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ABSTRACT

This repoft describes a theoretical and exﬁerimentai study of the-
effects of structural length and compfessibility on soil—structure inter-
action conducted for the Defense Atomic Supbort Agency.: Tris stddy is
based on the applications of basic concepts of actiQe and passive arching

involving development of shear planes in the soil, to soil —structure

interaction.

The basic thedr§ of static active and passive arching 1s>reviewed,
and theoretical rélatinnships describiné the effect that structural‘geom-
ctry (Qcugth to span) has on the load on ;he structure, are developed.
Equations are developed for passive and active arching for deeply buried
idealized compressible cylindriéal structures vertically oriented. Linear
and nonlinear soil conditions are investigated. The equations presentcd
indicéte that the efféct of span, height (length), and compressibility of
the structure, and »f the'ratiu of lateral to axial stress, coefficient of
internal friction, and compressibility of fhe soil are important in Qeter-

mining the load on the structure.

‘Equations are also derived to predict the load (on a trap door) result-
ing from differential strains occurring between the trap door arnd the bottom
of the soil bin. Both active and passive arching cases and linear and non-
linear soil conditions are considered. The equations developed indicate

.the etffect ot span ot the trap door and the ratio of lateral to axial stress,

coefficient of internal friction and compressibility of the soil on the

load on the trap door.

A limited experimental program was conducted to investigate the
effects of the ratio of the soil to structural compressibility on the load
on *hé structurc, fvod correlntions are shown between the results of this
study énd the theoretical prediciions employing soil parameters measured
in norﬁal labqratory soil tests. Similar correlations employing soilv
parameters as measured in normal laboratory tests are also shown between
the results of a trap door experimental study conducted by another inves-

tigator and the theoretical predictions.
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Also dlscussed are the effects of surface soil layers on tests conducted
on nodel -sized structures in the shallow—depth-ot-‘burial condition. The
relationship between rate of loading and the rate of structural responsa was’
shown to be a controlling factor in detemmlng whether the loading or un-—"l

loading stress —strain relationship governs the arching behavior.

P
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NOTATION

nonl inear soil modulus

one-half the span of the structure (movable section) or radius of
the structure for a finite structure (in figures from Ref., 11, B
is equivalent to 2B in the text)

cohesion
relative compressibility (linear case) Eeo/EST
(A)2/3

EST

relative compressibility (nonlinear case)

linear soil modulus

-¢ffective modulus of the structure

Cb + Oa

2/3
a /
o

- Y(Gl/a)

2K tan ®
ratio of the horizontal (lateral) to the vertical (axial) stress

one~-half the length of the structure

length-to-span ratio
(JL)2/3 JAB
I B

2
25 = 2K tan®
p B

surcharge per unit area

K tan®
B

distance from reference plane to point of interest

c +0
0 a 1
overstress or relative stress y —r
% Y
. o 1
understress or relative stress, ————— = =~
o, - Oa Y

depth of the soil

distance of influence
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NOTATION (Cont.)

Y = unit weight of the soil

A = differential deformation between the soil and structure ut the
lower face

Aso = s0il deformation over 2L length under free-field stress Uo
AST = total deformation of the structure over and under 00 kA Oa stress
A = -

‘o net deformation Aso AST

Ax = total deformation ot the column of the so0il between the vertical

surfaces of sliding below the structure

A = detformation of the free-field soil below and iljacent to the structure

§ = difterential deformation between trap door ani beottom of the bin in
data taken from Ret, 11

eso = s0il strain related to the tree-field stress co
ex = strain over a dx element at any point x within the vertical surfaces
of sliding
Oa = arching stress
Gh = horizontal or lateral stress
Oo = free-field stress
Uv = vertical stress on a horizontal section at depth 2
Ox = vertical stress at any point x within the vertical surfaces of sliding
0, = average stress due to sidewall friction
T = shear stress

tan @ = coefficient of internal friction of the so1il

P = angle of friction in sidewall friction calculations
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Section 1

INTRODUCTION

Since February 1964, URS Corporation has been conducting a research pro-
gram in the field of soil - structure interactioﬁ for the Detehse Atomic Support
‘Agency under Contract DA-49-146-XZ-288. The general objective of this résearch
effort was to provide a better explanation of the soil= structure interaction
phenomena that occur around a structure embedded in a sotl nédium sub jected
to nuclear-blast environments.' Sbecifically, the research described herein
vas directed toward an understanding of the basic mechanism of soil behavior

in soil - structure interaction,

This program was divided into two pheses: (1) an experimental and theo-
retical study of the effects of struciural compressibility on soil— structure
interaction and (2) a sysiematic review and correlation of basic iuteraction
research conducted 1n recent years. The results of the first part of the study,
iirected toward an understanding of the basic méchanismbof static soil behavior
in soil~ structur; interaction, are reported herein. The results of the second
shase, directed toward establishing the present state of knéwledge as well as
furhishihg background information for engineers concerned with protective con-

struction research and design, are reported in the cbmpanion report, DASA 1711.

This report is organized into nine sections plus references and an appen-
1ix, the latter describing the details of the limited experimental program.
3ackground prescnted in SectionvZ is limited, since DASA 1711 covers this
subject in detail. 1In section 3 the basic concepts of soil— structure inter-
iction involving active and passive arching afe reviewed. Section 4 covers
the theoretical development of equations relating the tétal.load on a buried
itructure, under linear soil conditions, to such structural parameters as
.ength, spaun, and compressibility. Modifications to account for the effects
»f nonlinear soil conditiéns are considered in Section 5. Application of
ictive and passive arching concepts to trap door experiments (differential
{isplacement) are investigated theoretically in Section 6. The variou. theo-
;etical results are compared in Section 7 with existing data, including trap

foor experiments, and those obtained in the present experimental program.
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”:iSection 8 covers -a brief dtscusston ot the eftects of qurface layers on model

1;Qstudies of arching, and Section 9 presentu the conclusions and recommenda-'
'f'étions of the study. ' '
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Section 2
BACXGROUND

A considerable effort has been made by various reséarch organizations to
derstand the }vsponse of scil and struciural systems t6 nuclear explosions
i order to provide protection fqr our retaliatory capabtlities, This effort
18 generally been aimed at developing fundamental tunderstanding of the effects,
icluding those of the'cxplqsiun, coupling of the explosive energy (both direct
d air-induced) . wave propagatinn through the media, sdll-structure inter-
tion, and response of the structure's contents to motion induced by the soil -

ructure interacttion.

Since the explosjon and air-blast phnenomena are better understood, the

al problenms, then, aro'thuscluf understandiny the basic phenomena involved

the behavior under dvnamic loading of soils and structures and the char-
ter of the séxl-structurv interaction resulting therefrom, Basié knowledge
this type could be used to help solve a specitic design problem or to cvalu-

e the strength of existing tacili ges,

The formidable problems of understanding the dynamic behavior of soil and
¢ stress-wave propagation through soil are exemplified by the magnitude of
e research effort already directed to this area. Recent URS studies aimed
gaining an understanding of the basic mechanisms of dynﬁmic soil behavior
d wave propagation 1n soll have shown that it is possible to establish re-
tionships between particle velocity, wave velocity, and the secant modulus
the dynamic stress— strain relationship under shock stress-wave propagation
efs. 1 —5). The establishment of these relationships completes the first

eps in providing a prediction method based on an understanding of the mecha-

sms of soil behavior during loading.,

Even though the design of underground structures subject to nuclear blast
an extension of conventional design problems, such as tunngls, culverts, and
taining walls, it has been a surprise to many in the protectkve construction
21d to discover the limitations of present knowledge regarding the response
soil = structure systems even to static loads, Although.snme basic concepts

/¢ been developed which have led to useful procedures for specific design
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problems, there are not enough qunntitativc dnta regarding basic behavxor to .

“provide the necessary lundanental underitnnding for goneral design purposes.
Even the conventional culvert problel s difficult 1f the paraneters are
‘changed beyond their usual lxmits. A reviev of recent studies in the soil—
structure interaction area are discussed in the coapanlon feport for this
work, DASA 1711, Brief reviews of some of the.pertinent ones are also pre-‘

sented in Refs. 6 and 7.




PRSY 615 -8

Secition 3

SO1L~- STRUCTURE INTERACTION CONCEPTS

Since passive and active form the foundation for the further devel-
opments presented herein, this section 1s devoted to a brief review oif the assump-
ti1ons and resultant equations developed in Refs. 6 and 8, The ‘wo basic concepts
0! %01l =structure interaction discussed in Ref. 6 show the applicability of ac-
tive and passive arching. Since most real structures involve complex inter-
relations between these two types of arching, involving local flexibility and
gros- conpressibility of the structure, the effort in Ref. 6 was confined to
"he 20 1 idealizea ztructures. Only extreme conditions of active and passive
arching were developed i1n both the experimental and thecretical programs. This
report deals with the conditions between these extremes as influenced by the
compres=ibi1li1ty and length of the structure. The effects of local flexibility

1s not treated in this study.

ACTIVE ARCHING

The active arching case investigatecd in Ref. 6 was the simplest possible
and 1= one which arises when an idealized structure having a uniform compressi-
bi1l1ty across the entire face normal to the direction of loading is embedded in
a4 s01l of lesser compressibility. This difference in compressibility results
1n differential strain between the free-field soil and the structure as shown
ip Fig, 1. These differential strains result in a redistribution of stress by

means ¢f the shear strength of the soil.

Static ac*ive arching is treated in detail by Terzaghi in Refs. 8 and 9,
The basic assumption of static arching is that the model is a two-dimensional
half plane of soi1l resting at the depth Z on a rigid fcundation having a movable
finite secticn, the scil being subject to a uniform surface pressure, A seccnd
assumption 1« that the movable section deforms an amount sufficient to mobilize
the shear forces tc the surface. This 1s an extreme case of active arching and -
tor shallow-buried structures - exists when tiiz structure compressibility is
great encugh to develop the entire shear force available. For deeply buried
structures, the extreme ex1s%ts when the shear forces are great enough to carry

the weilgh' o1 the s011 above 1t and the surface load.
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Fig. 1. Displacements Within a Soil Miss With an Inclusion More
Compressible Than the Soil (Active Arching)
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Figure 2 i'lustrates the assumptions that provide the basis for computation
f stress.in the soil between the two vertical surfaces of sliding in the active
1se. Solution of the equations resulting from a summation of thé vertical

yrces at equtltbrium results in the following equation for the stress at a

iven depth Z:

g B(’ - ¢’B) (1 _ e-K tan AfB) . qe-x tan «vZ/B

v - K tan < (l)_

e~}
]

one'ﬁalf the span of the structure (movable section)
Y = unit weight of the soil

cohesion

0
"

K = fatio_of the horizontal (lateral) to the vertical (axial) stress
n T = coefficient of internal friction of the soil

Z = depth of the soil

= vertical stress on a horizontal section at depth Z

q = surcharge per unit area

1s equation is for the solution of the two-dimensional condition anc is
presenta*ive of a movable section having a unit thickness, i.e., unit thick-
ss perpendicular to the plane of the figure. For a section having a circular

oss section of radius B, Egq. (1) becomes

- B y - 2c) [, - (72K tan T 2/B)  -2K tan T Z/B
v 52K tan;( B)( ' a

(2)
ere all the terms are the samec as 1n Eq. (1), except B, which is the radius

the structure. If only the surcharge is considered, i.e., Y and c equal O,

ese equations can be reduced to

-K tan 7 Z2/B
Gv = qe (la)

