength of the culvert.

However, in his analysis of the tunnel test section at Garrison Dam, Lane

(1957) concludes that the influence of tunnel stiffness relative to that

of the adjacent ground had a marked influence on vertical loads, horizontal

loads, and bending moments. In addition to this, Donnellan (1964, p 79)

observed considerable load relief in quasistatic tests on cylinders buried

in dense sand. His tests indicate that the sAt of load relief was

essentially independent of the deph of oww. A discussion of this point

is beyond the scope of this thes, but It is the witu's opinion that

the above definition of arching is uneceessaily restrictive, since the

m echanism which night transfer load amy from the general vicinity of a

2ylinder is essentially the saw mechanism which transfers load from the

ieflecting crown of a cylinder to the more rigid areas (of the cylinder)

3dJacent to it. Allgood (1964) reports that dynamic arching (as defined

above with a correction for inertia) was observed in tests of a semicir-

2ular arch with a 15-in. radius buried 6 in. deep (crown to surface). The

irch was supported on footings 1.75 in. wide. At long times (greater than
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40 msec), about 40 percent of the surface load was transferred by archin.

2.5 Bur.ed Pressure Cell Research

Since buried pressure cells are small structures subject to tht

same interactions as larger structures, much of the research concerned

with their design is relevant to protective construction. Many tests con-

cerned with the influence of cell placement, geometry, and compressibilf .-

were conducted at the Waterways Experiment Station (1944). Most of the

tests were conducted in loore Ottawa sand 10 in. deep using static pressu

as high as 100 psi. The influence of cell projection from a rigid base .

studied for various ratios of projection to diameter. The results indica

that if the projection is less than 1/25 the diameter, the pressure regiLs

tered by the celL is essentially the same as that which a flus1l cell wo

register. A projection equal to the cell diameter was observed to cause

registration as high as 160 percent of that experienced by a flush-mnunto

cell. The influence of coqweassibility was studied by mounting the cells

on spings of various stifttss ad positioning them flush wi.,h the rigid

base. It was fwd that if the springs used were stiff enough to rctric

the deflection to 0.001. d•aimter, the pessure cells would register about

90 percent of the applied pressure. The registration was not improved by

increasing the stiffness. A cell which deflected about 0.01 diameter

tended to register only about 60 percent of the applied pressure. It was

noted that as the surface pressure increased, the indicated pressure vari

linearly with it. The importance of cell proportions was stlidied by varn

ing the ratio of overall thickness to diameter of soil-surriunded ceils.

It was found that as the ratio decreased the load experienced by a cell a

proached an asymptotic value which remained essentially constant. This
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value was reached when the thickness equalled about 0.20 diameter. The last

group of tests was concerned with the compressibility of soil-surrounded

celJs. Whenever the deflection was restricted to 0.0005 diameter, the out-

put of the cell equal'ie a constant percentage of the surface pressure.

Taylor (1947) has i.ualyzed a simplified elastic model in order to deve) p a

working hypothesis unich might explain the experimental results summarized

above. His r.-odel indicated that the conclusions are essentiaely correct.

An elastic analysis by Monfore (1950) of the stresses in the

vicinity of a compressible cylindrical inclusion (vertically oriented) in

an elastic medium indicctes that, regardless of the relative moduli, the

stress field resembles that predicted by Finn (1960) (Fig. 2.2), and that

the magnitude of vertical arching stress adjacent to the inclusion is

negligible beyond a circle with a diameter three times that of the

inclusion.
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aHAPTER III: EUIBPE s, SOIS, A AM PROCEDURF

3.1 General

The arching tests were conducted statically with a trapdoor so

supported that it could not deflect until the desired level of pressure

had been established on the surface of the overlying soil. The change ..•

load could then be measured as the trapdoor was forced to move into or aw

from the soil mass. Thus, if the trapdoor were rigid, results would

reflect only soil arching not soil-structure interaction which would occ-

if the trapdoor were more flexible and elastically supported. A circular

trapdoor, located at the center of a cylindrical test chamber (Section 1.

was used. With this geometry the possibility of bin friction was mini-

mized, while the bowiary conditions were kept fairly simple. Tests of

this nature wAt necessarily be static in order to allow the surface pres.

sure to reach the desire1 level before arching is induced by deflecting t1

trapdoor. fhe probem at Ignrng time-dependent soil properties was

avoided by the aeleetiom of ds sand as the test medium. Whitman (3964,

p. 81) points cat that the Influence of strain rate upon the strength of

sand Is mall, probably being less than & 15 percent increase due to loaCf

ing times which range between one minute and five-thousandths of a second

Moore (1963, p. 121) has observed a reasonable agreement between the stat:

moduli, dynamic moduli, and the modulus backfigured from seismic wave ve-

i,•,. iy in sands. The moisture content of each sand was checked occasions.

during tl'e course of the tests described. It varied between 0.1 and 0.2

percent. The surface of the sand was isolated from the air pressure by a

diaphragm.
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3.2 Test Apparatus

The tests were conducted in a cylindrical test chamber,. with an

inside diarmeter of 46-3/4 in., which was-elevated above the level of the

floor in order to provide space for the trapdoor support system and the

a-ssoci-ited instrumentation. The major components of the apparatus were the

base, the trapdoor and its support system, the rings, and the bonnet. All

of the components except the second are shown in Fig. 3.1.

3.2.1 Test Chamber Rings

The rings bolt between the base and the bonnet, and are the

cidewalls for the test chamber. All except 2-in.-high rings were rolled

from mild steel plate 5/8 in. thick and have flanges 1-1/2 in. high and

3 in. thick welded top and bottom. Th- flanges contain 40 bolt holes

which have a diameter of 1-1/4 in. Access ports are located in the walls

of the rings. Rings meeting the above description are available in heights

of' 6, 12, and 24 in. The nominal 2-in. ring (1-7/8 in.) is essentially a

flange, 3-5/8 in. thick, with an interior diameter of 46-3/4 in. It also

contains 40 bolt holes. Various rings are combined to give any desired

depth of test chamber in nominal 2-in, increments.

3.2.2 Bonnet

The bonnet is a hemispherical top designed to contain static

pressures as high as 500 psi. It contains three access ports which were

used to contain an electronic pressure transducer, a Bourdon-type pressure

gage, and the air valve. At the base of the bonnet is welded a drilled

flange which is bolted to the upper ring. During these tests, a neoprene

diaphragm 1/16 in. thick was placed over the soil surface to prevent the

air pressure in the bornet from penetrating the soil. The diaphragm was
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-.nchored between the flanges of the bonnet and the upper ring.

3.2.3 Base

In addition to providing a bottom for the test chamber, the ba

contained the pressure transducers used to measure the vertical earth

pressure profile, and it provided alignment for the trapdoor. The top

portion of the base is a horizontal, circular steel plate, 1 in. thicl,

with a diameter of 54 in. It is shown in Figs. 3.2 and 3.3. Its edges

are drilled with bolt holes which line up with those in the rings and

bonnet. In addition to the bolt holes, the plate contains a large cent,

hole into which was fitted the equipment necessary to guide the trapdoo;

and mount the two soil pressure cells closest to the trapdoor. The oth.

ten soil pressure cells were located In the plate itself as shown in

Fig. 3.2. The steel plate is rpported by the cylindrical structure she

in Fig. 3.3. It is somewhat similar to the soil rings described above,

has a stiffening flange at Its midheight and is bolted down to a frame c

bedded in the thick oaomoete femodation. It is penetrated by three semi

cala acosa parta, me of * ich In visible in Fi. 3.17. Twelve trian

stifftmA• plates n welde to the interior surface of the cylinder anc

botton of the top plate in arder to limit the deflections of the plate.

There in also an mnuar steel plate, 3/4 in. thick, which is welded ber

the top plate and fonm a shelf which carries the trapdoor cylinder and

supporting flange. An irregula area, depressed about 1/32 in. and cost

with mill scale covered about 17 percent of the area of the top plate

(Fig. 3.2). One pressure cell (No. 6) was located within the area.

3.2.4 Trapdoor Support System

The trapdoor support system is shown in Fig. 3.3. A baseplat,
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wderlain by grout and anchored by embedded bolts, rested in a shallow hole

in the floor. To it was welded a plate containing four threaded holes which

received the four jack support posts. A 25-ton Jack, manufactured by the

Joyce-Cridland Co. (Model WJ3228-6), which required 48 turns of the handle

to make the platform move 1 in. was supported by the posts and locked in

place by nuts. To the platform of the Jack was bolted a stepped, circular

plate with a center hole which contained a stud so threaded that it fitted

the well in the base of a load cell. The load cell, securely fastened to

the plate by the stud, had a standard, curved load button, *hich supported

a bolt projecting from the bottom of the trapdoor, screwed into its top.

Great care was taken to ensure good vertical alignment of the load-carryi•ng

elements. A deflection reference plate, through which the load-carrying

elements passed, was mounted by bolts with spacers to the bottom of the

trapdoor. The two sets of linear variable differential transformers (mmDT's)

used to measure deflections were suported by the deflection reference plate.

The upper LVDT's monitored On reltIve deflection betreen the deflection

reference plate and the bttm at Se timp Vs whi was welded to the trap-

door cylinder. This relative ftfteatli m "mmed equal to the deflec-

tion of the top surface of the tiiom' wift respect to the upper surface

of the horizontal top plate. Ir inmitertug the output of the upper LVOT' s

and adjusting the Jack so that the output rumained constant during the

buildup of pressure on the soil urf•ace, it wts possible to prevent most

of relative deflection that would be caused by elastic copression of the

load-carrying colum and bending of the horizontal top plate. That con-

siderable relative deflection is possible is indicated by the pressure

versus deflection curves of several points on the horizontal top plate
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awid the freely deflecting trapdoors during several hydrostatic tests

(Fig 3.4). The plate deflections were measured on the bottom of the to%

plate by dial gages mounted (i the concrete floor. Th-' deflection of the

larger trapdoor was measured by the lcwer LVDT's during these hydrostatic

testL as well as during the tests w.th soil. Tle Lower LJDT mounts were

clamped to round steel rods welded to the deflection reference plate as

shown in Fig. 3.3. The average vertical deflection of these rods measu--e"

with respect to the floor was assumed equal to the vertical deflection of

the center of the trapdoor. Since the trapdoor was held flush with thi;

horizontal plate until relative deflection was desired, the lower LVDT's

indicated deflection measured with respect to the top plate.