-2K tan T Z,/B
v ge : . (2a)

(A}
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dW = 2Bvdz

Fig. 2b. Assumptions on Which Computation of Stress in Sand Between
Two Vertical Surfaces of Sliding Is Based (from Ref. 8)
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PASSIVE ARCHING

The passive archiné case 1nvestiéé§ed in ﬁe};.é was al;o the siﬁplgst pos-
sible and is ohé'whzéh occurs when an?xdealizéd structure having a uniform com~-
pressibility across the entire tace norma] to the directxon of loading is ‘
embedded 1n a soil of greater compresslbility. This situatxon results in
diffcrential strain between the free- field soil and the structure stimilar to
that shown in Fig. 3. These differential- strain< result, as in the active
case, in a redxstrxbution of stress by means of the shear strength of the i'

soil.,

In an attempt to find a sélution to thé éﬁétic paSslve arching case, sim-
1lar to that presentea by Terzaghi for the statxc active arcning case, Ref, 6
developrd a similar analysxs using the same mathenatxca] principles, The basic
assumption in this case is.that the modglw}s a two-dimensional half plane of
suil subjected to a uniform surface pre:au;e, with a rigid inclusion at a given
depth, The second assumption is that the=inclusibn extends to infinity, so
that a sufficient amount of differential displacement occurs to mobilize the
shear forces Lo the surfacde, regardless of depth. This is the extreme case of

passive arching for all depths of burial.

Figure 4 illustrates the assumptions that provide the basis for computation
of stress in the soil between the two vertical surfaces of sliding in the pas-
s1ve case, Particular attention is drawn tévlhe direction of the shear forces 7
in Fig. 4 as compared with those in Fig. 2. Solution of the equations resulting
from'a summation of the veriical forceé at equilibrium results in the following

equation for the stress at a given depth Z:

. . e o /
_ B(v + ¢/B) eK tan & Z/B _ 1’ . qu tan T Z/8 3

v K tah =

The terms are as defined following Eq. (1).

Like Eq. (1), this equation is for the solution of the two-dimensional
condition and is representative of a structure'héving a unit thickness, For

a structure baving a circular cross section of radius B, Eq. (3) becomes
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Fig. 3 Displacement Within a Soil Mass With an Inclusion Less
Compressible Than the Soil (Passive Arching) \
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. B 2ct | 2K tan © Z/HB } 2K tan @ Z/B
. | ev—————— L — cs . - 1 ; . 4
o, = ammlY ) (8T T ) e e T ER @
- If only the surcharge is considered, i{e.. ¢ and Y eqbalyzeré; thesg eQuations
can be reduced to R P R Cor -
_ qex tan @ Z/B (3a)

g

v (4a)

[}

2K tan @ Z/B
qe '

COMPARISON OF ACTIVE AND PASSIVE ARCHING

In the case of passive arching for structures.df-f;nite dimensions, the
amount of dlffeiential_deformatioﬁ is dependent on théllehgth4of the struc-
ture and the relative compressibility be;ween the structure énd tﬁe soil.
Therefore, a rigid structure of finite size will cause a giveh amount of
differential deformation to occur between the soi1il and the structure regard-
less of the depth of burial. Since the amount of differential deformation
required to develop all the shear forces between the structure and the sur-
face is dependent upon depth, it is obvious that belowvthe depth at which
the amount of differential deformation required exceeds the amount developed
between the soil and the structure, the loéd on the structure is cbntroiled

by the differential deformation developed.

It can be expected, then. that in the passiQe case the load on the rigid
struéture will 1ncrease exponentially as the structure burial 1s increased,
following the form of Eq. (4) of (1a). For a stcucture of finite length, the
load will increase until some critical depth 1s reached, below which point the
load wi1ll be constant. In the case of active arching the load will aecrease
exponentially as the structural burial i1s increased, following the form of
Eq. (2) or (2a). For a very compressible structure, the load on the struc-
ture will approach zero or, in the case of a structure of finite compressi-
bility, the load will become constant below some critical depth. Figure 5
represents a plot df two of these conditions as a function of depth: for the
‘maximum active arching (a very compressible structure) éurve A, auad for the ﬁas—

s1ive archingon a rigid structure of finite length curve B. The data points shown are
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for a URs® experimental structure 1n which only compressibirlity was varied

(frbm rigid to very dumpressthle)._ It is obvious that .ue point at which the

‘break 1n Curve B occurs will vary as the length of the structure varies, and

that the shape ot CUFVP A and the upper poxtiun of Cunve B ulll var) with the

span of the stxucture and the s0il prnpertnes.

Since these two curves reprvbeﬁt the extremes in relative compressibility,
the area between them represents the variuus conditions of relative compressi-
bilities between these two extremes, This report deals‘thh research directedv
towardAghlning an undersianding of static suil*-struclure'interacﬁidn in the
area between these two limits and toward determining the influence of struc- .

tural length on the load on a rigtd structure in the'deeply hurted condition,,

‘ One point between the two extrenes 19 known; thar i's when the rclative com-

" -pressibility is one, i.,ec., when the soil and the stracture have the same

compressibility, the load on the structure is equal to the free-field stress,

* The data were reported in Ret, 6,
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Section

EFFECTS OF STRUCTURAL PARAMETERS

As discussed earlier, a structure of finite length that is less compressi-
ble than the soil causes a differential deformation to occur, the influence of
which extends some distance above and below the structure., In these influenced
areas the stress will be greater than the free-field stress, while above and he-
low the influenced areas the stress will be free-field. If the distance to the
point where the influence ceases 1is defined as the distance of influence Zi'

then any structure for which the depth ot burial Z is greater than the distance

of influence Z1 can be said to be deceply buried., If 7 is less than Z then

i.
the structure can he said to be shallow buried., Figure 6 illustrates these
conditions, The active and passive arching relationship described previously
and in Ref, 6 cover the shallow-burtied condition, This report deals princi-

pally with the deeply buried conditions,

EFFECTS OF STRUCTURE LENGTH AND SPAN

Assume a i-ht circular cylindrical structure® of 2B diameter and 2L
length buried at a depth of Z such that Zi' the zone of influence, is less than
Z, t.c., deeply buried. If the structure is considered to be rigid and sitting
on a rigid foundation, then the greatest differential strain that can be de-
veloped is that due to the axial shortening of the soil laterally adjacent to
the structure, i.c¢,, frece-field., In the case illustrated in Fig, 7, the soil
clement 2L in length is subjected to the free-field stress CO, i.e., q;** there-

fore it would shorten an amount equal to Aso where

2LC

o
“so ~ E (5)
so

* While the following relationships can be developed for a structure of unit
thickness (two-dimensional), or even one of rectangular cross section, the
shape chosen was a right cylinder having a circular cross section to conform
to the shape of the structures to be used in an experimental program,

** It is assumed that for the static case there is no decay of stress with depth.
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where
do = freéntieldvstraﬁs
L = one-half the xength of theisirQCfu;e
Es; =A§011 modulﬁik(aggumea félb;‘iinéér)‘

Since a rigid structgre is being cénsidered, aso is the amount of differ-
ential deformation of the plane through the upper surface of the structure,
As discussed earlier, this will result in downward shear forces on the glement
-of soil abové}the structure, i.e., passing arching will result. If this pas-
sive arching force is denqted by c;, an average arching stress, then the total

average stress on the structure can be expressed as 36 + a

If in constder:ng‘the stress distribution below a structure completely
surrounded by soil, it is assumed that there is no sidewall friction on the
sides of the structure, then the total average stress on the top surface of
the structure is applied to the soil beneath the structure. At some distance‘
Z1 below the structure, the point where there;is no ‘longer any,inf]uence, the
stress in the soil will be reduced to the fre€~field stress Go. .It can be
assumed that the ;rchxng stress Ga was redistéxbuted to the surrounding soil
by means of shear stresses, It is further aséumed that this’can be repre-
serited by the concepts of the vertical surfacqs'of sliding hsed in the develoup-
ment of Eqs. (1) and (4)., A sxﬁple examinétién of the soil element abcd in
Fig; 8 shows that in order to reduce the streés from cb + °a at fhe point .
immediately belqw the structure to Go at the plane DD, the shear forces must
be upward. This means that at any point x below the structure, the»stresé cx
is described by Eq. (2a) [or Eq. (2) for the more general solution], which can
be written |
o 2K tan T x,/5

g =
(UO + Oa)

x (2b)

4
:

{
This relationship is onlvy true while Ox > Uo, &.e., when x < Zi; at x equal to

or larger than 2., ¢ =G .
i X o

= Relationships for the case of a nonlinear modulus are presented in Section 5.
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Therefore

G = (0 +0)e 2K tan < Zi/B | B v (6) -
o o .a N R : : :

’56Xv1hg for the zone of influence Z,vgivés"

o ¢ +C
2 B Lx( o * “a . , N

A similar static analysis at the upper end of the structure can be made.
At the point above the structure where the influence of the structure ends, i.e.,
at Zi,‘ﬁhe stress in the soil element above the structure is equal to the free-
field stress, 06; At this point there also is no differential strain‘ between
the soil inside and outside the projected vertical surface of sliding, therei'
fore the deformation of the coluﬁn of soil above the structure has to be equal
to the differential displacement between the soil and the structure at the top
surfaée'of the structure, Therefore, in Fig. 9 the plane AA can be Qsed as a
reference, since it moves the same amount over both the affected and unaffectou
areas.v Further, since.the soil . outside the vertical surfaces of sliding move
downward, the shear forces must.be downward,; hence, passive arching occurs,
the stress Gx at any point x within the affected area can be written as

2K tan T x/B :
o) = @ ’
X of _ (8)

As defined above.cx at the surface of the structure is

Ux = 30 + Oa | ' (9)
Therefore, by equating Eqs. (8) and (9) at x = Zi’
. 2K tan ¥ Z..B
o} = 1’
ot Ca er (10)

* This means tunat all points on plane AA (Fig. 9) move uniformly, i.e.,vbody
motions of the free-field are not of concern.
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If we solve Eq. (10) for 2.,

o xi é . e oo . da B .
A e : - _
gy 2K tan @ _"( o )‘ L (1;)

- ey |
B - S
Ly =%k tano °_ | | N

A comparison of Eqs. (7) and (11) shows that the zones of influence above and
below the structure are the same and therefore must be the result of differen-

tial deformations at the fqp and bottom of the structure that are identical,

The strain of an incremental layer of soil within the soil element abed

‘below the structure (Fig. 8) can be written as’

Q

(12)

%
i

z ‘ '
l B
AX = j "dex | . (13)

Substituting Eqs. (12) and (2b) in Eq. (13) results in

Zi o] ' Zi g +0 2K t /B
X o) a - an & x
Ax = ‘B dx = ( E ) e dx (14)
(6] SO (0] SO ’
or '
B o =2K tan ¢ Z2,/B
= o} ————e = e
By =9, +9) (22 K tan w) ‘ L= ' ) (15)
SO o
\
Letting ‘

K tan ¢
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and substituting in Eq. (15)

g +C

o a -2S..Z. '

Y D eee—e——— - pi

e T (1 v ) (13a)
SO P

Substituting Sp in Eq. (11) gives

1 O“ + Oa
Z.1 = 35 Lnt 3 ) ) . ) (11a)
P o :
or
c + g
28 2. =, 4n 5 (11b)
O

Further, substituting Eq. (11b) into Eq. (15a) gives for the deformation of

the soil element abed

c +C
Anle__2
0) + 01 00
[ &
“x = 3E 5 1 - (16)
.80 p . .

Since the stress below the planu'DD in Fig. 10 is Uo, all points in the plane
DD must move uniformly, and therefore . it can serve as a reference. By examin-
ing the free~-field portion of the soi1l element DDCC, i.e., excludiﬁg the ele-
ment abed, it can be seen that since it is compressed under an average stress
of 00 (free-field stress), the amount of deformation of the CC plane is to the

C'C’ position and is represented by

A = ) ’
& = (17)
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Suﬁstitutxng Eq. (11a) gives

O) 00 + oa ‘ | :
NSO | o R 8
Ay TR n 5 ) : o (.8)
so p 0 :

The differential deformation between the two elements C'C'DD and abe'd' is
L. =L -2 (19)

Substituting Eqs. (16) aud (18) in (19) gives

g + ¢ .
N a
€ 3 {- : '“{ c_ , G 3+ 0
. , I o - '4 bt 9
( (zs S ) "( ) (20)

3 C L‘ T - S
s0 o

so p

and represents the differential motion between the soil directly under the
structure and the tree-field soil and, hence, the differential motion between

the soil adjacent to the structure and that of the structure,

An examination of the soil element reprc:cnted by BBCC shows that the
plane CC is translated to the position of C'C', accounting for a portion of
the motion of the plance BB toward the B'B' position, The remaining portion
is the result of the compression of the soil in the BBCC element under the

free-field stress of O,. The amount of motion may be represented by
«
\ Q [ -
4 = =—-= [sec Ey. (5)] (21)

The mechanism for transferring additional load to the structure has been
shown to be the sanme process as the one for redistributing that load below the
structure — namely, shear stresses — developed by differential strain, ' It has
also been shown from a comparison of Eqs. (7) and (11) that the deformations
in the soil directly above and below the structure are equal since the zones

of influence are equal,




Therefore the sun 2AB must bevequél to Aso.in"ﬂq. (21 o

SO

el R e @
Orrequating one-half of Eq.i(Zi), t;e.; Sq.'(22),‘with Eq. (20)
G + 0" ' o
] o a, . :
2] g g +0
o 9] Ln( -0 a

"2E_S . 28 S 5 ) (23)
so  sop ‘ _ : so p o :

. ‘ / .
'qutﬁplied §y 2ESOSP,06, Eq. (23) begomeg

k a. +H6
) - . ’ —’.‘.n O a ‘ ‘
'06 + Ua OO O"0 + C
2 L=—5— |l1-e -~ 2n ——-——") " (24)

)
o

Let ZSp = N and

Then Eq. (24) becomes

nyY (25)

Since

Eq. (25) becomes

»

Y )
Y - ¥ 4n Y , (25a)

I

NL

or

NL=Y-1-4ny (26)
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27
xpandéd into the original terms,'thxs becomes
L Go + Ga Oo + OA
2K tan CIB 2 =g - 4 oo - 1 27)

0

igure 11 is a plot computed from the relationship between (00 0»6‘)/00,'1.e..
he overstress Y and 2K tan & L/B, i.e,, NL,expressed in Eq. (27). Figure 12
s'a plot of the relationship between overstress (rglatlve stress) Y and the

ength-to-span ratio, L/B, for a range of 2K tia ©,(NB),values,

FFECTS OF STRUCTURAL COMPRESSIBILITY

as=sive Arching Case

Since most 3 1 structures are not figid, but have some gross compressibil-
ty, this parameter must be incorporated into any theory to predict the load on
1w structure, An examination of Fig. 10 shows that any compressibility in the
tructure-will tend to reduce the dii[erentxal deformation between thé soil and
1w structure, The deformation of the structure is dependent upon- the lbad;

_1e length, and the effoective modulus of the structure, which are related by

w following equation:

6., = =2 (2L) . (28)

wre

r

72}

-3
)

= deformation of the structure

Q
L]

free—fxeld.stress
0 OO + 0 = total average stress on
the structure

Oa = arching stress
L =172 the length of the structure
EST'= effective modulus ot the structure
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A% stated carlicr for the rigid case, Lhovmaxim'ﬁ ;uﬁal deformatios available

iS representrd'hy Eq. (21);:i,u.‘ the shoprtentmg »f the soil laterally adjacent

to the structurc. Therefore subtracting Fep. (28) from Eg. (21) aives

43 ot
_ O 2L - - .
Ltlu R S (‘n * 'd) . . (29)
. mer . bl‘ . .

Further equating onc~-half of Eg. (29) with Eq. (20} yiclds

4G+ Gy
. -’Al o a 5 . y
oL £ +5. . G +35 - , I S-S 5 .
[o] -, ()F a (L) . ')U - a R 1 - e -‘(J ) ! - o UC’ ’41’1[ (8] - a)
S0 ST S0 p _ i S0 P ‘o
(30)
Multiplied by 2 >5r S, v ka. (30) becomes
= .;: + 3 «1 .
' ey a}
—l;r,i | } :
S s Tk Z .C A {3, + 9\
S, 28] . (3 ol (R (8] <
2S L - it _ {“ Yw LY (25 ) . —e T - e ‘ - Ll 5 )
p \ -a‘ ) .'S‘rv' 144 v‘) L~ ' | o ,
(31)
Let
. E
28 = N . Al = C
» ' ' E e
p ST
and
T o+ 0
0 ' ;
g o
[$] ’
Eq. (31) then beoomes
-7 -
NL - ¥C NL \'(1 - ’} - Ay (32)

Since
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-Eq. (32) becomes

NL - YC NL = ?(1 4~l) “dny ST 33y

c;r
;gcrNL = Y'; 1 B} {ﬁ Y -.SL, S  (33a)
or
1 -Y +4n Y + NL

= . .‘ (34
Cr NLY )

Expanded into the original terms this becomes

00 + Ga a
) OO B Ln co ’_ "B | )
C = : (35)
r 2K tan T L go M ca} '
B’ c I
: o

Figure 13'isva plot computed for four different NL values from the re-
lationships between Cr~(re1ative compressibility), i.e., Eso/EST' and Y (relative

stress), i.e,, (Ub + ca)/cb, expressed in Eq. (35).

Active Arching Case

Equatidn (35) was developed for a compressible structure exhibiting passive

arching, i.e., for a structure stiffer than the soil in which it was embedded.

Since it is possible and even desirable to design -structure, which exhibit
active arching, a similar analysis is made for these conditions. An examina-
tion of Fig. 14 shows .that when the compressibility of the structure exceeds

that of the s0il, the differential strain will be in thetopposite direction.

As in the previous case, the deformation of the structure is dependent
upon the load and the length and effective modulus of the structure, which

are related by the following equation:
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Fig. 14. Relative Deformation Between the Soil and the Structure
at the Bottom of the Structure (Active Case)




URS 645-8 | AT a | | 35

'h?:: “;(q _ G-;'

gy = == (2L) o (36)
A ST ' '
where
AST = deformation of}thé Stiqbtpfé ”;';
9, = free field stross :'0;_ = total avérage stress
O = arching stress o on the}s;ructn#e b

L = one-half the length of the s;fucture4

EST = effective modulus ofithcfst;uéturc
From Fig. 11 it can 'be shown that the maximum Lutal dxfterentlal deforma-
tion, Ato’ availahlc is the dxfierence betwecn the deformation of the structure

"and that of the so1l over a lenth equivaleunt to 2L.

Therefore:
= A - A "
,Ato‘ “sT “s0 (37)
where.
Aj; = the detoxmatlon of the soil column laterally 8dJacent to the
s structure 2L in length .- .
therefore
O 2L ‘
A = -
b = F [see Eq. (5)] . ; ' (38)
. S0 . . )
where
Es( = soil modulus (assuméd to be linear)
194 . .

substituting Eqs. (36) and (38) in Eq. (37)'

“ln A 5 E E (39)
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Il we assume that half of this takes place at each end, the differential

deformstion, & to cause afchiqg is one half onyqg3(39);_1.e.,

to"
T 0 R A
REERY, Y- (L) - ‘ o (40)
. tQ B EST _ E ] :

- 8O

The differential deformation below the structure can be_seen to be the
dif{ereﬁce between Ax and.Ay in Fig. 14. The strain at any point within the
soil column below the structure is related to the stress within the soil
column at that point, Cx, and the modulus of the soil, 350, in the following
manner:

o .. ‘
~€x=E—s';’ . o S (41)

‘ If it is assgmed that af some depth Zi below thé‘strunture there is no
influence from the stgucture, the total deforma?ion Ax of that column of soil

can be expressed as

. ' 1 o, ' '
AX' = j ‘ dex = E—- dx (42)
‘ o o B . .

If the stress applied by the structure to the soil is (06 - Oa), and

the stress becomes Go'again at some depth Z, below the structure, then the

i
soil mass must have gained additional load Ua'from shear stresses along the
vertical shear planes. This behavior is expressed by the equation (of the

general form shown in Eq. (4a)

s o +2K tanvw x/B :
« = (@, -0)e Lo (43)

\

|

* A discussion of this assumption is presented in Section 4, p. 22.
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substituting in Eq. (12)

i@ -6) y L '
b = j —o__a 2Kt yBg (44)
X , E
o S50
~or

(co ~ ca) B e+2K tan ¥ 2,/B _ (90 ) Oa) B (45)

(2K tan ) Eso | (2K tan <) L,so

(6, -6) 8 T ; c
0 a e+2K tan ¥ &i/p -1 ; ‘ ‘(46)

= (2K tan ©) E_
SO

If the soil laterally adjacent to the soil column analyzed above is

assumed to be subject to the free-field stress, then:

L =" : . (47)

i
As stated abovp,'the stress Ox in the soil column below the structure
is equal to the free-field stress, Oo, at Z,. Therefore, Eq. (43) can be

.written:

e2K tan 7 Z;/B

ox = Oc = (Oo - Oa) (48)
solving for Zi
2K tan ¢ Z, c
i 2 o
v = —‘n A ———————
i B (O -0 )
or | | (49)
B % |
= L 0
Z{ = 3K tan - “(c -7
: : o
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substituting tn Eq. (a7)

56 B 00 ‘
Ay “E 2K tan T L"(c - aJ (50)
(%] [ 4] .

Since the differential deformation below the structure AB is equal to

the difference between &y and Ax' i.e,.,
by =L, =L | (51)

substituting Eqs. (46) and (50) in (51)