3.2.5 Trapdoors

Two trapdoors having diameters of 3 and 6 in. were used in thiE

study. The major features and important dimensions of both doors are

shown in Fig. 3.5. In order to minize the possibility of a tilting of

the vertical axis of the trapdoor without causing any unnecessary frictio;

between the trapdoor md the cylinder wpUs, the trapdoor was built 'iIke

steel pistm with several peament bras. rings attached. The tolerance

between the 6-in. trapdoor and the cylinder wall was 0.002 + 0.001 in.

The rings are visible in Fig. 3,6. The tolerances were such that the max

mum possible tilt of the axis was about 0.033 degrees. Some tilt occurre,

as indicated by unequal outputs of the lower LVDT's during the first

0.002 in. of vertical relative displacement. The 3-in. trapdoor is shown

in Figs. 3.5 and 3.7. A brass sleeve used to reduce the diameter of the

hole to 3 in. was screwed to the lower edge of the trapdoor cylinder.

The 3-in. trapdoor moved inside the sleeve. The trapdoor itself was made
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of three components: the top, a stiff, aluminum pressure transducer

described elsewhere (Waterways Experiment Station (1963a)); the middle,

a hollow steel cylinder to which th(- top was bolted; and the bottom, which

was the lower end of the 6 -in. piston added so that the deflection refer-

ence plate and other items could be easily mounted.

3.3 Transducers and Instrumentation

The physical measurements made consisted of deflectvis,, vertical

sull. pressures at the bottom of the soil mass, the air pressure on the

soil surface, and the total force acting on the trapdoor, although this

quantity has been treated as an average pressure in the analysiv of test

results. Each of the measurements will be discussed in the following

paragraphs.

3.3.1 Load

Two strain-gage type load cells wert used tc measure the load on

the trapdoors. A 5000- !b-capacit? CM Load Cell., manufactured by the

Pevere Corporation of America (.Moel 47C-)4700-10), was used for all tests

with the 6-in. trapdoor except tos passive tests in which the depth of

soil cover was Vreater than 6 In. A lOpOOOlb-capacity load cell (Model

D-1431), manufactured by the ialdvin Uaa, Limpmito Corporation, was used

for the remaining passive tests with the 6-in. trapdoor, aid all of the

3-in. trapdoor tests. The load cell calibrations were accomplished in

place by conducting tests with air pressures as high as 110 ;-i directly on

the trapdoors. The calibrations indicated that meaisurements associated

with the larger trapdoor were accurate to within 2 psi, and that those as-

sociated with the smaller trapdoor were accurate to within 4 psi. Unfor-

tunately, it was impossible to calibrate in place with pressures as high as
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those experienced in the passive tests due to leaks in the apparatus and

limitations on line pressure. However, since the output of the load cells

during bench c-librations proved to be linear under loadings as high as

those anticipated for the passive tests, the in-place calibrations were

extended linearly for use during these tests. Load cell output wvas

amplified by a CEC (Consolidated Electrodynamics Corporation) carrier

amplifier, type 1-118, with a carrier frequency of 3000 cps. The

amplified output was fed to a CEC galvanometer (type 7-319) and was

recorded by a li beam oscillograph recorder on light-sensitive paper.

Before each test, precision calibration resistors built into the amplifie.

were used to obtain calitration values for the test.

3.3.2 Pressures

Both the air pressures acting on the surface of the soil and

the vertical stress at the bottom of the soil mass were measur.d by thk.

same type of pressure cell, a CE, type 4-312-0001, unbonded strain-gage

pressure transducer with a range of 0-100 psia. The pressure-sensing

element wa a d4a•ump with an overall diameter of 0.5 in. and an

uwsuppoated diameter at 0.45 in. Whmn subjected to the rated pressure,

distributed unifouly, the cetter of the diaphragm deflected 0.0008 in.

The cell used to mnitor air pressure was mo-Anted in an adapter which

was screwed to the end of a 2-in. length of 1/4-in. pipe projecting from

the bonnet (Fig. 3.1). The cells used to monitor soil pressure were

flush-mounted with the surface of the top plate of the base in brass

adapters which screwed into the top plate from below. Before tests

with soil were begun, the entire chamber was calibrated with air severe'

times. The variation In the results indicated that air pressures could
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be controlled to about 2 psi through the range of pressures used during

the tests. These tests were used to establish an in-place calibration

curve for the air-pressure gage, based upon the average pressure sensed

by all pressure transducers in the apparatus. The 12 soil pressure

cells were effectively calibrated in place under sand at the beginning of

each test during the buildup of air pressure. In this way a calibration

curve for each test to evaluate increases in soil pressure due to active

arching with minor extrapolation was obtained. During certain tests,

some pressure cells experienced reductions in soil pressure. Since it

seemed probable that a different curve would be followed during unloading,

several calibration tests, in which the trapdoor was held flush during

loading ard unloading of the soil surface, were conducted and the

relation between loading and unloading curves ;.stablished. The in-place

lcading calibrations run for each test minimized certain experimental

errors associated with sand placement, gradual changes in the character-

istics of thp transducers, and the Influence of friction at the soil ring

boundary upon tbe pressure distributlew at the base of the chamber. 7,e

calibration curves are presented ad diseussed in Appendix A. The

amplification and recording equliat used with the pressure cells was

the same ab that used with the load cells.

3.3.3 Deflections

The LVDT's used to measure deflections were manufactured by

the G. L. Collins Corporation (Model S-202). They have a linear range

of +0.10 in. and were excited by a common 6 -volt, wet cell battery.

The gages have two mechanical comronents, a gage body and a core which

moves in a circular hole through the body. A change in the position of
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the core changes the electrical coupling between two coils built into

the gage body and causes a change in the output of the driven coil which

is proportional to the position change. As the relative displacement

between the body and the core is really the quantity measured, it is not

important which component moves. During the tests the gage body moved,

but during calibration the core was moved. A soft helical spring was

compressed between the gage body and the end of the core so that the

gage could follow the displacement of interest without the core being

anchored. The lower LVDT's used to measure the deflection of the trap-

door were installed as indicated in Fig. 3.3. The body of each was

clamped to a vertical rod which ran down from the deflection reference

plate. The spring-loaded core rested upon the end of a micrometer head

which was securely anchored to the floor by a mounting bracket. The

outputs from the lower LVDT's were recorded by a light beam oscillograph

nsing a CEO, type 7-339 galvanometer. To obtain the desired linearity,

it ws necessary to place a hLi impedance network between the gage and

the ivanameteer. 2he pps were calibrated in place before each test

by means of the micrometer head on which the core rested. Five or six

calibration displacements of 0.005 in. each were given the core before

each of the active tests, and the output (a deflection of the galvanomete

trace which generally equaledt 0.8-0.9 in.) was recorded. An analysis

of these calibrations indicated that the deflections were known to an

accuracy of 0.0004-0.0005 in. over the range of measiurement (0-0.03 in.)

throughout the active tests. For the passive arching tests, a much

greater range of measurement without a corresponding loss of accuracy

was desired. Because the linear range of the transducer was about three
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times greater than the range of measurements made in the active tests,

the prcblem was essentially one of being able to maintain the large scale

of the record (to avoid e-rors in data reduction) without exceeding the

already fully utilized capabilities of the recording equipment. This

was accomplished by means of voltages which opposed the signal from the

LVDT to the galvanometer. A technician, observing the displacement of

the light beam reflected by the galvanometer mirror, introduced to the

galvanometer a constant voltage of sufficient magnitude to make the

galvanometer return to the vicinity of its initial position when he

observed that it was about to leave its linear range. By taking the same

action a second time, he could increase the capability of the recording

equipment by a factur of three with no loss of sensitivity. However,

the suddenly applied voltage acted like a dynamic load which the static

galvanometer was unable to follow instantaneously# without oscillation.

The records were corrected, as shm in Fig. 3.8p by construction of a

trace through the a inate center of the o•cillations parallel to the

trace before the voltage ma. aqpUd. 2Ms procedure my have resulted

in a deflection error as hI& a 0.0 An. each time the voltage was

applied, or a cuulative error of abotut 0.004 In. (about 5 percent)

during the last third of test vfen the total deflection measurewnt

approximated 0.06-0.09 in. The calibration procedure for passive

tests was similar to that used for the active tests except that

25-30 calibration steps were applied.

The upper LVDT's, installed as shown in Fig. 3.3, measured rela-

tive deflection between trapdoor and top plate of the base; this rela-

tive deflection was monitored and nulled to zero during the buildup of
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surface pressure. Because the vertical axis of the trapdoor exhibited

the tendency to tilt mentioned above, it was necessary to install two

LVDT's so that their combined output could be observed and thus the mid-

point of the deflection reference plate held stationary. The gages wer-:

interconnected so that outputs associated with motion in the same

direction would add, while the equal and opposite movements associate

with rotation would cancel. Since both gages were op'erated close to

their null points (as the Jack was immediately used to reduce any combir,

output to zero), it was not necessary to calibrate the gages for each

test. The combined output of the gages was monitored by a recording

voltmeter manufactured by Varian Associates, which is visible in

Fig. 3.17. The sensitivity of this instrument was such that it was

possible to control the trapdoor's position to within 0.0005 in.

3.4 Description of Sands Tested

During the arching studies two sands were used because at high

relative densities (Dr) •loh anre omparatively easy to reproduce from

test to test# the *t~,l mad stress-deformatior properties of the

sands are quite diffeuent. As a result of Lhis it was hoped that the

influence of these prnperties upon arching could be ascertained. in

addition to this, both sands were readily available at the Waterways

Experiment Station (WIB). The static properties of the sands used are

listed in the following paragraphs. The results of constrained, dynamic

tests on each sand have been reported by Duirbin (1964).