. Sg_ B % - (6, -9.) 8 e+2K'tnn 22Z,/B _ | (52)
AB E 2K tan o-ol 2K tan T E : -
SO Q a SO

substituting Eq. (49) for Z, in Eq. (52) gives

. Q
e Lol —2_
o B g, (@ -0) g G - o
= 4 - -
LB 2K tan T E__ "Neg -¢ 2K tan O E__ e 11 (53)

Since it was assumed that Ly was equal to Ato' or that the total dif-
ferential deformation available was divided equally at the top and bottom
of the st.ructure,“l Eqs. (40) and (53) can be equated. '

. (¢
,.(,n{.__‘-’__
(Oo Ga) L OOL } OOB Ln( Oo a} ) (O’O 01) B . Oo - Oa .
=3 7 - . -
EST Es K tan E o ao c 2K tan ESO
Let
2K tan = N

B

* This assumption was discussed in Section 4, p. 22 for the case where there
was no sidewall friction along the s.de of the structure.
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therefore
. c
(c -0) cL ¢ c c -¢ l‘"a?c
o a L -2 . o Ln o _ .o o “a] _ )
£, * NE g -0 NE e (55).
ST . SO s0 o a 80
or

o
© -a) cL g ¢ c -0 "“(o-o)
o L -2 - —2 (L 2 - e al . (56)
E..° E NE -C ¢]
ST SO 50 a o
. Eso » .
Multiplied by ic
o
©, " %) o 1 ,n( 9, \_‘%*U )e 5 - O 1) .
g, Eg; NL G -0 J o
E o G
letting Ez- = Cr and (- 2 G ) =Y
ST o a
C
r 1 i 4n vy’
F“l:ﬁ[LnY' —.-Y-;-(e --1’] (53)
“4dn Yy’ '
Y' . e 1 .
C. = NL [Ln Yy' - T + ?7]. + Y (59)
L '
Since e " Y =Y', Eq. (59) becomes

c =X ltny 2,1 '
r NI ryvl Y (60)
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‘V_gkquding into the original @efmé, Eq. (60) becomes

ﬁ‘ﬁf e ﬁ;t .'i ﬂff3 06}‘16; :f } ,°;> ’ o : 
[ln T -1+ | $.0 ,‘Hi f L;—jrar).(ﬁl) ;

= - cJ 2K tancol.’
Pigurefls is a plot of'c ’ fhe ratio of soil-and Structural cohpressibiiitiés,

:;,,relative stress (understress), for the range of NL values in the active
i>arching case, '

Comparison of Active and Passive Cases

: In order to compare the actxve and pa551ve cases, Eq. (34) for the

fff  passtve case can be put in terms of Y'

:Cii; ;l;' [1 f’Y'+ Ln’&]i+ %:iv>>.: ,  "(34)

- NLY

Since Y = f%-. Eq. (34) becomes

_'z_'[;_l_'_l_] : - ~
Cr = o 1 + Ln _'.+ Y | (34a)

/

This compares with Eq._(BO) for the.active caée:,

i

ol SR 5 R v
Cr = 8L [&n Y 1+ Y'] +Y (60)

The two equations are plotted in Fig. 16 for NL = 0.608, showing they are‘

a smooth continuous function.
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Section 5

EFFECTS OF NONLINEAR SOIL CONDITIONS

43

Since very few soils really exhibit lincar stress— strain relationships,

i1t is necessary Lo try and simulate the nonlincarity in order to develop

reasonable prediction methods,

This section is devoted to investigating the influence nonlinear be-

havior, such as expressed by the following stress— strain relationship, will

have on the basic responscs discussed in the earlier sections,

g = Ae3/2
o

EFFECTS ON STRUCTURAL LENGTH

(62)

To cvaluate the elffect of the interrelationships between the nonlinear

soil conditions and structural length, it is convenient to redevelop Eq. (26)

In order to do so, one must start with Eq. (15). Substituting Eq.
Eq. (12) in Eqg. (15) in Section 4, Eq. (15) then becomes

2/3
o, + Oa] ( B ) (1 _ 2K tan @ Zi/B)
©

x A 2K tan

continuing with the substitution Eq. (16) becomes:

N

C + Oa 1
A=(.&__ U PR l
X S

<

carrying out the analysis and substitution, Ay in Eq. (18) becomes

(62) for

(63)

(64)

(65)
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Subtracting Eq. (65) from Eq. (64) results in a new equation equivalent to
Eq. (20):

Oo + Oa
o +0\%3 '{‘“—o—) o 23 6 +0
e a 1 1 -e o _| o 1 Lol 2 a
AB' A 28 A 25 c
P p o

) (66)

By substituting Eq. (62) in Eq. (21), it becomes

oo 2/3
Aso = 2].{A—) (67)

Combining Eq. (66) and one-half Ag, of Eq. (67), as indicated in Eq. (22),

[

Oo +Oa
2/3 -
o

oo + °a 23 1 -Ln( °o 23 1 co + cn
A e R R
P p o

Simplifying in the manner used to arrive at Eq. (26), Eq. (68) becomes

NL=Y2/3-—1}-—-LnY (69)
Y/3

or expanding into original terms, this becomes

2/3

C + € ‘
() a 1

B c

2K tan ¢ (E
o

(o + C
= |2t

Figure 17 is a plot computed from the relationships between 2K tan ¢ L/B
(i.e., NL) and (Oo + GB}/OO (i.e., Y) expressed in Eqs. (69) and (70).

Figure 18 is a plot of the relationship between overstress, Y, and the

length-to-span ratio for a range of 2K tan ® (i.e., NB) values.

Figure 19 shows the comparison of the linear and nonlinear cases for a
constant NB.
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URS 645-8 T
EFFECTS ON STRUCTURAL COMPRESSIBILITY
Passive Arching Case
. By substituting Eq. (62) for Eq. (12) in Eq. (29), it becomes
(71)

g 12/3 c_i{_'cj ;
-{_2) { L ) Ln( 2 a)
Al 2s c
p e}

» 2/3
Mulisplied by ZSP(?) Ey. (72) becumes

(o]
Az/sc +Oa O’o
2S L - 28 (c—) —ﬂé——_ L=} _2
P SR S ST :
: 2/3
Let 25 =N;i‘;—)——-=c;
p ST
oo*ca.
Ay
g, +0 co+ca2/3 n co) g +a
- ve— 1 - -
~ NL - NL cr( 2/3’ 5 ) 1 -e Ln( 5 ) (74)
g o o
o .
°o+°’a Go+c'a
let’.( ):Y 2/3)=H '
o g
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NL-NLC}'_;H,:Yz/all-e "Y)—anv
I
Since e ¥ = % » Eq. (75) becomes .
NL - HNLC' =y2/3(1-l)-4nv
r Y
or
' /3
2/3
- HNL C! -Y/ - ——-4nY - NL
r Y
-HLc =¥V -l iy NL
r 1/3
Y
B CRNE
Since H = 373 multiplying by i73
' - c) o )"
(o] 0
1/3 .
- S, + 0, @) _ o, +0, @ 3173
. 2/3 T /
@) / @ )1/3 Oo o
o) o
Go + Oa
Since-Y =
o
1/3
H = Y(Co) |
Substituting Eq. (82) iﬁto (78)
-(oo)l/stLc; .—.Yz/a--i-—LnY-NL

Y1/3

URS 645-8

(75)

(76)

a7

(78)

(80)

(81)

(82)

(83)
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Dividing by -INI

13 1 | 2/3
. - — . 2 -
N 3" YoM
or
1/3 : 1 1 2/3
3 e | —— . VT : 2
N 1 B v n ¥« ML
or
NS V2T \ S X2 SRS i N IS VR G
Eqp o ‘r ~ NL Y4/§ Y1/3 Y .Y
Expanding Eq. (86) 1nto the original terms gives:
. /
¢ 13 (n?3 N 1 (g) 1 _ 1
o Eg; 2K tan® L \ 1/3 A 1/3
a, ¢ c:}3 g, + o,
k o, Cq
‘_"o . O5 * 9, , 2K tanq:L‘ 9
I, * 9, o, B (T, + 0,

Figure 20 1s a plot ot

(Y) and the product ot

J

the relationship, as shown in Eq. (86) of cverstress

51

(81) .

(85)

(86)

(87)

stress level and the ratio of the nonlinear modulus

values for the passive case,

.of the soil to the efrective modulus of the structure for a range of NL

Figure 21 shows the comparison of the linear and nonlinear passive

arching cases for a tonstant NL value.
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O+ 0,
To

26

24

RELATIVE STRESS Y=

22|

28|

.0

- .
- . | - e o e
3
t

NL =0.1

Fig. 20,

(o} 0.2 0.3 04 05 06 Q7 08 0.9 .O
{ ’ 1 {(A) ;3
0'/3 C =0 /3 —
o7 Trm U0 Egr

Relationsh.p Betweer C; and the Overstress Y for Various NL.
Values for the Passive Case (Nonlinear Soil Conditions)




RELATIVE STRESS Y

Fig. 21,

4.2
4.0
38
36|

34

2.6
24
2.2

20

1.0

NONLINEAR

LINEAR

02 03 0aq 05

%3 Cy = g

06

l@ Eﬂ?%
Est

o7

53

Comparison sShowing the Effect of Nonlinear Soil Cond tions on the Rela-

tionship Between C; and the Relative Stress (Y) for NL = 0.608 for the

Passive (Case
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Active Arching Case

'As can be scen from the previous derivation for the passive case,

2/ , ’ , , -2/3 ,

{C _/A) _3 is substituted for ¢ /E and{(0 + o )/A] for (G + G )E
o R a’ “so o a o a  so

in the linear case to obtain the nonlinear case.

'By substituting the equivalent nonlinear terms in Eq. (55), we obtain

the nonlinear active case. Equation (83) then becomes:

_ o o Ty _ _ o - : o
¢ -.0 o %73 o v3 ¢ o -0 >3 L"(o - a
O a L - o L = o 1 N G _ o a _1_ e o al _ 1
E A . A N c -C A N
T ' o a

1
S
(88)
or
_ ‘ ' 00
c -g g 23 g 1273 G G - g3 Ln(G - )
o aL__(_) L:l(—-(-’ Ln 0)_(0 a) e o a_']
Egp A N{ A o, -6, 00,
(89)
atEs
Multiplied by (5—} i
: (3]
_ S,
¢ -a 2.3 o ¢ -g0)2"3 L"(E—_’T)
o al (A) -1 =L Ln( 0 ) _ ( o a) e o a 1 (90)
g 23]  Eg NL G, -6, A :
o
2.3 o}
Letting —-——(A; = C; and 5 _00 ) = Y'
ST O a
(o - 9% 1 1 tn v 1
=l ¢ -1 == [ta Y f——m— ™" + (91)
s | (x') (v®”? |
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Since e " -y
G - c) : SR
0 a 1 X' : L
Ct - 1==1[4ny" - + (92)
2/3 NL 2/3 ey 243
( R a9®? o
or
RO I 1 /3 1 -
——=t o - o=t ny - (YY) + — (93)
R 202 ’ I NL .y 2.'3 ’
g, (x*)
" as in the passive casc
¢ -g go!/3
[} ] a _ O
0_2,‘3 BT
0O
Eq. (93) then becomes
cnl ’ | 1/3 1 o
—— C' -1 =={2Iny"'" - (Y""'7 & (94)
) r ' NL ) ‘ ("')2,3
1/3 / .
o ¢ o= w3, —42-3 + Y (95)
(6'a) I
or
13 1 4.3 t3
' = — .t L t . o ‘ -9 ]
S, c L [\ ny ") + (Y") + NLY] (98)
expanding into the original terms
. : o c a 3 g !
o 1 3 ' - 1 B 0 L O _ ) o
o ;-“2xtanf;l1. ¢ -6}t lo -¢ G -¢ *loe -0
' o] ia 0 a (4] a O a
|
97)
L 00
+ 1 2K tang slle——7%
0 a
_ o . ‘ e s e e —— - R T e s e s T A
T T — — '\.




Figure 22 is a plot or the relationship as shown in sq._(ss) of rela-

o tive stress (I/Y ) and the product of sttess level and the ratxo of the non-

| *ilinear modulua of the soil to the effective modulus of the structure tor a

?1tigure 23 shows the comparison of the ltnearvand nonlinear active nrch- ."

:”'ing cases for a constant NL value. :

' Figure 24 shows the comparison for the linear and nonlinear arching »

,cases for both the passive and active arching for the constant NL value.
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Section 6
EFFECTS OF DIFFERENTIAL DISPLACEMENT (TRAP DOOR EXPERIMENTS)

Since the basic concepts of arching discussed in this report are founded
on the concept of stress redistribution caused by differential strain occurring

between the soil and the structure, an examination of the Terzaghi trap door

concept is pertinent because that concept involves differential displacement.

EFFECTS OF LINEAR SOIL CONDITIONS

Passive Arching Case

An examination of the basic derivations shows that Eq. (20) is for the

differential displacement in the passive arching case,
o Co + oa
o +0C ) ) C +0
o a o (o) o a
1l ~-e@ - ( ——-—) {,n ——

Aa"'(zss 2E_ S ]
so p so p o

(20)

Since it is desirable, if possible, to normalize the overstress on the trap

- — v SR S o e W e -

door to be independent of stress level, the first step is to put Eq. (20) in
the form of AB/B. Since Sp = K tan ¢/B and Eso = co/gso' Eq. (20) becomes:

(a +
0 a
-in| ———m—

e ) ¢ ¢ +0
b _ 80 B _ (] _ so\ B () a\
' AB = (ao + ca)(—a—o-)(m) 1 e (UO)( oo, 2K tan m)Ln( oo l (98)

Letting J = 2K tan o9, Y (Uo + Ga)/co. and dividing by B, Eq. (98) becomes:

LS

¢ €
=4
Y-;—o(l-e “Y)--T’;ﬂl.nv (99)

\ B

which reduces to:

=Y-1-‘LHY (100)

Preceding Page Blank

., - oy ‘r,,... - re—— w —— e——— “’W
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Figuru a is a plot (omputed (tom the retationship between overstress Y

and tne produgt of Lhe ratio of the sunl paxameter J to the frec~-field strain

: egd*ﬁtimes the ratxo of thc dlfferenttal dlbplatembnl g tu one-half the span,

| *TE¥b§ndi“g Eq-[(lub)>iﬁt0 0fi$in?1=f§rmS;fit'beCOmesf‘

~U2K tan-w B oAt Ly o a) , ‘
R L LU S A TR JOR B A 101
e B tv_ 3 ). 1 n ( g ) ‘ (101)
‘ S0 o Co o :
or-.
A € ¢ + G ' C + 0
“B S0 o ;1\ S { o a
J - -4 —F 10
‘B~ 2K tan = o_ | 1 S (1014)

Flgure 26 is a plot of the xelationbhip between ovcrstress Y and the

dxffexentxal dxsplacement Lo—bpan ratlo for a ranae ot gsofj values,

Active Arching Case

Making the same derivation for the active case, Eq. (53) becomes

Je 4
- L. ——
=5 = n Y -1+ (102)
so N

Figure 27 is a plot of the relationship between relative stress Y and the
hroduct of the ratio of the soil parameter J to the tree-field strain €
s - : » - S0

times the ratio of the differential dispiacement iB to one-half the span, B,

: P : v
B8 so R 13 ,
= = = (Ln Y 1eonl | (1024)

Figure 28 is a plot of the relationship between ovefstress'Y and the

"differential displacement-to-span ratio for a range of J = values,
. SO

Figure 29 is a »lot showing the relationslip of the active and passive

cases for a given J.25 value,
. . 50

* It should bhe noted that € is the free-field strain associated with the
B sO . ’
free-field stress level G(
) ¥
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" EFFECTS OF NONLINEAR SOIL CONDITIONS

Again, since few soils exhibit a linear stress— strain behavior, it is
well to examine the effect of the nonlinear nature of the behavior. As be-
fore, the nonlineai effect to be examined is expressed by Eq. (62): '

3/2

 '§ = A€

(62)
o

Passive Arching Case

Examination of Section 5 shows that Eq. (66) expresses AB in the non-

linear form fdrbthe passive case,

Go + cé ‘ .
- et 3. :
% * ca‘2/3 1 o % %o *3 1 9 * % ‘
AB=( A ‘(zs) 1-e | '(T (25)*'“( 3 (66)
) P p o

If we substitute 1'/2Sp =B/J, J=2K tan ¢, Y = (db + Ga)/66 and divide by B,
"Eq. (66) becomes:

AB o 2,3 ' ¢ 2/3
o 2/3 1 -in Y ) o 1
= _(A) Y J(l e (A) JVLnY | (103)
which reduces to
2/3 Ja '
2 -4
(g—) ?:Y/a(l-e “Y,-Lny (104)
, ° ] ‘

2/3 ‘JAB

A
2 2
[o}

in Eq. (104). Then

M=y - -;-1-75.- in Y : . (1044)

o
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Figure 30 is a plot ot the }elatfonship for the passive case between

overstress and M the product of the ratio of the soil parameter J to the free-

3

field strain represented by (A/cb)z/ and the ritio of the different displace-

ment AB to one-half the span,B.

Expanding Eq. (104A) into the original terms, it becomes:

A_B“(Eg)zxs( . ) (qo,\aa)z’/’:*- RS -Ln(c°+cz",' (1053
» B A 2K tan OO (O + G ’1/3 Go ;
[¢] a .
o .
Q

Figure 31 is a plot of the relationship betwcen overstress and the dis-

2/3-

placement-to-span ratio tor a range of &A/Oo) 4 (J/1000) values.

Figure 32 shows the comparison of the linear and nonlinear passive

v 2 ‘
arching cases for a constant [(A/UO) /3] (J/1000) value,

Active Arching Case

2,3 2,3
If (¢ /A)°’" and (¢ -¢ )/A] 3 are substituted for G /E and
o 0 a , o “so

(CO - Oa)/ESO-respectively in Eq. (53), the following equation results:

. , ) . { ——————
: g 23 o c -0 2/:? “(d -c)
_| .o B Ln o | o . a . B e a al _ 1
bs = |3 2K tan ¢ ¢ -¢ A \2K tan ©
o] a
Again, if we substitute, J = 2K tan g, ¥' = O_/(0_ - G_) and divide by B,
Eq. (106) becomes:
o .2/3; 2/3 , ‘
g -0-9\ any'-(i‘l —l-z'slé*'“"'-l 107
B - \a; |3 A Y’ J . (107m)
A 2/3
Multiplying by {E_ J
[0}
a |23 I4 , etn ¥ 1.
o g =y - 273 273 (108)
o (Y" (Y"H

(106)

R
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- TR _‘ Loy - ‘
Since “"05)-' J LB'!B' = M and e = Y', Eq. (lu¥) becomes:

. (109) -

FigufeVSS is a pldt of Lhe'réikti&nghip‘fof ihe'détive'caée hetweeh
relatxve atreas Y and of M the prnduct of the ratxo of thc sail panameter J
/3
to the free- fxeld straxn reprebented by (A G ) v and the ratxo of the

differential dxsplacement iB.tO one-half Lhe apan ‘B.
Expanding Eq. (109) into'the.originallterms gives:

2/3

Q

Aﬁ;fg
B

=

(110)

o X
A.' o 2K tan. 'v

Sy @y 2/3
”v‘Ls - a-)
to- a

Figure534 is a‘plot of the relatlonsh1p bet“een relatxwe stress Y and’

. the displacement-to-span ratio AB/B for a range of (A. G ) J/1000 .values

Figure 35 shows the comparison of the linear and nonlinear active arch-
' 273

ing cas¢ for a constant (A/ab) J/1000 value.
Figure 36 is a plot bhowxng the relat10nsh1p of the. act1ve and passive,

- /3
linear and,nonllnear cases for-a bxven (A;d‘) leOOU value, -

It should be noted that in all_cases the overburden and cohesion
elements of the equations have been dropped for simplicity in deveioping
-the equations and becéuse they were not relevaﬁt iniéumparison with the
cxpcrimengal results. It would be a relatively simbie matter, after the
development has gdtten to the point of application to real structures, to

include these terms,
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Section 7
COMFARISON OF THEORETICAL AND EXPERIMENTAL RESULTS

The real test of any theory 1is how well it fits experimental data,
either in the laboratory or in the field. Predictions based on equations
developed in the earlier parts of this report will be compaf@d in this
section with data obtained in the URS programs and with data presented in
RFfS’ 10 and 11, Predictions of effects of structural length, compressi-
bility, and differential displacements will be examined., With the exception
of the structural length tests, the conditions covered are primarily con-
fined tc the deeply buried conditlons* of soil-=structure interaction, i.e.,

where the influence of interaction does no' intersect the surface.

Excellent correlations are shown between the theory and the experi-
mental results that were obtained from the studies of the effects of struc-
tural compressibility and of the differential displacement of a trap door,
Meaningful correlations with the theory were not obtainable in the experi-
mental investigation of the effects of structural length of rigid struc-
tures, However, since the theoretical relationships describing the effects
of structural compressibility are simply extensions of those describing
structure length, the lack of correlation is obviously the result of extra-
neous effects. In *his case, it appears to be the iniluence of the surface,
as will be discussed in a later section, The results of the structural-
length study will be discussed first followed by discussions of those for

the structural compressibility and for the trap door experiments,

STRUCTURAL LENGTH

Equatiors (27} and (69), derived for deeply buried rigid-structure

conditions, are compared in Fig. 37 with the experimental data obtained

* Consideration of the shallow depth-of-burial conditions is undertaken
where data are avalleble and, in particular, where such considerations

may account for a discrepancy between the predicted and the measured
results,

Preceding Page Blank
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in the study reported in Ref. 6, wtth reculte ob*atned xn the development

- ot freeofxeld stress gauges;'and w1th the data 'ak n,xn,the experimental

- ;vst“dy encompassed by this contract. An oxaminanton of the data fron Ret 6_“”;

"5:and the free tield ctreas gauges shows themfta avefbeen taken ﬂt the same

”ondltions Because, as

5 actual depth of bur1al (3 1n ), in simxla

will be dxqcussed later all the data appear'to have~been;taken in a shallow :f
depth-of -burial condition. the soil parameters used for the two A curves
E (Fxg. 37) were arbitrarily chosen so as to bracket the data. ance the ‘
Vdata do tollow the general’ shape of the theoretxcal curves, they 1ndicate
that the theory is adequate to describe the behaviqr;.,ﬂbwever, the values .
“of K and tan @ used to compute'botﬁ curves arecleéeﬂfhan,the measuiedrvélues
ﬂ"of these parame tc s obta1ncd in other laburatory'tests., In fact, the'"ﬁf

curves from Figs. 12' and 18 for the linear and nonlinear‘cases shown on

~. Fig. 37 are obtained by means of the measured vaIue

The data obtaired durirg this contract show\a;:arge range of values'
on either side of the curves which bound the other data. Although the
tests were to have been conducted in the deeply buried condition, an exam-
ination of the data shows that this apparently wes not true, since the
load on the structure increased with an increase in depth cf burial, which
fact is indicative of shallow burial . The lower. two points (A and B)
represeﬁt a depth of burial of 5 in., i. e.; 5 Z/B'dﬁ 5/3, while the upper
point (C) represents a depth of burial of 8 1n., i e., a ZfB of 8/3
Since the experimental program was a limited effort 3nd its major purpose
was to investigate the effects of compresslb111ty, no further tests at
greater depth were condccted. The assumption that these data were influf
enced bf_the surface condiiions ,. which might accodn: for ihe discrepancy
of the X and tan ¢ values required to fit the data, will be discussed

further in the section on surface laver effects.