3.4.1 Sand 1, Reed-Bedford Model Sand

Reid-Bedford Model Sand is a clean, uniform, fine sand (sP)

obtained from a borrow pit in Campbell's Swamp near the Big Black River
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in the vicinity of Yokena, Miss., about seven miles south of WES. The

grain size distrihution is shown in Fig. 3.9. The effective grain size

(D10 ) is 0.16 mm, and the uniformity coefficient is 1.15. A microscope

examination shows that the grain shapes are predominately subangular to

subrounded. The specific gravity of the solids is 2.65. The minimum and

maximum densities are 86.0 pcf and 105.3 pcf, respectively, which corre-

spond to void ratios of 0.924 and 0.570. The specific gravity, densities,

and strength parameters listed herein were obtained by the methods

specified by the Office of the Chief of Engineers (1964). The relation

between the angle of internal friction and relative density is shown

in Fig. 3.10 and was obtained by a series of stress-controlled,

consolidated-drained, direct shear tests at several initial relative

densities under normal pressures of 1, 3, and 6 kips per sq ft. A

series of one-dimensional compression tests, described in a Waterways

Experiment Station (1964) memorandum, was conducted in a 4.25-in.

(diameter) by 1.245-in. (height) consolidometer using a ring 0.50 in.

thick. The first cycles of loading and uloading for several initial

relative densities are shown in Fig. 3.11. The loading portions of these

and other tests are shown in Fig. 3.12. Figure 3.13 sh.ws the constrained

tangent modulus versus vertical stress curves for this sand at various

relative densities.

3.4.2 Sand 2, Cook's Bayou No. 1

Cook's Bayou No. 1 is a clean, uniform, medium to fine sand (SP)

obtained from Culkin Community, Miss., immediately northeast of Vicksburg,

Miss. The sand is used cormercially as a masonry sand.

T 1 grain size distribution is shown in Fig. 3.9. The effective
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grain size (D10 ) is 0.22 amm, and the uniformity coefficient is 1.59.

Individual particles vary in shape from angLlar to rounded with sub-

rounded shapes predominating. The specific gravity of the solids is

2.65. The above determinations and the other results which follow

were obtained by the same procedures used for sand 1 and the details

are discussed in a Waterways Experiment Station (1963b) memorandum.

The maximum and minimum dry densities are 110.8 pef and 93.3 pcf,

respectively, which correspond to void ratios of 0.495 and 0.775. Th-

relation between the angle of internal friction and relative density,

obtained by the procedures nreviously mentioned, is sovin in Fig. ".l0.

Static one-dimensional compression curves for this sand are shown in

Fig. 3.14 and Fig. 3.15, and the accompanying constrained tangent modeI

versus vertical stress curves are shown in Fig. 3.16.

3.5 Soil Placement Procedure

The sand specimens were built up by a sand-sprinkling techniqu

which affords reasonable control over the density and uniformity of the

soil, as well as rapid placement. The equipment used was a largu sand

container with 12 flexible hoses attached at the bottom which guide the

sand to a IA/-in. meah screen through which it falls freely into the •

chamber (Fig. 3.17). The container, supported by a crane above the test

chamber, is rotated about its vertical axis and is guided by extra rings

temporarily placed upon the test rings. By maintaining the distance

betoteen the screen and the surface on which the sand falls, and keeping

the angular velocity of the container constant, it is possible to build

a uniform, dense specimen of sand. For each of the sands used the heigh

of fall selected was 24 + 1 in., and the angular velocity at which
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the container was rotated equaled 19 to 21 rpm. Several 12-in. specimens

of each sand were built and s&ampled for density at various locations and

depths. The results indicated that a specimen of sand 1 may be expect,_d

to be uniform with a maximum variation of +1.2 pcf from the average

density, while a specimen of sand 2 may show a maximum variation of

+0.7 pcf from the average. The average densities of the test specimens

are listed in Tables 4.1 and 4.2. The average initial density of all

specimens of sand 1 was 100.0 pcf, and the extreme values were 98.3 and

101.3 pcf. All specimens of sand 2 had an average initial density of

106.0 pcf, with extremes of 104.2 and 108.4 pcf. The variation in density

from test to test was greater than was desired, and may be attributed to

variations in the placement procedure a3sociated with various operators.

A level surface at the desired elevation above the chamber bottom was

obtained by sprinkling sand about 1/2 in. deeper than the desired depth

which alw~oys coincided with the top of a soil ring. Then, after the

guide rings were removed, the surface was leveled using the flange of

the upper ring as a guide and a length of steel angle as a screed.

3.6 Test Procedures

3.6.1 Pretest

The amplifiers, having been warmed up, were balanced and

calibration ateps were recorded for all load and pressure transducers.

The Jack was u~ed to return the trapdoor to the flush position which

was defined by a straightedge and reference to the output of the upper

LVDT's. Generally, when in the flush position the surface of the trap-

door was not parallel to the top plate of the base, but projected about

0.001 in. on one side and was depressed about the same amount on the
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opposite side. The electrical zero of the load cell was then checked on

a strain gage indicator to remove any possibility of an apparent load .u

to friction. A circle of thin plastic membrane was placed over the trap

door and the annular area immediately adjoining it, in order to help

kecp sand out of the space between the trapdoor and its cylinder. This

plastic circle was held smoothly in place by a light film of oil previc,

placed on the trapdoor. Next, the lower LVDT's were nulled by adjustXLa

the micrometer head and then the appropriate number of calibration stepr

was physically applied to the gages and the outputs were recorded. 1',:

lower LVDT's were then returned to the null position for the test. The

sand sample was next constructed as described above, the neoprene dia-

phragm was placed on the level sand surface, and the bonnet was boltee

to the uppermost ring. At this time the output of the iupper LVDT's

generally indicated that the trapdoor and the base had undergone some

relative displacement (always less than 0.0005 in.) as a result of the

sand placement and ring-bolting. If the direction of the relative dis-

placement was such that the t-mdency to move during pressure buildu-

would be opposite to it, nothing was done about it at this time. If

the tendency to move during pressure buildup was to increase the initial

relative deflection, the Jack was immediately used to eliminate it.

3.C.2 During Test

Air pressure was controlled manually by an operator who used t

Bourdon-type pressure gage for reference. A second operator, who obserl

the output of the upper LVDT's adjusted the jack handle during pressure

buildup in such a fashion that the upper LVDT output was kept at zero.

During tests with the 6 -in. tra7?door this invariably required moving
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the jack upward, while the opposite was invariably true during tests with

the 3-in. doo-. Occasionally pretest operations left the trapdoor with

a residual deflection opposite in sense to the direction in which the

door would tend to move. When this was the case, the jack was not adjusted

uitil the pressure buildup was sufficient to return the trapdoor to the

null position. The trapdoor was then continuously nulled until the

desired level of air pressure was established. At this time the trap-

door was raised or lowered by turning the jack handle 4-1/2 to 5 revolu-

tions in the appropriate direction. Generally 15 sec were required for

this, although in some of the deeper passive tesL.s it was necessary to

use a pipe wrench for leverage on the jack handle, which took about twice

as long due to the necessity of getting a new grip on tl ! jack handle

every 2/3 turn. After the trapdoor had been raised or 'A•wered, the surface

pressure was released. This concluded the test.

3.7 Data Reduction

All of the test records were read manually to the nearest

0.01 in. using an engineer's scale. The zeros for the scil pressure cells

and the trapdoor reaction were taken Just before the buildup of surface

pressure was initiated. As a result, the dead weight of the soil was

effectively omitted from the measurements, but as this was never more than

2 psi and generally considerably less, its contribution to any pressure

reading was negligible.
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CHAPIR IV: TEST RESULTS

4.1 General

The test program was composed of three series of arching tests.

The first ana second series consisted of active arching tests on sands 1

and 2, while the third series consisted of passive arching tests on sand 2.

In each series of tests the ratio of depth of cover to trapdoor diameter

(H/B) was the major variable. In the second series the surface pressure

was varied in some tests and the diameter of the trapdoor was treated as a

variable in both the second and third series. The most important test pa-

rameters are summarized in Tables 4.1 and 4.2. The redistribution of

normal stress on the base of the soil container was also measured in all

tests with the 6-in.-diameter trapdoor.

4.2 Arching Curves

Throughout this study the load on the trapdoor has been divided

by the area of the trapdoor and treated as an average, uniform pressure PB

This average pressure has been made dimensionless by dividing it by the air

pressure P. acting at the surface, and this ratio has been termed the

arching ratio. Whenever the arching ratio is equal to 1.0, no arching ex-

ists, and the actual distribution of pressure on the trapdoor and the sur-

rounding base should be uniform. Active arching is izidicated by an arching

ratio less than 1.0, but not less than zero. An arching ratio greater than

1.0 is associated with passive arching. The average deflection of the trap-

door 6 has been made dimensionless by dividing it by the diameter of

the trapdoor B . Arching ratio (P versus dimensionless deflection

,6/B) data are plotted in Figs. .4.1-4.26. Series I data are presented in
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Figs. 4.1-4.6, Series II in Figs. 4.7-4.17, and Series III in Figs. 4.I8.

4.25. Certain passive arching curves, which were obtained from tests with

the 3-in.-diameter trapdoor, are replotted in Fig. 4.26 to a smaller scale

so that the reader may observe the behavior of the arching ratio at the

very large values of dimensionless deflection which could be measured in a

few tests.

4.3 Experimental L.rors in Arching Curves

An examination of the data points presented in Figs. 4.1-4.25

reveals that the initial value of the arching ratio is very seldom equal to

1.0, and that the curves traced by the pcints in the active tests generally

demonstrate a reversal in curvature during the initial deflections when

5/B is less than 0.0002. The data points for test 31 in Fig. 4.11 provide

a typical example. The initial point indicates that the undeflected trap-

door felt about 95 percent of the surface pressure. The inability to main-

tain the full surface pressure on the trapdoor is associated with three

factors. The first is the inability of the operator to hold the trapdoor

perfectly flush during the buildup of surface pressure. As mentioned in

Chapter III, the trapdoor could be held flush to within 0.0005 in. For a

6-in. trapdoor, this error is equal. to a di•mnsionless deflection (5/B)

of approximsuely 0.1 X 103. The pmw.1 slope of the early data points

is such that this much trapdoor deflootlo, Lf downward with respect to the

base, could easily account for much of the load loss. During the tests

with the 6-in. trapdoor, the door tended to move downward. with respect to

the base. As a result, the operator manipulating the Jack in order to keep

the output of the upper LVDT's null was trying to hold the downward-tending

trapdoor flush, and his tendency was to undercorrect rather than
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overcorrect. This is borne out by tests using the 3-in. trapdoor which bad

a tendency to move upward relative to base during the application of the air

pressure. The operator's tendency to undercorrect would lead to an arching

ratio close to or greater than 1. This was the case for most tests with tt•

smaller door. The second factor is indicated by Fig. 3.4 which shows that

the top plate of the base undergoes measurable bending deflections when

loaded uniformly. The deflections, being greater toward the center of the

plate, would tend to arch load toward the outer edges and thus contribute to

the reduction in arching ratio at the center. Last of all, the possibilitN

of wall friction not allowing the load to reach the bottom must be consid-

ered. It is not believed to be significant for the majority of tests, b,.

cause the ratio of soil depth to tank diameter was kept small. However, the

tests run with 36 in. of sand 1 (Fig. 4.6) show a maximum arching ratio of

0.6 and bin friction is probably the major cause. As a result of this, thc

36-in. tests are not analyzed in the next chapter. The reverse curvature

observed in the early portions of the arching curves is associated with the

tilt of the vertical axis of the trapdoor. Reversal in direction causes a

small mount of becklash in the Jack which Mukes the platform move slightly

In other tbas a vart1oal ditiam for a short time. This backlash, by

slightly obeagig the all~ at the lewA-carrying elements causes a sl~ght

tilting of the treadoor .2 tM ltng is observable in the outputs of the

lower LVVZ's which am in oposite directions, although their average is

generally nonsero and of the proper sense. As the top surfre of the trap-

door tilts, one side moves in the wrong direction, or at least at a lesser

rate in the proper direction. This situation causes the rate of load change

to be less than it should be until the tilting stops. The reversals in
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passive tests with the 3-in. door because these are the only tests requir-

ing a reversal in Jack direction to initiate relative deflection. An

examination of the data reveals that the reversal in curvature is found

only in active tests with the 6-in. door. The absence of the tendency from

the passive tests with the smaller door indicates that the error associated

with this small tilt occurs at deflections smaller than the accuracy of

the LVDT's.

4.4 Correction of Experimental Error

The experimental errors mentioned above are associated with the

inability to begin all tests with an arching ratio o.L 1, and the reversal

in curvature in the very early portions of the active arching curves.

Since both of these errors ara associated with an inability to control

and measure deflections precisely at the beginning of a test, some method

was sought whereby the curves might be adjusted by -i changes in deflec-

tion. This approach is justifiable because the total load acting on the

trapdoor is known with a high degree of certainty so that any deviations

in its value from other than ideal camditions must really exist and should

be due to some uimesuaed deflection. AlMoog adjustm•t based upon the

load measuremat (eor eemVUe, amag the a ntiallj Masured load all of

the applied load an therebs forcifg the initil arching ratio to equal 1)

would change the value of the ultimate arching ratio which ought to be in-

dependent of deflection. A similar situation would exist if one attempted

to measure the ultimeate bearing capacity of a footing and ignored a non-

trivial load already acting before the start of the test.

Physical reasoning requires one to assume that the initial
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tical. In order to test the hypothesis, the data points for corresponding

active and passive tests are plotted together in Figs. 4.27-4.30. The gen-

eral identity of slope on both sides of the crossover point is apparent in

these figures. The straight lines drawn on the figures approximate quite

well the initial slopes of corresponding sets of data points. The lines, in

general, do not go through the ideal crossover points. An assumption that

the error is associated with deflection would justify correcting each of the

curves by translating them to the right far enough that each curve begins at

its proper initial point. Because the errors are of the same magnitude as

the error associated with holding the trapdoor flush with the base (0.0005

in.) the correction seems reasonable. Thus, the curves drawn in Figs. 4.1-

4.25 represent an average of the plotted points except in the vicinity of

the reversals in curvature. Here the best straight line which could be

Irawn through the points lying just beyond the vicinity of the reversals in

curvature has been used as the initial tangent. Whenever the active arch-

ing curves from this chapter are used in the chapters which follow, this

initial tangent is extended to the point where it crosses the arching-

ratio-equals-1.0 line and this intersection is taken to be a new initial

point for deflectiowm.

4.5 Stress Rsdistwibutioa an tO Arching

Figs. 4.31-4.45 present profiles of changes in vertical stress

at the surface of the top plate of the base as a function of the dimension-

less deflection of the trapdoor. The data from Series 1 are shown in Figs.

4.31-4.34, while the data from those tests of Series 2 and 3 conducted

with the 6-in. trapdoor and a surface pressure of 75 psi are shown in
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sets. 4.35-4.37 and Figs. -.38-4.-43, respectively. The 'profile* frcm tests

run with pressures of 140 and. UO pal are shon in Figs. .44l and 4.45.

Positive stress changes are associated with increases in vertical stress.

The values presented are the average stress change of tvo pressure cells

located the same distance from the center of the trapdoor.

4.6 Influence of Experimental Error on Stress Data

Because the soil pressure cells were calibrated in place during

the buildup of air pressure for each test, it is felt that errors associated

with soil placement have been minimized for cells which undergo only in-

creases in pressure during a test. However, since a buried pressure cel]

follows a different unloading path, special unloading calibration tests had

to be conducted. The relation between loading and unloading stress for a

given level of transducer output (Appendix A) is quite consistent for three

tests of two different transducers even though one of the loading-unloading

calibration curves was markedly different from the others. The extrapo-

lation ot the calibration curves to levels of pressure beyond that of the

surface pressure is a potential source of error. This is a minor factor

for cells subjected to only increasing loads because the slope of the cali-

bration curves between 75 ad 110 psi is essentially the saw as the slope

between 60 and 75 psi as sbom In Apeni A. oweve, certain cells

occasionally underwent increases In Mmsae followed by decreases. Thare

is no calibration infomiatic available to cover these situAtions and

Fig. A7, which relates loading and unloading pressures f1m 75 psi, was

used. The result of these uncertainties is believed to be a variation of

about +2 psi in any pressure change. This variation is of the same magni-

tude as many of the pressure changes observed and so the data, while



adequate to qualitatively indicate maguitudes and distributionat pof aum

changes, should not be used quwtitatively to predict aml changes in

pressure.



CHAPTER V: ANALYSIS OF TEST DATA

5.1 General

The data presented in the previous chapter !ndicate that wider

certain conditions arching may be a very significant factor in deter-

mining the total load which acts upon a buried structure. The potential

influence of arching on the distribution of load is also apparent and

could well prove to be more important to a designer than gross load

changes. In this chapter the influence of the test variables on the

arching curve, and the usefulness of available analytical solutions in

predicting arching are assessed. A method of constructing an arching

curve is presented; and the redistribution of stress over the area adjacent

to the trapdoor is analyzed.

5.2 Influence of Test Variables on Arching Curves

5.2.1 Active and Passive Arching

Striking differences exist between the plots of arching ratio

versus dimensionless deflection measured in active and passive tests at

equal values of H/B. For very mall values of dimensionless deflection

(-1 < x 1000 < 1) comparable active and passive arching curves are

symmetrical about their coma point (1.0,0) as tidicated by Fig. 5.1 and

Figs. 4. 2 7 -4. 30. Beyond these bowns, the arehbg ratio falls off quickly

to zero or some finite lmiting vs ue (Called hereafter the ultimate

arching ratio) for active curves, hile for pasive curves, the approach

to an ultimate value requires much larger deflections (especially for

large values of H/D).
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5.2.2 Influence of Surface Pressure

Active arching tests with sand 2 were conaucted with P need-5

nally equal to 40, 75, and 110 psi for values of H/B equal to 1/3, 2/3,

and 1. The summary arching curves for these tes'.s have been plotted to-

gether in Fig. 5.2. For a fixed value of H/B , the final portion of eac,

curve (i.e. the value of the ultimate arching ratio) is associated with the

angle of internal friction which is, for all practical purposes, a constant

for pressures in this range. Fig. 5.2 indicates that this is the case.

The variations among final portions of comparable curves are small and at

tributable to experimental variation. The influence of P on the initials

slope of the arching curve (Ti) cannot be evaluated directly from Fig. 5.e,

because of the interrelation between P and the constrained tangent modu-5

lus Mct of the soAi. The elastic solution of Chelapati (1961) indicates

that the slope of ex arching curve will increase if Young's modulus (E) ir

increased, and will decrease if P is increased. A similar relation is

indicated by equation 5.3.2 (page 50) which is derived from an equation re-

lating the load and deflection of a rigid circular die m an elastic half-

space. The dependence of T an Pa as given in equation 5.3.2 is a

result of the use or P as a nomalizing factor for the ordinates of tle

arching curve. 2M relatim tat Ten : and NMct/Ps (since Met is

related to the I given in equatim 5.3.2) is indicated by Table 5.1.

Although there are variations which may be the result of experimental error

and the witer's ability to represent the data by a single curve, the

initial slope of the arching curve decreases as the ratio Mct/Ps de-

creases. For most sands at low values of vertical stress (less than

400 Dsi) the ratio MCVPs is fairly constant (Whitman (1964), page 41),



Table 5.1

Influence of Surface Pressure P and Constrained -nt

Modulus M ct on Initial Slope of Arching Curve i

Ps Met Mct Ti
,and as psi H•oo P = 23 1

2 40 32,000 8.0 o.84 1.4o 1.6o
2 75 148,000 6.4 0.80 1.10 1.36
2 110 62,o0o 5.6 0.78 1.16 1.6o1 75 24,000 3.2 0.55-0.88 1.00 1.20

xnd so the dependence of the arching curve on Ps is not evident. Although

ýhe influence of P on passive arching was not studied experimentally, the

rriter concludes that the passive arching curves for a given sand would be

!ssentially independent of P . This conclusion is based on the ultimate

irching ratio's lack of dependence on P , the general identity of active

And passive initial slopes for the same value of H/B , and the F idence of

1riandifilidis et al (196: ).