The only other data known which show the effect of structural length
are those presented in a gauge study using the Goldbeck pressure cell;

the results of this study are reported in Ref. 10. Since no soil data

-1 - T I —— Y SO o e T i s o . o s st i oot Stope
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- were available, they were backfigured from a. single poiut on the experi-

ii'mental data curve.5 With these values.,the linear“and nonlinear curves on

g;Fig.,SS were Cﬂmputed tor various L{‘" Againv‘a reasonable correla-’

5ition ‘appears to_exist.'”

| sTRucmaAL_ COMPRESSIBILITY _

Since Eqs. (15) (87) ‘(61) and (ﬂ?) were developed to account for
the effect of structural compressibility in.deeply buried condltions, the
literature was searched for experimental -results with which to compare the
theory. ance none was found in which the 5011 and structural parameters
were suffluientlv cont rolled to make a comparison URS undertook a- lxmxted
_experimental program.‘f The program consisted of testing an idealized .
structure 6 in. in‘diameter and 6 in. Iong (seu Pig. 77 Appendix A, Two
1~ in.-thick end plates containing a series of flush-moun*ed stress gauges,
were separated by a replaceable thin-walled cyllnder which provided the
Auniform compressib111ty hx of the structure The compressibilxty of the
structure was measured by means of a linear variable differential trans-
former. The structure was buried 5 in. below the surface in 20-—30 Ottawa
sand placed'at approximately 108 pcf in the URS Long Duration Dynamic

Loader (LDDL) rrx The samp‘e surface wés then uniformly loaded to 45 psi

kR
with a step pulse having a rlse time of approxlmately 1 msec,

An exam1nat1on of the development of the compresszbility equat1ons

shows that one basic assumptxon was made in all cases; that 1s, that the

* To compute the 2K tan P value at a point on the experimental curve,
the L/B ard Y values read for that point were substituted into
Egqs. (27) arnd (69).. Solving for 2K tan @ resulted in values of 0.72
for the linear and 0,22 for the nonlinear cases.

*- A more detailed discussion of the experimental program is given in
Appendix A.

*** By uniform compressibility is meant that the entire end-plate faces
compress uniformly in the direction of loading.

*krx A descrip%inn of the LDDL is given in Ref. 6.
~——

#k+¥¥ Although the loading was a dynamic load, comparisons were made
between the equilibrium values and the static theoretical solutions.
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entire load GO + da applied to the surface of the structure was transmitted
to the soil beneath the stiucture, i.e., it was assumed that there were no

effects of sidewall friction on the sides of the structure.

It was realized, however, that this condition was impractical to
achieve experimentally,Asince in real soil corditions, it is onrnly possible
to reduce this friction, noi to eliminate it. Attempts were made to reduce
the sidewall friction and, in addition, an attempt was made to calculate the

resul ting value.

SIDEWALL FRICTION

Three methods of treatment were tried on the sidewalls of the structure
in an attempt to reduce the friction: two continuous layers of 0.005-in.~-
thick teflon sheets over the entire length; two layers of 0,005-in.-tnick
teflon, the bottogmi;;er continuous and the top layer in l-in.-wide over-
lapping segments, and a grea-e layer covered with a thin rubber sheet. The
effectiveness of these treatments in reducing the sidewall friction effects
varied. fhe two continuous teflon sheets had the effect of appreciably
reducing sidewall friction. However, the effect was intermittent. When
the outer layer was segmented, the intermittent effect was overcome. The

grease-and-rubber treatment had about .~ same effect as the segmented

layer but was easier to use,

In order to take 1nto account the effect of sidewall friction, it was
assumed that a shear plane developed'along the side: of the structupe, i.e,
that sidewall friction developed betwcen the soi1l and the structure along
the entire length ot the structure. It was further assumed that the free-

‘field stress cenditicns existed along that plane and that any change in w'
along the 1n;ertace would not change the K value of the soil. The total
force on the structure due to sidewall friction alone can be calculated by

summing the incremental forces over the entire sidewall surface, i.e.,

T = (K tan cp'cro) (M2B2L) (111)

or

= 4K tan cp'conBL (111a)
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where w' is the fricticon angle between the soil and the wall. In order to
apply this effect as an average stress on the top surtace of the structure,

Eq. (lila) must be divided by the area of the end plate, 1.e.,

4K tan cp'conm,

e, = ’ (112)
T ﬂBZ

Equation (112) then reduces to

4K tan @ o L , .
g, = = : (113)

It can be scen that 1f the compressibility (effective modulus) of the
structure is considered witiout regard to sidewall friction, it is related

to the load and deftormation in the following manner:
E.., = ————2> (2L) (114)
ST =~ A :

where 06 + Oa over the area 1s the force required to compress the structure
an amount AST' [f, on the other hand, sidewall friection is considered, it
"can be seen that the compressibility of the structure is still related to

the load o, + Ga and the deformation A in the same manner. However, the

ST
load applied to the upper surface must be OO + da +0-, being resistsd bv
the soil stres- 00 + Ga on the bottom surface plus the sidewall friction
on the sides. Theretore, if the measured stress on the top surface is
divided by the detormation, the effective modulus as computed by Eq. (115)

appears greater than 1t really 1s, i.e., as computed by Eq. (111),

) a 7 =
EST = A (214) (110)
s1
* 5
Thercfore., C. was subtracted trom the measured stress before the structure

modulus was computed for use in Egs. (35) and (87) These values for

* When the friction between the soil and the wall 15 greater than the inter-
L]

nal friction 1n *he soil then the @ of the soil is used instead of

** The €' values used 1n making this calculation were obtained trom other
tests at URS on the effects of sidewall friction in soil containers
(Ret. 3).
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structure modulus agreed very well with measured values for the structure

in the unburied condition.

RESULTS

An examination of the data points obtained 1n this ~tudy fer the

' 'deeply bur1ed condxtion , and presented ln Fig. 39 shows an excexle 1t agree-

ment with the theory . In plottxng the da~a the structure modulus EST was

._éompufed from the measured stress and displacement of the structure as

described above. The soil modulus was obtained from the s*ress—strain
curve (for the soil) developed under another URS program and reported in
Ref. 3. The stress —straln curve is rgprﬂducéd here a{ rig. 40, Using
these values for thg s0oil and structural modulii, values of relative com-

. = . o
pressibility Cr_were computed for each test ana plotted in-Fig. 39 against

~ the measured relative stress. = Also plotted 1n this figure is the theoreti-

cal relationshxp for linear [Eqs. (35) and (61)] and the nonlinear [Eqs
(87) and (97)] soxl conditions. The theoret1ca1,curves were computed by
means of the K And tan @ values measuréd in other'laboratory teéts. As
can be seen, the measured data obtained in this program va}y.less’than

£15 percent from the theoretical curve for the nonlinear soil conditions.

Two. of the points require further discussion, Points D and E fall
off the theoretxcal curve 'and although the causé'was not identified, it
was obv1ously related to some extranecus behav1or, as evidenced by the

*k
measured stress and defle”tlon time histories g1VPn in Fxg. 41.

~As can bhe seen from the data points given in Fig. 39, extreme dif-’
ficultv was experienced in trying to fabricate a structure more compres-

sible than the soi1l. This situation was true despite the fact that the

* All tests were first loadiny of the sample.

** The upper trace 1n Fig. 41a is a typical displacement —time curve for
the tests whose results fall on the tteoretical curve, while the
upper trace 1in Fig. 41b is tvpical of the displacement — time trace
for tests represented by points D and E. The lower traca2s in each
figure are the stress — time history traces for one of the stress gauges
on the upper face of the structure, »
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(a) Upper Trace: Typical structure displacement —time history trace

Lower Trace: Typical stress gauge —time history trace

(b) Upper Trace: Structure displacement—time history trace for
points D and E

Lower Trace: Typical stress gauge— time history trace

Fig. 41. Structural Displacement, On-Structure Stress— Time Histories
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sand was in-a dense condition (appioximately 80 percent relative density).
~Only cne data point is presented for the circumstance in which the struc-
ture was more compressible, and that point represents the measurements just
before the thin-walled c¢ylinder separating the rigid end-plates buckled.

However that point is in good agreement with the theuretical curve,

Two explénatiuns have been postulated regardicyg the cause of the
problem of fabricating a more compressible structure. First, if the struc-
ture has a response time*‘that is long compared to the rise time of the
stress pu}Se,** then initially the load on the strﬁcture will be comparable
to tnat resultlng from a much stiffer structure. Therefoure, in the case
ol a structure of high compressibility, i.e., one ue51gﬁcu tor lairge dis-
placements under low relative stress, the stresses exceed those of the
design, and the structure collapses. The second explanation has to do
with the effect sidewall friction has on the effective modulus of the
structure. Even though every effort was made to reduce its magnitude, it
played an important part in the behavior as discussed above. In fact, in
the case of the more compressible structure, where the relative stress is
low, the average stress due to sidewall friction becomes large in propor-

tion to the relative stress. Both of these behaviors could be very impor-

tunt in real structures as well.

DIFFERENTIAL DISPLACEMENT (Trap Door Experiments)

Passive Arching Case

As stated earlier, the basic theories develuped in this report are
founded on the principle of stress redistribution caused by differential
displacement occurring between the so0il and the structure, An examination
of the trap dour theory 1s theretore pertinent since it also involvedq dif-

ferential displacement. The 1intent at this point is to compare experimental

* In these tests the structure had a response time of approximately 6 msec
as compared to a rise time of the stress pulse of approximately 1.5 msec,
** Al though comparisons were made between the static theory and equilibrium

values, the loading was a dynamic one and therefore, this factor played
~a part in the observed behavior.
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and theoretical results for a trap dour experiment., A review of the litera-

ture revealed a well-documented experimental study of both active and passive

trap door conditions (Ref, 11),.