5.2.3 Influence of Soil Properties

The influence which the various straigths and stress-deformation

)roperties of the soils tested have vW= active arching my be detcrmined

-eadily by a comparison of the daftwamwi zed In Fig. 5.3. The top plot

Cf Fig. 5.3 shows that throamt W60 St OOmpoMable tests the

tronger soil (eM 2) MS o"Oble a ttMteuwag mor load ftan was

and 1. For H/h equal to 4, the ult4i•te archin ratios are Lamost the

aame, but the middle plot of Fig. 5.3 Indicates that about twice the de-

lection was required to reach this ratio with send 1. For the two most

hallow burial ratios (H/B - 1/3, 2/3) the ultimate arching ratios varied

,y about 0.1, sand 2 exhibiting the lower, although the trapdoor underwent



about the same displacement for both sands in developing the ultimte sick.

ing ratio. The above behavior is not unexpected because shallow depth of

soil is quickly brought to a state of plastic equilibrium by a small lown-

ward deflection. The load transfer capacity is then dependent only on

the angle of internal friction, which is greater for sand 2. When the

depth of cox -r is i:icreased so that small deflections do not bring the

entire depth to a condition of plastic equilibrium, the load transfer

capacity above the trapdoor depends not only on the angle of internal

friction, but also ci the height of soil above the door through which the

shearing strength is mobilized. Hence, at great depths of cover the effeLt

of a smaller value of angle of internal friction is compensated for by

increased deflections which mobilize the strength of more material. Simi-

larly, the behavior of the initial slopes of the arching curves as shown

in the bottom plot of Fig. 5.3 is reasonable. Because of the reversals in

curvature indicated in Fig. 4.1, an upper and lower bound had to be set or

one value of initial slope, but within these limits the behavior is such

that sand 2, which has the higher constrained tangent moduli, manifests the

higher initial slopes. This is in accord with certain theoretical solu-

tions which will be discussed in Section 5.3.

5.2.11 Ratio of Soil Deyth to frap8oor Diameter (H,/B)

The arching curves in Chapter IV make it quite apparent that H/B

is the only significant geometrical variable treated in this study. The

results from tests with both sizes of trapdoor are the same in all signifi-

cant respects for a constant value of H/B . The influence of the H/B

ratio is substantial. The ultimate arching ratios depend upon the H/B

ratio as shown in Figs. 5.3 and 5.T for active and passive tests. The
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influence on active te3ts is greater when H/B is less than 1, because a

plane of equal settlement is not established in the sand above the trap-

door. For passive tests, changes in H/B coz.tinue to have an influence

on the ultimate arching ratio to the extreme value (H/B equal to 2-2/3)

tested. However, the passive data points for H/B greater than or equal

to 2 follow the same curve out to high values of dimensionless deflection

:0.015) before leaving the comnmon curve (Fig. 4.26). Therefore, the in-

Pluence of the H/B ratio on the passive arching curves for values of H/B

ýreater than 2 is insignificant for values of b/B likely to be encoun-

tered in practical problems. One geometrical variable not significant to

this study which could prove significant in situations where the weight of

soil is not negligible is the diameter of the trapdoor, because the area to

perimeter ratio of the trapdoor varies linearly with the diameter.

5.3 Theoretical Solutions as a Basis for Predictions

5.3.1 General

The writer knows of no available elastoplastic solutions with

which the results of the tests may be directly compare(... Therefore, in the

following sections certain elastic solutions which may prove of value in

estimating the initial slope of an arching curve, and certain plastic

solutions which may help with estimates of the ultimate arching ratio are

considered.

5.3.2 Elastic Solutions

Unfortunately, the solutions of Finn (1960) and Che-apati (1964)

cannot be compared directly with the test results because they are p"ane

solutions. However, the general behavior of the arching curves which the

solutions imply ought to exist during active arching (Section 2.2) was
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observed in every respect but one. As explained in Section 5.2, P did

not influencr the initial slope of the arching curves because the modulus

Mct varies nearly linearly with P . Timoshenko and Goodier (1951, p 372)

present an elastic solution which relates the load and deflection of a rigid

circular die resting on the surface of a semi-infinite, elastic medium. BL-

cause of the axially symietric nature of this solution, it is of possible

interest in spite of different boundary conditions adjacent to the die.

The equation in modified notation is

_(PB _P s) B 2 1~ 2)
B E 5.3.1
BE

which may be manipulated to give Young's modulus as a function of the

initial slope of the arching curve, T, , the surface pressure, and

Poisson's ratio (v).

E 2509 (1 - V 2) Ps T 5.3.2

where

T (P48 - I
Ti 8 /,B x 1O000

Based upon the initial slopes taken from test data and listed in Tables 4.1

and 4.2, it is possible to compute an effective value of Young's modulus

for comparison with the constrained tangent modul" of the sands. The

comparison is made on Fig. 5.4 for an assumed value of V equal to 0.3.

It Is apparent that the difference in constraint on the material adjacent

to the trapdoor and that adjacent to the die is not negligible because at

the smaller values of H/B where the difference between a semi-infinite

solid and a finite solid ought to be most apparent, the agreement is best.

At the higher values of H/B the ratio E/ 4ct approaches a constant



value of approximately 3. This behavior is reasonable because at these

greater depths the experimental setup more closely resembles a semi-

infinite space and only the difference in constraint should play a major

role. The heavy line in Fig. 5.4 is a reasonuole representation of the

observed trend for later use in the construction of an arching curve.

5.3.3 Plastic Solutions

Because of the state of plane strain considered by Bedesem

(1964), Terzaghi (1943), Spangler (1948), and others, it is difficult to

make a direct comparison between their analyses and the values of the

ultimate arching ratio observed in these tests. However, it is not diffi-

cult to modify the approach of Terzaghi and Spangler in order to derive an

axially symmetric solution based on the assumption of vertical shearing

planes rising above the circumference of the trapdoor to the surface.

Equation 5.3.3 is the solution of the differential equation obtained from

a summation of the vertical forces acting on the differential element

shown in Fig. 5.5. The details of the solution have been presented by

Van Horn (1963, p 3).

PB = P. e D + Wtan 0 3) 53.

where c is the cohesion of the soil, V is the unit weight, and K is

an effective earth-pressure coefficient. The upper signs of those in

pairs apply to active arching, while the lower apply to passive arching.

If, as is often the case, the surface pressure is large enough to make the

weight of the soil negligible, and if the soil is assumed cohesionless,

the following expression for arching ratio results.
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PB +4K tan% 534H
S

The paired signs have the same significance as indicated above. The

derivation of this equation will be referred to as the differential

approach. It is also possible to consider the sand cylinder above the

trapdoor a rigid body which transfers load across the cylinder wall by

shear at a uniform rate from surface to trapdoor. That is, the change

in normal stress due to arching will be neglected -within the cylinder,

and P wrill be taken as the vertical stress down to the level of the
S

trapdoor. The following relations result, if cohesion and soil weight

are neglected.

PB(g B) P (x-)2 P (K tan 0)(n B H)

or

T. *1 4K tan 0 H 5.3.5

This line of reasoning will be termed the rigid-body approach. Figs. 5.6

and 5.7 indicate that neither approach is adequate to predict the ultimate

loads due to both active and passive arching. The active arching data

pointR on Fig. 5.6 do generally plot as equation 5.3.4 predicts, while the

plot of equation 5.3.5, which was fitted to pass through one data point,

bears no resemblance at all to the form of the data. The opposite is true

in the case of passive arching, as the various curves on Fig. 5.7 indicate.

Here the rigid-body approach follows the data points quite well when H/B

is less than 2. The effective earth-pressure coefficients (K) indicated

beside the curves of Figs. 5.6 and 5.7 were back-calculated by treating
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them as unknowns in equations 5.3.4 and 5.3.5. The concept of treating

K as a variable which depends on H/B is in consonance with Terzaghi's

(1936b) observa'on that K varies above a yielding trapdoor (Fig. 2.1).

The situation studied by Terzaghi was one in which the plare of equal

settlement was well below the surface of the soil. Since the soil above

the plane of equal settlement does not undergo any major reduction in

vertical stress, one would expect an effective value of K , based upon

the assumption of a fully developed shearing surface, to become le-z as

the depth of cover increases. Fig. 5.8 shows the manner in which K ,

back-calculated from equation 5.3.4, varies with H/B for both active and

passive arching. The values of K associated with active arching increase

from about 0.7 for H/B equal to 1/3 to about 1 .25 for H/B equal to 1,

and then decrease to 0.7 and 0.3 for H/B equal to 2 and 4. The in-reasu

in K between small values of H/B and H/B equal to 1 is attributable

to the fact that the true surface of sliding probably resembles more

nparlý the surface of a truncated cone than the rurface of a right circular

cylinder. Since the surface area of a cylinder increases directly with

the height while the surface area of a cone depends upon the height

squared, the increased value of K compensates for an increase in shearing

surface not accounted for in the theories. The decrease in K when H/B

is greater than 1 is in accordance with the concept discussed above in

connection with Terzaghi's experiment. The values of K c.ssociated with

active arching in sand 2 when H/B is greater than 2 (Fig. 5.8) are

actually hypothetical since they are based upon an assumed ultimate arch-

ing ratio o1 0.01. The actual value of the ultimate active arching ratio,

(0.00), is associated with infinite depths of cover. The values of K
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associated with passive arching decrease from about 0.59 to about 0.34 as

H/B varies from 1/3 to 1-1/3, and then remain fairly constant as H/B

increases to a valu, of 2. The decrease in the value of K which accompa-

nies the first few increases in H/B is associated with the success of

rigid-body approach in predicting these ultimate arching ratios. When H/B

is small, a cylindrical mass of soil is pushed upward by the trapdoor. The

vertical stress varies from a very high level right above the center of the

trapdoor down to P at the surface of the soil where K iz probablys

about the same as K . However, at the level of the trapdoor, but over0

its perimeter, the dizturbance caused by the door deflection is felt as

shear accompanied bV a d`lation perpendicular to the failure plane. Thi..

tendency to dilate causes an increase in horizontal stress greater than

that assgciated with K . As a result, the effective value of K is0

higher than K . As the depth is increased, the extreme values of K at0

the upper and lower surfaces have less influence on the effective value of

K and it decreases. As the depth increases, the variation in K becoi.-

more uniform from top to bottom and, therefore, more like the model used

in the differential approach. This explains the inability of equa-

tion 5.3.4 to predict ultimate passive arching ratios until rather la-r•e

H/B ratios are reached (Fig. 5.7). For lower values of H/B , the rigid-

body approach happens to work because the underestimation of vertical

stress in the soil cylinder caused by assuming that it does not vary is

compensated for by the high value of K (0.9) obtained from fitting the

equation through the points of Fig. 5.7. As the depth increases, the

underestimation of vertical stress becomes more serious, but the constant

value of K continues to compensate because the actual effective value
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of K is decreasing. At the value of H/B where the actual value of

K becomes stable, the rigid-body approach ceases to work satisfactorily.

Equation 5.3.4 is considered better than equation 5.3.5 for the prediction

of ultimate arching ratios, both active and passive, because the differ-

ential approach is based upon a more realistic model. The vari.tion of

effective earth-pressure coefficient with H/B must be taken into account,

however. Table 5.2 contains a list of recom.mended values based upon the

results of these tests.

The arching curves indicate that a plane of equal settlement for

active arching associated with an ultimate arching ratio of zero is located

about one diameter above the trapdoor. Increases in cover above this depth

change the form of the arching curves very little. A maximum value of

ultimate arching ratio was not observed during passive tests. This seems

reasonable since a large enough deflection into the soil should be able to

disturb any finite depth of soil cover. On the other hand, the initial

portions of the arching curves for large values of H/B are very much

alike (Figs. 4.23-4.25). This suggests that the curves follow a comnon

line, and each breaks off in the vicinity of its own ultimate arching

ratio. The nature of these curves is discussed in more detail in the

next section.

5.4 Secant Analysis of Arching Curves

5.4.1 General

The methods of elasticity and plasticity kt[ased vpon an assumed

slip plane) having b.en used to predict reasonable values of the initial

slopes and final values of the arching curves, do not help with the problem

of cornstructi' g the intermediate curve. No general method is known to the
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writer which can describe the transition from a quasielastic condition to

a state of plastic equilibrium. The shape of the arching curves reflects

this transition. An empirical method of analysis is described below

which uses both the initial slope and final value of the active arching

curves, thus taking into account both extremes of behavior, and allows

prediction of curves for other soils. A similar method is described for

passive arching curves, but it is based purelv on the final value. The

analysis below is based upon the arching curves of Chapter IV corrected

as indicated in Section 4.4.

5.4.2 Definitions of Terms

Fig. 5.9 illustrates the terms and methods ased in the secant

analysis. A general active arching curve is used for the sake of example.

The maximum change in the arching ratio between the initial point and

final value is termed A (AR)max and defined as follows:

Active Arching A (AR)max 1.00 - (AR)ult

Passive Arching A (AR)max (AR)ult - 1.00

The value of (AR)Ult is termed (AR) 1 .0 0 because all of the changc in

arching ratio has taken place when it reaches this value. Other values of

arching ratio between 1.00 and (AR) 1 .0 0  are represented by (AR)N

where the subscript indicates how much of the change, A (AR)max , has

been accomplished when the arching ratio reaches this value. Four values

of the arching ratio (AR) 0 . 2 5 , (AR)0. 5 0 , (AR) 0 . 7 5 , and (AR)0. 9 0 are of

interest in this analysis. Secants drawn from the initial point of the

arching curve (0, 1.00) to a point of interest on the curve are identified

by SN which stands for the slope of the secant to the point of interest

associated with (AR)N . S is the slope of the initial tangent also

designated by Ti
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5.4.3 Results of Analysis

Fig. 5.10 presents the results of the analysis. The upper plots

show the variation in secant slope associated with certain percentages of

A (AR)max . The lower plots show how tha secant slopes, having been

normalized by division by the appropriate T. , vary with these same1

percentages of A (AR)max . The sersants taken from the active arching

curves show no general agreement with one another. However, their varia-

tion from Ti as load is lost generally follows the saIle pattemn. This

is very evident in the lower left plot of Fig. 5.10 wherein each has been

normalized by T.i The maximum spread between extreme points is 0.16;

it is associated with the 75% and 90% values of A (AR)max . This varia-

tion, if applied to the arching curve for .'/B equal to 4 can result in

extreme values of S0.90 of 0.61 to 1.02 for sand 2 and 0.32 to 0.53 for

sand 1. The widest variation in normalized slope is associated with the

lowe-.L values of arching ratio, where a variation in secant slope will

cause the greatest error in dimensionless deflection (see, for example,

how the horizontal distance between S0. 7 5 and S0.90 in Fig. 5.9

increases with decreasing values of the arching ratio). This maximum

error, being associated with low values of arching ratio, is not apt to

cause serious trouble because of the self-limiting nature of the inter-

action which tends to make the initial portions of an arching curve more

significant than the later portions.

The analysis of the passive arching curves is shown on the right

side of Fig. 5.10. This analysis shows that for passilre arching the

slopes themselves collapse much better than the normalized slopes. If

the points for H/B equal to 2 are omitted, the spread is greatest for



the secants assaciated with values of arching ratio close to the ultimte

value. The possible errors at the large values of dimensionless deflec-

tion associated with these larg• arching ratios are not particularly

significant. The error associatei with an av.erage value of slore at

these large arching ratios miay be minimized by specifying a range of

slopes which increases with H/B , as indicated by the order of the data

points (again omitting H/B equal to 2). The failure of the points

associated with H/B equal to 2 to fall into the vicinity of aria the

sequence indicated by the other points seems to reflect an underestimatior

of the ultimate arching ratio. For this test and the deeper tests the

arching ratios were determined by extrapolation. The major results of

the secant analysis are summarized in Table 5.3.

5.4.4 Prediction of Arching Curves

An arching curve for sand may be predicted with reasonable

accuracy using the results contained herein for H/B less than 4 for the

active case, and less than 2 for the passive. It is necessary to know

beforehand the angle of internal friction (9) and the constrained tangent

modulus versus pressve relation for the sand. Using 0 and an appropri-

ate value of X (Table 5.1), the ultiumte arching ratio can be estimated

by the use of eMtM 5•.3.4. Next.. a effective Young's modulus, based

upon the constrained tangent modulus, can be estimated by using Fig. 5.4.

This effective modulus is used in equation 5.3.2 with Poisson's ratio

equal to 0.3 to estimate the slope of the initial tangent to the arching

curve, Ti . It is now possible to construct th. initial tangent and the

horizontal lines associated with A (AR)max and 0.9A to 0.25A , as

shown in Fig. 5.9. Next the slopes of the secants, S0.2 5 to S0.90 , can



e obtained directly for passive arching or in normalized form for active

rching from Table 5.3. The slopes can be used to construct the appropri-

te secants and locate the points of intersection with the corresponding

orizontal lines. Finally, based upon the initial slope and ultimate

rching ratio together with four intermediate points, the arching curve

an be drawn as a smooth curve or a series of line segnents. Lecduse cf

he limitations on surface pressure in the tests, it is felt that this

onstruction should not be used for pressures greater than 200 psi.

.5 Transfer of Vertical Stress Due to Arching

5.5.1 General

The elastic solution of Finn (1960) and the elastoplastic

olution of Sirieys (1964) each has its place in describing the observed

edistribution of vertical stress adjacent to the trapdoor. Passive arch-

.in' stresses are best described by the former, tnd active stresses by the

atter. In the following sections the most significant observations are

iscussed, compared with theory, and reasons for the inability of one

*heory to describe all of the data are discussed.

5.5.2 Active Archin

The moat striking featur• a the U tr distributions associated

ith active arching Is the re *ctift to #sess obaseavd with large values

,f H/B and deflection (Figs. 4.33 wa 4.34) in saM 1 aM its failure to

ppear under similar conditions in nod 2. If the ratio P/oo in Girieys'

lastoplastic solution (Fig. 2.3) is interpreted as the arching ratio,

B, the solution predicts that for small values of the arching ratio
s
he boundary between the elastic and plastic region will be farther from

h'e perimeter of the trapdoor in sand 1 than it is ..n sand 2. Hence,
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because there were ný' pressure cells closer to the edge of the tradoor

than 2-3/4 in., the plastic ragion in sand 2 could not be detected.

The size of the plastic region ap .-ars to be limited by shallow depths

of cover which do not begin to approximate the geometry of the solution.

This is indicated by Figs. 4.31, 4.32, 4.35, and 4.36, which show that

no reduction in vertical stress was observed for values of H/B equal to

or less than 2. That a plastic region exists at all depths of cover seems

to be unquestionable because of the abrupt discontinuity existing at the

edge of the trapdoor when it has deflected a small amount. This contentim-

is supported by the continual redistribution of pressure as the deflection

of the trapdoor continues after the load on the trapdoor has stopped

changing. The continued deflection of the trapdoor under constant load

enables more sand to flow, which causes the plastic region to grow with

an accompanying reduction in vertical stress adjacent to the trapdoor and

a buildup farther away. Consider the behavior of the closest cells at H/

equal to 2/3 (Figs. 4.31 and 4.35). In each of the tests the arching

ratio assmued a nearly constant value at a dimensionless deflection of

about 4 (Figs. 4.2 and 14.l)p yet as the deflection increased further to a

value of aboat 16 the nxibm chanse In vertical stress grow from about lu

to 16 ps. I s InS a ft • a •mww arhinh or load, induced by the

plastifloation at the sod in the vicinity of the trapdoor, takes place.

The extent of the area ova %Ucih significant arching stress was observed

is a function of the A/b ratio and the soil as indicated by Fig. 5.11.

The curves appear to be tending toward a maximu• radius which is indepen-

dent of depth of cover for H/B greater than 4. The maximum radius is

estimated at six to eight trapdoor raiii. The influence of surface



61

.essure P car bt estmated by studing Figs. 4.141 and )&.I.5 Ihich abw

te results of tests run at 140 and 110 psi. There appears to be a direct

.latimn between arching stress and the air pressure on the sand surface.

5.5.3 Passive Arching

The arching stress distributions associated with passive arching

ýe shown in Figs. 4.38 to 4.43. These distributions resemble the elastic

tress distribution (Fig. 2.2) much more than elastoplastic distributions.

severe reduction in stress close to the trapdoor is evident. Within

short distance, the chsuge in stress passes through zero and becomes

slight increase. The passive arching stress distributions indicated

uch greater stress changes than did the active distributions, but it is

ifficult to quantitatively assess them because of the difficulty in

btaining an in-place unloading calibration. However, the tendency toward

xtreme stress changes distributed over small areas is clear. The peak

'eductions in strese increase with deflection and H/B for values of H/B

.ess than or equal to 1.
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CHAPTER VI: SUMMARY AND CONCLUSIONS

6.1 summary

In order to better define the capability of real soil to transfer

load away from or on to flexible and stiff buried structures, a series of

active and passive arching tests was conducted with two sands. A circulai

trapdoor, mounted flush with the bottom of a circular soil container, was

used in order to minimize the influence of sidewall 'riction. The trapd-.,;

was held in the flush position until a preselected level of air pressure

was established at the sand surface; then the trapdoor was forced to Inoe

into or away from the soil mass. The load acting on the trapdoor and the

average deflection of the trapdoor were measured. The influence of depth

of soil cover, trapdoor diameter, surface pressure, and the strength and

stress-strain properties of the soils used were investigated. The test

results have been presented as arching curves which show the relation b(:-

tween the ratio of the average pressure on the trapdoor to the air pres-

sure on the soil surface and the dimensionless ratio of the deflect[on of

the trapdoor divided by the door diameter. The influence of the variables

has been assessed; the influence of small deflections is known quanti';a-

tively; and a semiempirical method of analysis has been developed which

allows prediction of the arching curves associated with various sands.