The test apparatus consisted ol a 4-tt.-diameter cylindrical test cham-
ber of variablc height, with a specially constructed lower base provided with
a flush-mounted-type trap door. An upper bonnet provided a means of applying
static overpressure to the soil sample, The piston-type trap door was cen-
trally located and was designed to provide a rigld plate parallel to the
surtface with a minimum vertical trictional resistance and tilting under the
test load. The piston was mounted on a hydraulic jack which provided con-
rol ol the veatical motion, During sand placement and assembly of the
bonnet, and movement of the trap door relative to the bottom of the‘soil
bin was carefully monitored. As needed during this operation as well as
during subscquent application of the surface air overpressure, the jack was
adjusted to maintain the top surface of the piston flush with the bottom of
the so0il bin, After the desired overpressure was reached, the jack was
raised or lowered to induce active or passive arching in the sand, The

total torce on the piston was then recorded.

In addition, the soil conditions were well documented, making it pos-
sible to compare the theory previously presented* with the experimental
results reported in Ref. 11, Two sands were tested; No, 1 was a clean,
uniform, fine-grained dry sand referred to as Reid-Bedford Model sand; No. 2
was a clean, graded, medium-to-fine grained local dry sand referred to as
Cooks Bayou No. 1, Figure 3.10 of Ref. 11 reproduced here as Fig. 42, shows

the various properties of the two soils for a number of initial dry density

~conditions, Figures 43 and 44 show the stress-—strain relationships for the

two soils for various initial dry density conditions, The tests wervre con-
ducted principally at 75 psi surface overpressure, however, a few were con-
ducted at 40 psi and 110 psi. The initial density of No. 1 sand used in the
active arching tests varied from 98.3 to 101.1 pcf (average of 100.0 pcf),
while No. 2 sand varied from 104.2 to 108.4 pcf (average of 106,1 pecf). 1In
the passive arching tests only No. 2 sand was used, and the initial density

varied from 105,0 to 107.6 pcf (average of 105.9 pef).

* See Section 6,
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078 - 0.71
0.65 0.60
INITIAL VOID RATIO

93.7 97.6
100.3 1038

INITIAL ORY DENSITY (PCF)

0.64
0.54

101.4
107.3

100

0.57

0.49

10S.3
110.8

Fig. 42, The Relation Between Angle of Internal Friction and Density
for the Sands Tested (From Fig. 3.10, Ref. 11)
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In comparing the Lhcorptlcal and experimental results, sand No. 2 will be
considered first, since both active‘and passive arching tesfs were performed on
this material., From Fig. 44 a strain value was read for the 75-psi stress level
on a hypothetical curve representing an initial density of 105.9 pcf (the aver-

age value for the passive arching test)., Using Eq. (62) below an A value was

calculated

o = acd/? (62)

From Fig. 42 an angle of internal friction of 40 deg was obtained for a density
of 105.9 pcf.

An examination of Eq. (105), which is for the passive arching case with
nonlinear soil conditions, shows that the only other parameter required is K,

the ratio of lateral to axial stress,

: 1/3
2,3 [—L1—— |
L g 2-3 1 00 + ca 00 + aa oo + oa
& _{s ) iy
B~ {A) (2K tan :) c ) oo n co (105)

O

The particular sands used in these tests were two on which URS had conducted
one-dimensional compression tests for Waterways kExperiment Station and on which

K values were measured., Therefore, a K of 0.35% was used.

Using these soil parameters in Eq. (103) and correcting for the fact that
at ©/B equals zero, the arching ratio was not always 1.0, the theoretical curves
in Figs. 45 through 52 were obtained. Equation (105) was written for the case
where the depth of cover was greater than the zone of influence, i.e., deeply
‘buried. Therefore, one would expect that since the zone of influence will in-
crease with an increase in differential deformation, ;B/B, for a given depth of
burial the thcoretical curve of relative stress (Y) versus (AB/B)would initially

follow the experimental curve fairly closely as ;B/B increased. This would

1
1

* In addition if X is calculated from Jaky's equation K = 1 - sin <, a value
of 0,357 is obtained.
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" not ln\repke thh additional A ‘B movemen's,?

'T~'where the naximum shear for£=s have be

cortifUP uetil the sone of influence Z2; équaled'tha depth of burial'z, at

"which poin® the xvla xve 8t re,s () would huve rrached a maximum and would

The value of thxs maxxmum

5ff?relat1Ve s’r$53 ran be computed from Eq. tia) sxn:e»;t represents the case

“n‘developéb

e?K- ta_'.’?p Z’B o (1a)

'VIValues of the approprxate 0 £ur the respﬂctive depth of burxal (Z) are

plotted in Figs. 45 through 48, They are ‘not plotted in Figs. 49 through
52 since their magnxtude exceeded the maximum value of the ordinate on the

graph.

As can oe se»n from studvxng 'he fxgures uhc'theOre*ical curve does -

1rdead follow the expﬂrxmental curve at small d1ffer=ntial displacemﬂnts,

- and thgﬁgrea~er the depth of burxal, the Ionger it follows it as displace-

menfs increase, until (Figs. 50 through 52) the: curves agree out to a AB/B

value of 15, the maximum value of the abscissa.

An =xamination of the shallow depths of bufial shows fhat‘instead of
the two curves following each other until the maximum value is feached, the
experimental curve departs from the theoretical and becomes asymptotic at a
value that actually exceeds the maximum shear vélue. 'These'effects are
attrihuted to surface soil conditions and will be-dié:ussed in a later sec-
tior, The curves depart frpm each‘qther 1n.the samé marr.er for the deeply
buried corditions. however, the experlmentai curve becomess asymptotic to.
thé maximum value a- can be scen by'examining Fig. 53 for the depth of burial

H/E equal 2.

in order *o give fhe reader an indication of the degree of agreement
ir *evms of variatior in soll conditions, the effects of extremes of initial
density conditions have been plotted or Fig. 50. To cobtain these curves,
the A values weres ~omputed for the dense 1rnitial cordition of 110.4 pcef and
the loose'lnxflal cernadition of 97,0 pcf fror the stress —strain curves in
Fig. 44, Q raiuss Wz e obfa1ned from Fig. 42 for the appropriate c;ses and

K was calculated as.befurﬁ.
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-Active Archink Case

When é.cumparison was made for the acfive case on thé assumption of the
- same A value as for the passive case, i.e., the same stress —strain curve, a
poor.fit was obtained. It was realizeu at that point that the test condi;;ons
were not éompatiblé'with that assumption. Iﬁ the tesﬁ setup, the overpres-
sure was applied‘to the surface before any displacements of the piston were
-allowed.: Therefore, the soil was fdlly compressed to the free-field stress
level , éhd ahy movemepts of the t;ap door thereafter must of nécessity be aﬁ
“unloading condxtion fbr the so1il above the door., Sirce the soil is not elas~
tic and hé$ a different stress —strain curve for unloading, it was recdgnized

'that the unloading curve was the »ne to apply.

Fortunately. unloading curves had been ébfained ar1 were also presented
in the reference, (They'are reproduced here as Figs. 54 and 55 for sands
No. 1. and No. 2, respectively.) Unfortunétely, as can bc seen from an exami-
nation of the graphs, they were for unlo;dings from much higher stress levels
than those which were uséd in the arching tests., It was assumed, for tﬁe
b»comparison ot the experimental and theoretical, that the unloading curve from
a lower stress level would in general be a parallel in construction to that
from th higher level. Thus for this comﬁarison, an unloading strain was
taken from Fig. 55c¢ for the appropriate stress level and ah A value calcu-
lated from Eq. (62). This value was used with K and @ values determined
previously, After correciing for the fact that thé initial arching ratio was
less than 1, 1.e., normalizing for the loss caused by sidewall friction, the'
theoretical curves were computed and are plotted in Figs. 56 through 60. As
was the case in the passive arching tests, one would expect, since the theory
is for thé deeply buried condition, that thevfit would be good only for small.
cdisplacement at shallow depths. and should ret better for lgrger displacements
at greater dépths. As tan be seen by examining the figures as the depth of
.burial incrzases the theoretical and experimental curves do come into
closer agreement. until, at éepths‘cf H/B of 2 ard 4. they are in very close
agreement. Farly agrcement be!weeﬁrthe experimental and theoretical curves
1sn't as good as 1n the passive case; however several reasons may éccount

for this, First is the fact that an approximate unloading curve had to be used
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for the lower Strass level. Second, the noniinear relation of Eq. (62) is
ndt.so good & fit to the shape of the unloading cuzve as it was to the load-
fng curve Finally, the K value may not be appropriat¢7thruughout'the entire
range since on the unloading cyéle. the rativ of lateral to axial stress has
been observed.to chaﬁge, becoming Iirgér at very low stresses at least in the

dynamic case (Ref. 12).

The value of the min;muﬁ relative stres: for each depth of burial was
computed from Eq. (2a)
-2K t < Z/
Gv = qe an T Z/B ‘ (2a)
and is plotted on appropriate figures Comparable to the passive case the
experimental curve beccmes asymptotic tc a minimum value less than that pre-

dicted uy Eq. (2a) at the shallow burials.

Figures 61 through 66 show that the same trends in correlation are in
evidence regarding the theoretical and experimental results for the two other

surface overpressure levels used.

A compariscon between the theoretical and experimental active arching case
for sand No. 1 is shown in Figs. 67 through 72.{ The same procedures as those
used for sand No. 2 were used, i.e., employing ?oil parameters taken from

It should

Figs. 42 and 54c. As can be seen, the sane goob correlations exist,
also be noted that a much beiter correlation ex3sts hetween the thecrotical

and experimental minimum relative stress values.