In addition, the changes in vertical stress on the area adjacent to the

trapdoor have been measured and certain conclusions drawn concerning

their extent and magnitude. Certain aspects of the physical behavior of

the soil adjacent to the trapdoor have been inferred by means of the

stress measurements.
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6.2 Conclusions

As a result of the experimental program it is concluded that the

dimensionleF4 plot of pressure versus deflection, called herein the arching

curve, may be successfully used to predict coil arching in a simple, easily

visualized form. The arching data contained herein indicate that the

importance of very small relative deflections can hardly be overestimated.

A structural deflection as small as 0.0002 times the major dimension of

an area is capable of causing the load on the area to change by as much

as 50 percent. Greater deflections can cause much greater changes in load,

but the relation is far from linear and depends upon many variables.

The influence of soil properties may be satisfactorily taken into

account for cohesionless soils similar to those tested as part of this pro-

gram, if one knows the angle of internal friction at the relative density

of interest, and the constrained tangent modulus at the relative density

and pressure of interest. The free-field stress has little influence upon

the shape of the arching curve for a given sand, within the range of pres-

sures utilized (40-110 psi), due to the tendency of the constrained tangent

modulus to increase with confining pressure.

The results of the tests may prabb4 be extrapolated to larger

structures, because the size of the traoor did not iluence the arch-

ing curves within the sizes studied.

Most active arching takes place in the soil immediately above

the structure so that soil cover in excess of one to two diameters changes

the arching curve very little. Passive arching, however, is greatly

influenced by each addition to the H/B ratio, within the range of tests

(1/3 < H/B < 2-2/3). However, even this dependence seems minimal when the
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data of Fig. 4.26 are examined. Here it is evident that the influesm of

cover in excess of two diameters is mmll until very large deflections mv

reached. Since the interaction between soil and a real structure is self-

limiting, it is concluded that the influence of H/B on passive arching

curves is minor in tne ranges of 6/B of interest in practical problems,

if H/B is greater than 2.

The semiempirical secant analysis method which takes both the

initial slope and final value of the arching curve into account is satis-

factory for the prediction of both cactive and passive arching curves with,.

reasonable limits for dense, cohesionless soil. However, the differences

in method of application to active and passive arching considered togetler

with the success of the rigid-body approach in predicting ultimate passive

arching ratios (for small values of H/B), and the inability of a single

analytical solution to predict stress distributions for both active and

passive arching lead the author to conclude that, except at very small

values of 5/B , the phenomena of active and passive arching are quite dif-

ferent. This conclusion Is further confirmed by the fact that much larger

values of dimnensionless deflection are required in passive arching tests

to deveop oewain ardLhM ntios then we required in active tests; e.g..

even for R/3 *got to 3/3 thM Vtimate passive arching ratio requir,-s a

deflection five tim gpeMr than the ultimate active arching ratio.

The e•surements of stress redistribution indicate that a stress

increase as high at a quarter of the free-field stress may be expected in

the vicinity of a yielding structure, and that a stress reduction as high

as the free-field stress itlslf may be expected in the vicinity of a rigid

structure. If structures or gages are to be isolated from interaction witt



one another, Fig. 5.11 can be used to estimate the requir*d spacing. For

structurer having about equal dimensions in plan, the figure can be used

directly. If Fig. 5.11 is used for rigid structures, as well as flexible

structures, the results should be conservative. For long structures, like

tunnels, the distance from the figure should be squared.

6.3 Suggestions for Research

Certain items which have come to light in the course of this

study, or which seem to be natural continuations of the work, are offered

for considerati on:

a. A te.t program, similar to that described herein, should

be conducted on cohesive materials in order to determine

the significant strength and stress-deformation

parameters.

b. A brief number of tests aý.ove an elastically supported

trapdoor should be run in order to test the applicability

of these data to simplified soil-structure interaction.

c. The role of arching in a dynamic environment has yet to

be established. A dynmic test program on an elastically

supporteod, y as" trepdoa veosAd Wove or disprove the

role. A Lmr-.st• pales should be used If possible

so that coeemp la i oad d to orhing could be separated

from those due to decay.

d. The work of McDonough (1959), Luscher and H~eg (1964),

and Sirieys (196") all suggests that some internal confin-

ing pressure greatly enhances the ability of the material

around a tunnel to develop ring-type arching. It is
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suggested that the design of tunnel linings be studied

from this point of view.
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Table 4.1

Suwmnry of Active Arching Test3, Series I and II

Depth Average initial Ultimate
Trap- to Measured Unit 'feight Slope of Value ADIroximal

Depth door Diam- Measured Unit of Soil Arching Curve of Arching Dimensionli
of Diam- eter Surface Weight for Each Arching C o Deflectior

Test Date Cover eter Ratio Pressure of Soil Group of (P.s " 1 Ratio at Ultimat
No. 1964 in. in. (_B p..si pcf TeLts, peT \ /B x 1000- (PB/Ps)ult Arching Rat

Series I, Sand 1

1 8-4 2 6 1/3 75 98.32 9-4 2 6 1/3 73 98.9
3 13-4 2 6 1/3 74 997 99.5 0.55-0.88 0.55 4

4 6-5 2 6 1/3 74 101.0

5 6-5 4 6 2/3 73 100.6
6 12-5 4 6 2/3 74 100.4 99.8 1.00 0.25 4
7 26-5 4 6 2/3 74 98.3

8 7-4 6 6 1 73 99.7
9 7-4 6 6 1 74 99.3 1oo.4 1.20 0.05 4.5
10 13-5 6 6 1 74 100.2

U. 10-3 12 6 2 76 101.1
12 12-3 12 6 2 75 101.3 100.8 1.30 0.03
13 12-3 12 6 2 -75 100.5
14 13-5 12 6 2 75 100.5

15 20-3 24 6 4 74 99.8
16 20-3 24 6 4 75 99.4 99.9 1.40 0.02 3.5
17 14-5 24 6 4 74 10o.4

18 23-3 36 6 6 74 100.2
19 24-3 36 6 6 74 100.0 100.1 0.02 --

20 15-5 36 6 6 74 100.0

Series II, Sand 2

21 10-6 2 6 1/3 38 105.0
22 11-6 2 6 1/3 37 105.8 105.4 0.84 0.ta5 3.5

23 9-6 2 6 1/3 72 lO4.5
24 9-6 2 6 1/3 72 104.2 104.8 0.80 0.45 4

25 10-6 2 6 1/3 73 105.8

26 11-6 2 6 1/3 ~11o 106.3 106.7 0.78 c.4o 4.5
27 11-6 2 6 1/3 w110 1o7.1

28 17-6 4 6 2/3 38 1=7.6 108.0 1.40 0.05
29 17-6 4 6 2/3 38 108.4

30 16-6 4 6 2/3 73 107.0
31 16-6 4 6 2/3 73 107.0
32 17-6 4 6 2/3 72 106.3 106.9 1.10 0.15
33 6-10 2 3 2/3 71 107.1
34 6.10 2 3 2/3 73 107.1

35 17-6 4 6 2/3 108 1o6.3 lO6.3 1.16 o.o
36 18-6 4 6 2/3 107 106.3

37 3-6 6 6 1 39 106.2 106.. 1.60 0.00 2.5
38 4-6 6 6 1 40 106.0

39 28-5 6 6 1 72 105.5
40 28-5 6 6 1 75 105.7 105.9 1.36 0.0
41 3-6 6 6 1 75 106.2
42 4-6 6 6 1 74 106.0

43 7-7 6 6 1 95 105.7
44 8-7 6 6 1 109 105.5 105.6 1.6o 0.02 3.5
45 8-7 6 6 1 102 105.5

46 5-6 12 6 2 73 1.6.5
47 5-6 12 6 2 73 l16.2 105.8 2.32 0. 2
48 7-10 6 3 2 73 10 .5
49 7-10 6 3 2 72 105.9

50 18-6 24 6 4 74 lO6.5
51 25-6 24 6 4 72 106.2 106.1 2.60 0.00 1.5
52 9-7 24 6 4 73 105.5
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Table 5.2

Prediction of Ultimate Arching Ratio in Dry Sands

Equation 5.3.4

Effective Earth-Pressu-
Burial Coefficient K

Active Arching

H/B < 1/3 0.7

1/3 < H/B < 2/3 o.8

2/3< H/B <1 1.0

1< H/B < 2 0.9

2 < H/B -- AR•t 0

Passive Ar hing

H/B < 1/3 0.7

1/3 < H/B < 2/3 0.5

2/3 < H/B < 2 0.4ý



Table 5.3

Results of Secant Analysis of Arching Curves

*(Ta Range Interv&J.

Percent Completion of Total
Change in A (AR) .m )

Active ArchingH/B< 4

0% 1.00

25% 0.94 +.o6
-. 05

50% 0.84 '.03
+03

75% 
0.53 +. 08

-. 07

90% 0.32 +.o6
-. 09

Percent Completion of Total **Sn + Range Interval
Changce in A (AR)max .)