Apnlirgticn ¥ Diffarcntial Displaccment Data

By referring to Figs. 7, 10, and 1%, i; can be seen that the arching
fofces are caused by differential diSplacement;between plane of the face of
the structure and that of the soil that was coincidént with that plane before
loading. It can be further seen that this disélacement is related to all the
soil and structural parameters, including the gength of the structure. For
shallow depths of burial, it has beer shown thét if the influence zone reaches

the surface and the differential displacement Aas been more than necessary to
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develop the maximum shear. torces, then the load on the structure will increase

: exponentxally'thh depth. For greater deptbs of burial, it has been shown

that for a given set of soil and structure parameters, the total differential

displacement available will be a constant and'resqlt:tn a constant overstress

regardless of ‘the depth of burial, providéd ;h§:;ogqgofm;ut;uenge:doesn't’.f

intersect the surface, [t can be hypothesxzed,vtﬁéfelﬁre, in the case of

the trap door experiments, that a given dift?réntial”¢f§placa-eht is equSVl-r
lent to a structure of given length and compfeﬂslbitifr. ALl other paranetérs
remaining constant', one mxéht then evamine thé.etiect of depiﬁ.of burtal'on 7
the hypotheti~al structure by looking at the same value of difterentxai dis~
placement at all the various depths of burial. [t should be poSstble then to
plot curves similar to those in Fig., 3 by plo{:xng_cﬁn<tant differential .
displacement for various depths of burial, in the trap door experimental .

data,

It can be further reasoned that if diffééential'displacement does con-

:trbl the zone nf influence and total overstress, then one=llght.constdér that:

the various dificrsn?ia} displacements represent a-structure of given length,
but each differerntial displacement is lepresenfative'of a different compress-
1bility. By plotting several such displacements as a function of depth a
family of curves can be obtained indicating the effect of compro.sibility,

As can be seen from a comparison of Fig. 5 with Fig. 73, a plot of such a

-family for sand No. 2 for the active and passive cases, such relationships

appear to exist. Particular note should bec taken tkat when the depth of
burial becomes grea® enough the relative stress becomes a constant in both

the active and passive cases, [t should also be .oted that although the

theory suggests a sharp change 1n behavior between deep and shallow burial,

it is a smoother transition probably due to surface layet soil conditioas.
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Scction ®

EVERCTS OF Sl'RP'A('L LAYEKRS

The surface lavesr 3 103 1n. thickh svems to possess different proper-
ties than the deeper lavers. " [n real structutes this is ummpertant, but
in the test ot ainy shallow-burfed <mull model-sized structures this could

serve to contuse the nvestigation, Although stallow depth of burial was

not g part of thi- study, certain ob-ervations worth poting were made,

First, as~ 1ndicated, catller tests atlhhullﬁg.déptﬁs of burial in both
LES te st and tho o o bty 11 =L oaad a departuie vetacs l"- theouts aid € rpert-
mental re-ults, In the experumental program, the relative stress tell beiow
the theoretical in the passive case and above in the a(ti?u Case, i.e., less
arching occurre ! in eugh case for the sﬁa)low depths, A possible prlana-
tion might be that looser soil conditions prubqbly exist in the surface layer
than at greater depths, As support for titts assumption, it can be shown that
the tall oft of the 9xperimontul trom the théOrettcul follows the same shape

as the low=density-condition theoretical curve plotted in Fig. 30.

The second ettects are ob-erved 1n the data reported in Ref, 11, At the
shallow depths of burial 1n fhe passive case, the naximum telative ~tress
measured ts preater than theory would predict, while for the deepér depths
it tends to agree,  Similar vesults urevluuna at shallow depths in the
active case, i.e,, the minimum relative ~tress measured is less than t-at
predicted. Fipgure 71 shows a plot ot the maximum relative stress vs depth
ot burial tor various depths ot burial. As can be ~eern, the experimental
results=- show « higher relative stress n the surtdce layer than the theory

predicts, but they hecome a closer tit at greater depths,
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Section 9

CONCLUSIONS AND KECOMMENDATIONS

CONCLUSIONS

Based on the goud correlations between the theory and the experimental
results it can be concluded that the basic arching copcept of soil = structure
interaction involving shear planes is adequate to describe the behavior of
small jdealized structures. The concept also appears adequate to describe

both active and passive conditions thiough a full range f compressibilities.

It i further concluded that real »o0il] and structural parameters as

measured neparately in the laboratory can be used, together with the theory,

to predict behavior, rather than assuming arbitrary soil parameters as has

been done in the past. The soil parameters used in this study were the load-

ing and unloading stress— strain curve, obtained from a constrained compression

test; the angle of internal friction, obtained in the normal manner; and the
ratio of latecral to axial stress, obtained from URS coustrained compression
tests ¥ The structural parameters uscd were the effective structural modulus,

L
obtained trum the in-place measurements, and the structural geometry, i.e,,

the length and span.

From the correlation obtained by application of the thcory to results of
trap door experiments, conducted by other investigators, it appears that the
interaction caused by the trap door motion and that caused by the relative
compressibility of the soi} and structure, on structures away from a boundary,
arc similar. It can also be concluded (rom an analysis of these results that
in the active arching case the relationship between the loading rate and the
response time of the structure will determine whether the loading or unload-
ing portion of the soil stress— strain relationship is applicable and, there-
fore, the amount of arching that will occur. This results from the fact that
it the structure responds during the rise time of the loading, then the arch-
ing will be governed by the loading portion of the stress-— strain curve, since

the soil will not have been compressed to the maximum stress before the motion

* This value can be calculated trom the angle of internal friction by weans
of Jaky's equation.

** This value can be obtained from structural analysis also.

B and
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of the structure causes an unloading to océur. However, 1f the structure
response is longer than the loading time, the soil will have been compressed
to the maximum stress before unloading, and the arching will be controlled by
the unloading portion of the stress-—strain curve. The loading rate will, of

course, be controlled by the relaxation effects® of the soil.

It has been concluded that surface layer effects, although not studied

in detail, will have an influence on studies of shallow depths of burial for

model-sized structures.

RECOMMENDATIONS

Since a good rorrelation seems to exist between the theory and the ex-
perimental results, the following recommendations are made:
1. That the theory be expanded to permit prediction of the distribution

of stress across the face of the structure. (The results could be
compared with existing experimental data,)

2, That the theory be expanded to include an investigation of the effects
of dynamic arching.

3. That an experimental study be conducted to investigute more thoroughly
structural compressibility in the active arching case.

4. That an experimental study be conducted to investigate more realistic
structural shepes, such as those having arch and circular cross
sections, to determine the influence of shape on stress distribution
on the structure,

5. That an experimental study be conducted to investigate structural
flexibility as distinguished from structure compressibility on stress
distribution across the face of the structure,

6. That an experimental study be conducted to investigate further the
causes of increased structural compressibility due to burial, i.e.,
sidewall friction, etc.

The above recommendations are not necessarily proposed as separate
studies but may be combined or ordered in various manners, depending upon
the immediate objective, These recommendations are, however, intended to
outline what is felt are the major areas requiring investigation in order
to develop the basic concepts presented herein to the point that they zan be

applied to real! structural shapes and eventually to real structures,

¢+ This suvuject 1s discussed in detail in Ret., 5.
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Appendix A "
URS EXPERIMENTAL PROGRAM

Since no experimental data were found in which the soil and structural
parameters were sufficiently controlled to allow comparison with the theo-
retical relationships developed in the tirst part of this report, URS under-
took a very limited program to provide enough data to enable a comparison to

be made.

The basic objective of this experimental program was to find the effect
on the static snil = structure interactior of changes in the ratio of soil
modulus to structure modulus, Although the tests were conducted in the URS
dynamic loader only data at equilibrium conditions were computed.* The
approach used was to test a secries of structures having a wide range of com-
pressibilaties in order to cover the passive and active arching cases. A
6-in,~diameter structure was chosen so that distribution of stress on the
tace could be measured and summed to obtain the total load. A 6-in, length
was chosen so that sufficient passive arching forces would be developed to
allow a rcasonable resolution of the effects of structure compressibility on
that arching force over the full range of compressibilities, The active
arching forces would, of course, range from free-field stress to zero as

the ‘compressibility increased.

Structural load measurements were made with a series of plezoelectric
stress gauges mounted in a spiral pattern in the rigid endwalls, as shown
in Fig. 75, The spiral pattern is equivalent to a very close spacing along
a diameter or radius and provides for stress distribution across the face
of the structure. By applying the stress read by each gauge over the appro-
priate area of an annulus represented by the width of that gauge, the total

load on the structure was calculated.

The structures were to be tested in a single soil, 20~30 Ottawa sand,

placed at a constant relative density so that the compressibility of the

* Since the loader produces a step pulse which cun be held tor any desired
duration, the equilibrium condition was considered to be equivalent to
static conditions,
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soil would be a constant for all the tests. However, in efforts to obtain

a structure compressible encugh to provide active arching a second relative

density for the soi1l was used.

o

In order to design the structures, it was necessary to ascertain the
modulus of the soil for the anticipated test conditions. Since the soil
used was the 20—30 Ottawa sand employed in other URS studies, the stress-—
strain curves obtained in those testis were used (see Fig, 40). A value of
the modulus of the soil of approximately 9,000 psi was obtained for a soil
density of 108 pcf.* As a further check the displacement was measured at
two different positions within the soil mass., Since no known methods or
instruments were available to measure the free-field strain of the soil over
a gauge l=2ngth of 6 in,, it was necessary to devise a method for accomplish-
ing the measurement., Two linear variable differential transformers (LVDT)
were mounted in the bottom of the soil bin of the URS Long-Duration Dynamic
Loader (LDDL) in such a fashion that they were isolated from the soil, A
1/8-in.-diameter rod was connected to the center probe of the LVDT and
extended to an anchor plate embedded in the soil at the position at which
the displacement was to be measured. The 1/8-in.-rod was protected from
theyfriction of the soil, along its length, by running it through a 1/2-in.-
diameter tube,.which was terminated a short distance from the actual measur-
ing zone in order that the effect of the rigid tube (soil — structure inter-
action) would not influence tc an nppreciable degree the soil in the area of
the measurement. (See Fig. 76.) From the top of the tube to the anchor
plate, the rod was covered with two layers of teflon tape to reduce the amount
of friction on the rod over this length, The upper displacement measurement
was taken at the depth of burial of the upper face of the structure, while
the lower measurement was taken at the depth of burial of the lower face of
the structure, such that the length over which the differential deformation
was measured was 2L (the structure length, see Fig. 77). The soil modulus
of deformation measured by this means was approximately 9,600 psi at 45-psi
surface pressure.** This compares well with the value of approximately

9,000 ps1 computed from the stress -—-strain curve,

% 108 pcf was the density of the 20-—30 Ottawa sand used in these inter-
action tests,
** To calculate the soil modulus, the free-field stress at the average depth
was used.
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As stated earlier the structural configuration selected was a cylinder,
6 in. 1in diameter, 6 in. long, with rigid endwalls (l-in.-thick aluminum
plates), as shown in Figs, 75 and 77. To provide the wide range of overall
compressibilities, the endwalls were connected with hollow cylinders of
various compressibilities, as shown in Fig. 77. The variations in compressi-
bilities were provided by a change in either the material or thickness of the
cylinder. Three materia}s were used, aluminum, Plexiglas and Teflon. It was
found in calibrating the finished cylinders that the Plexiglas and the Teflon
had similar modulii; therefore, the more compressible structures (Teflon) were
too stiff, After they had been machined thinner, i1t was found that the rela-
tive stress (overstress) was higher than was expected., An LVDT was installed
in the structure to measure the compressibility between the two end plates,
It was found that although sidewall friction on the sides of the structure
had been reduced, the amount that was still present was sufficient to increase
the effective stiffness. Even grease and a rubber membrane did not reduce it
sufficiently. Agatin the wall thickness was reduced in an effort to create a
structure more compressible than the soil. This structure collapsed under
lond. However, load-deformation values were obtained prior to collapse and
are plotted in Fig. 39. In view of the effect that the rate of structural
response has on determining which stress—strain curve 1is applicable, the
reason for the collapse seems plausible, The structure has about a 6-msec
response (to maximum deflection), as shown in Fig. 41, while the loading
occurs 1n about 1.5 msec; therefore, the full load was probably applied to
the structure before it had time to respond completely. Since the structure
had been designed for high compressibility under low load, the structure
collapsed under what were, apparently, the higher loads created by the slow
structural response. The complexity of sidewall friction and wave propaga-
tion in the structure makes the calculation of the behavior difficult at

this time.
The results of this limited experimental program are presented in Figs,

37 and 39 and are discussed in Section 7.

* To calculate the soil modulus, the free-field stress at the average depth
was used, ‘ '
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