Passive ArchingH/B< 2
0% T,

25% 0.73
-. 04

50% O. 44 +"07
-. 07

75% **o0.28

90% *10.21
-. 12

The principal value of associated with each N for active arch-

ing is the mean of the observed values. The range interval represents
the variation of the extreme observed values from the mean. The varia-
tion may be neglected.
The principal value of Sn associated with each value of N for pas-

sive arching is the value observed for H/B equal to 1. The positive
side of the range interval is associated with H/B equal to 1-2/3, and
the negative side with H/B = 1/3. The variation of Sn may be ne-
glected except for N equal to 75 percent, and 90 percent.
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APPENDIX A: IN-PLACE CALIBRATION OF PRESSURE CELLS
AND OBSERVATIONS OF SIDEWALL FRICTION

A.1 General

As mentioned in Section 3.3, th( pressure cells used to evaluate

changes in vertical stress due to arching were effectively calibrated in

place during the pressure-buildup phase of each test. For cells which

experienced only increases in pressure during the test, these calibrations

proved accepcable as discussed in Section A.2. Certain cells, however,

experienced pressure decreases during some tests which invalidated direct

application of the lcading calibrations. The adjustment made in t,.is

situation is discussed in Section A.3. Section A.4 contains observations

of the influence of sidewall frict 'in which are based upon orderly 'aria-

tions in the calibration curves as the depth of cover increased.

A.- Pretest, In-Place Calibrations

Figs. A-1 and A.2 are summaries of the calibration curves

obtained for the soil pressure cells priLr to each test. The abscissa

of the plots is the normalized output of the pressure cells, which is the

deflection oC the galvanometer trace, as recorded on the oscillograph,

divicfed by the deflection associated with a precision calibratiun resistor.

One cell of each pair which was located at a set distance from the trapdoor

center is represented. All calibration curves of each cell are essentially

the same except those calibrations in which the depth of cover became great

eneugh that sidewall friction caused the calibration to change. Calibra-

tLoas which are essentially the same have not been plotted individually,

but are represented by a bar which indicates the amount of scatter due to

soil placement and other experimental errors. The curves associated with
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depths of cover great enough that the influence of sidevall friction i

apparent are plotted as the average of several calibrations at each A(

of cover. Two particularly important points should be noted. First,

linearity in the later portions of each of these curves indicates the

error involved in the extrapolating beyond the limits of calibration

moderate pressure increases is minor. Second, for equal values of

the surface pressure (Ps) associated with a given output in sand 2 -a.

tions is higher than the value of P associated with the same outpus

sand 1 calibrations. This is in accord with the greate- arching car.

of sand 2, as indicated by Figs. 4.5 and 4.17.

A.3 Special Calibrations

The distribution of arching stress for those tests in whi ,

certain pressure cells experienced reductions in pressure could not I

interpreted directly from the pretest calibrations. Threc speci6] ca

tion tests in which the trapdoor was not allowed to deflect were cond

so that the loading and unloading curves could be obtained. These te

were conducted using a 2-In. depth of sand 2 (a new specimen ira.. buil

each test) and a maximum surface pressure of T3 psi. The shallow dep

cover is considered adequate because of the small size of the pressur

diameter (H/B for the cell is at least 4) and the repeatability of th

calibraticns discussed in Section A.2 for a vide range of depths. Th

ibration curves for pressure cells 2 and 8 are shown at the top of Fi

All tests produced essentially the same curve for cell 2, while the s

test on cell 8 is slightly different from the others. Since the proh

is that of judging the amount of unloading which took place by using

the loading calibration curves available for each test, the curve at
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bottom of Fig. A.3 was pl.otted. This curve shows the relation between the

reducticn in pressure from 73 psi as read from a loading calibration curve,

and the reduction as read from an unloading ca:.bration curve for the same

level of normalized output. The data points indicate that the error as-

sociated with using a loading calibration to evaluate unloading is fairly

constant for a given pressure reduction regardless of differences in indi-

vidual cells or variations in calibration curves. The curve at the bottom

of Fig. A.3 was used with the pretest calibrations in order to estimate

pressure reductions.

A.4 Influence of Sidewall Friction

Since the minilnum H/B for the pressure cells was about 4, the

plane of equal settlement for ultimate arching was always well below the

surface. Therefore, changes in cover should not change the calibration

curves. However, the calibration curves did change with H in an orderly

fashion as indicatd by Figs. A.1 and A.2. Friction between the sand and

the walls of the test chamber causes a transfer of vertical stress to the

walls, resembling silo-type arching. On a given horizontal plane, the

area over which the vertical pressue is distributed is believed to be an

annulus with an outer dimeter equal to the diameter of the chamber and an

inner diameter which is equal to the auter diameter at the surface and

which decreases with depth. For very shallow teasts, most of the soil

pressure cells were within the undisturbed zone, but as the depth was in-

creased the disturbed zone gradually enveloped them. This envelopment is

believed to be the major reason for the variation with Cepth of the cali-

bration curves. By using the calibration obtained during a test to

interpret the pressure changes for that test, the influence of the
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sidewalls on the pressure redistribution was accounted for. Howevez

changes in calibration curves may be used to estimate the extent of

undisturbed zone as a function of cover. Fig. A.4 represents the 1.

on the extent of the undisturbed zone as they may be inferred from

calibrations. Due to certain large jumps in the depth of cover and

spacing of pressure cells it is impossible to do more than establ-•0

on the location of the zone separating the disturbed and undistulr'.e,

tions of the specinwen.

Fig. A.4 indicates that the line of separation cannot pc-

be a single straig'it line. This is probably due to increasing effe,

sidewall roughness with depth as a result of the joints between the

Although the line of separation may well be a curve, one possible a

nation cooosed of two line segments has been placed in Fig. A.4.
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APPENDIX B: PRELIMINARY TESTS

B.1 General

Preliminary active arching tests were conducted in a rectangular

bin with transparent walls as mentioned in Section 1.3- Several advantages

are associated with tests conducted in such a configuration: visual obser-

vation of the soil through the glass sidewalls is possible; a number of

analytical solutions for this geometry are available; the stress changes

associated w.ith arching are large, hence subject to more accurate measare-

ment; and smaller quantities of sand are required. It was originally

believed that these advantages would lead to insight which would at least

facilitate the conduct of the axially symmetrical te-• series, and pos-

sibly make it unnecessary. However, the influence o' sidewall friction

proved great enough to negate these mdvanfages. Sevt ,al attempts were

made to reduce the influence of friction, but it was lecided that it

would be more advantageous to proceed with the axially symmetrical tests

in which frictional effects were minlsed by locating the trapdoor away

from the vicinity of the walls.

B. 2 Toest Apn

A test bin 54-1/4 in. long and 8-1/ in. wide (interior dimen-

sions), as shown in Fig. B.1 and B.2, was used for the tests. The overall

interior depth of the bin was 24 in., but the design was such that any soil

depth less than 24 in. could be used. The sidewalls of the bin were

double-strength window glass backed by Plexiglas sheets 5/8 in. thick.

The Plexiglas sheets were supported by the grid of steel plates showit In

Fig. B.l. Trapdoors 6 in. and 3 in. long, which ran from wall to wal?.,
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were used for these tests. The trapdoor itself was a hollow, metal

which was supported by a colunm of load-carrying ele'ments consisting

the trapdoor support plate, load cell, and Jack (Fig. B.3). The la

carrying columnn was supported by a stiff platform hung from the bas.

the soil container. Deflections of the trapdoor support plate were

monitored by two spring-loaded LVDT'S like those described in Secti.-

The LVDT's were supported by the system of brackets and rods showr

Fig. B.'-,. Prior to each test, the LVDT's were given a two-step c: 1.

tion by inserting shims of known thic4kness (0.310 and 0.026 in.) br

the end of the LVDT core and the trapdoor support plate. Pressur,

applied to the surface of the sand by the thin rubber bag shown in

Fig. B.4. The top surface of the bag was restrained by a 3/ 8 -in.-.,

steel plate, with approximately the same plan dimensions as the iL

of the test bin. The steel plate was held down by the pressure rea

members (inverted T sections, see Fig. B.2) which bolted to thL +-Pp

the apparatus. Hardwood spacer blocks transmitted the load between

steel plate and the pressure reaction members. The apparatus could

up for any desired depth of sand by varying the length of th-;• blo

The base of the apparatus contained several flush-mounted rres,-ure

of the same type used in the axially syminetrical tests (Section i.3

B.3 Band and Sand-Placement Procedures

Reid-Bedford Model sand (sand 1) was the medium used for

these tests (rection 3.4). The sand was placed in layers of known

which were approximately 2-1/4 in. thick. The layers were leveled

a screed and then vibrated, as shown in Fig. B.5, by passing a smQ

vibrator fastened to a wooden block with a width sl~ght]y lesr than



chamber o,,er the sand layer. Vibration was continued untitl the thickness

of the layer decreased to 2 in. The resulting density of the layer was

104.2 pcf. Subsequent layers were place•, in the same manner.

B.4 Results of Tests

Figs. B.6-B.9 contain the major r.sults of the tests, arching

curves for values of H/B between 1 and 3. Certain conclusions, similar

to those based on the axially synmetrical tests, can be drawn. bMost of

the observed reduction in load took place during the initial deflections

of the trapdoor. The form Gf the arching curves was changed very little

for values of H/B greater than 1-1/2. Further interpret-Ition of the

dat'- is very difficult. The combined effects of sidewall friction and the

losz of load due to elastic deflections in the load-carrying column during

prrcssure buildup cannot be separated. It seems certain than one or both

influence the initial arching ratio, which was never much greater than

0.8, the shape of the arching curve, and the ultimate arching ratio.

In order to investigate the significance of wall friction on

the te.t results, several spucial tests were conducted with lubricated

bin walls. The re.ults of these tests are shown in Fig. B.6. In all

special tests the lubricent was separted from the sand by a sheet of

vinyl film less than 0.001 in. thick. Light machine oil was used as the

lubricant in some of the tests. As Fig. B.6 indicates, the general

rcs•ilts were essentially the same as those obtained from tests conducted

without a friction-reducing scheme. However, during pauses in the

lowering of the trapdoor, an increase in load at essentially constant

(lcflo'tion was noted. Since this creep was not noted during roLktin,,

tes-ts, it is probably associated with the lubricant layer at the
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boundary. Subsequently a special test was conducted with a Lode:aL

smooth *layer of petroleum jelly on the Aidewalls. The Ercling cur

this test was considerably high@r than those previously observed.

addition to this, the creep observed during pauses of 3 to 4 sec +

greater than before. The existence and importance of wall frict'c

demonstrated by this test, but there was no way of measuring it., n.

with the app7.ratus. This uncertainty and the problems associated

the lubrication technique lead to the conclusion that an axial'.j

ric•il geometry is much more suitable for a systemati c study of ar-

No motion of the sand grains was ever observed through the glass

of the container at the deflections associated with all loss of
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