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ABSTRACT

This study presents the results of tests of nigid, solid, spherical,
three-dimensional stress cells tor imeasuning the complete state of stress
at a point in a soil hield under static or dynamic loading.  In addition, a
theory is presented (or defining the behavior ot a spherical stress cell
embedded in nonhinear matenals, The test results indicate that the stress
cells are excellent tor making static measurements in sand but that their
adequacy for dynamic measurements requires turther evaluation,
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INTRODUCTION
Purpose and Scope

The purpose of this research is to evaluate the response of rigid, solid,
spherical stress cells developed at the Naval Civil Engineering Laboratory
(NCEL) to measure the complete state of stress at a point in a granular soil,
A theory defining the behavior of spherical stress cells embedded in materials
having nonlinear properties is presented. Results of 1ests on four stress cells
made from phenolic plastic billiard balls (cue balls) are reported. Edach of the
four stress cells was tested hydrostatically in water and statically in a well-
graded sand. Two of the stress cells were tested in beach sand under a high-
explosive environment at the Naval Missile Center, Point Mugu, California.

In addition, results from dynamic tests of one stress cell that was tested during
the preliminary evaluation! are presented. This study was sponsoted by the
Defense Nuclear Agency (formerly the Defense Atomic Support Agency).

Analysis of Problem

One ot the deterrents to further advances in understanding the
interaction between a buried structure and the soil is the lack of knowledge
about the induced stresses—particularly those near the huried structure.
Gaining such information requires a reliable soil stress cell. Unfortunately,
accurate measurement of soil stresses is difficult because soil stress qages
generally do not behave like the soil they replace. Furthermore, the soil
surrounding the gage is disturbed during installation, and the behavior of the
recompaciad soil is different from that of the undisturbed soil,

Most stress gages measure normal stresses in one direction only and
do not respond accurately on unloading. In addition, no existing gage can
accurately measure the shear stress in a soil field. Most soil gages consist of
a flexible diaphragm supported on a rigid base. Measured deformation or
strain of the diaphragm from such a gage is related theoretically 1o the applied
pressure. Because of mechanical imperfections induced during fabrication,
the gages are usually calibrated under uniform, externally apptied ftuid pres
sure to account for the difference between theoretical and actual gage behavior.



The accuracy of stress measurements rom a sotl gage depends on the
mteraction between the gage and the soit. When embedded in sotil, the gage
will act as a sutbinclusion, a sott inclusion, or a combination of the two,
dependimg upon the refative stiffness hetween the gage and the soil, A solt
mclusion causes the stresses in the soil tield to move away from the inclusion,
whereas a stift inclusion attracts stresses in the soit field. As is well known,
the modulus of detormation of sotl s not a unique value, even for a single
soil, It varies with stress level, relationship between lateral and normat stresses,
moisture content, rate of toa hing, and other parameters. The effective modu-
lus of detormation tor a soil gage, by contrast, usually is a constant within
its tange ot operation. The modular ratio {the ratio of the modulus ol soil
stress gage 1o the modulus of the soil in which the gage 1s embedded) changes
with the magnitude ol loading—a change which has a marked effect on the
gage response. Consequently, the registration ratio of a gage (the ratio ot the
gage outprit while embedded i soit under a known pressure to the output of
the satie gage when subjected to an dentical fhnd pressure) decreases as the
soll stiffness increases, Gages are commonly embedded in soil and calibrated
in the laboratory to account for changes in registration ratio. Even under
controlled laboratory conditions, hcwever, gage response 1s highly sensitive
to gage embedment procedures,

Inshort, the response of sotl stress gages is usuilly sensitive to methods
of mstallation, to changes in soil stiftness, and to other soil properties that
vary with load. There 1s a need tor a gage that is insensitive to these lactors,
The following paragraphs present o thearetical bases and the evaluation ot o
three-dimensional (3-D) soil gage that meets most of the indicated require
ments,

Background

In 1949, Coutinho presented a theory relating the principal stresses
i arelatively rigid spherical inclusion to those in the encompassing sohid
(host matetial).?2 Coutinho's solution was based on Goodier s closed-formed
elastic solution for a sphere embedded in an mfinite solid.3 According 1o
Coutinho, the stress concentration factor for the inclusion 1s essentially a
constant if the modulus of elasticity is four o1 five times the corresponding
value tor the surrounding solid. He suggested that the theory be used to
develop a stress cell for use in freshly poured concrete. Such a cell would be
useful because the stiffness properties of the concrete during the hardening
of the cement are not known,



I the principal stresses and their directions in the host material
are known, Coutinho'’s theory can be applied to obtain stress measurements
in matenals having nontinear stitfness properties, Untortunately, the
principal stresses and their duections are generally not known betorehiand
i most experiments. The application of Coutinho's theory, therefore, is
Inmited to situations where the principal stresses and their directions are
known,

In 1969, the author developed a theory that relates the complete
state of stress inside a spherical inclusion to the corresponding state ol
stress in the host elastic solid through use of results from the tinite element
analyses ol a sphenical inclusion embedded in an elastic solid. Subsegiiently,
astress cell was fabricated trom plastic cue balls and subjected 1o stalic
and dynamic tests. Results from the preliminary tests' were encouraging,
but because the test results weie tor one stiess cell only, the preliminary
test results were not considered conclusive,

Approach

The sohd sphere was chosen because ts 1esponse 1s independent
of its placement orientation. 1t has no sharp corners to cause stress gradi
ents withinitsett, Furthermore, strains near the center ol the solid sphere
are not sensitive 1o localized loads on the outer surface of the sphere,

A spherical stress celt will act as a nigid or a soft inclusion, depend
g on the relative stiffness between the stress cell and the surrounding
sotl. I the stress cell is made trom a relatively low-modulus material,
measured deformations of the cell along selected directions must be related
to corresponding stresses in the soil. Such arelationship can be established
only by elaborate laboratory calibrations, The stress relief factor (the
ratio of the stress in the inclusion to the corresponding stress in the soil)
for a low-modulus inclusion is very sensitive to changes in soil modulus,
which varies with the state of stress in the soil. This sensitivity makes
laboratory calibration very ditficult, +f notimpractical. Furthermore, a
tow-modulus material will not otfer sutficient protection against shock to
the fragile sensing elements when the siress cell is used to oblain dynamic
measurements, The foreqoing considerations preciude the use of low-
modulus material for a stress gage. Rather, arelatively rigid material appears
to ofter more promise.



THEORY
Finite Element Analysis

Analyses of a sphere embedded in a solid were per formed by using
a linear elastic, finite element computer pragram for axisymmetric struc-
tures.* The solid and the inclusion were assumed to be linear elastic,
isotropic, and homogeneous throughout the analyses. Furthermore, the
solid was idealized as a cylinder with a sphere embedded in its center
{Figure 1). Outer boundaries of the cylinder were located far enough away
from the surface of the inclusion that the inclusion would respond as if it
were embedded in an infinite solid. Because of structural symmetry, only
one quadrant of the cross-sectional area was analyzed. The solid and the
inclusion were idealized as un assemblage of quadrilateral ring elements,
Ninety ring elements (not shown on Figure 1) were used to represent the
spherical inclusion 1o ensure good definition ot stress vartation. Continuous
displacements were maintained along all element boundaries. The inclusion
was assigned a modulus of elasticity E; and a Poisson’s ratio v..* Corres:
ponding values assigned to the solid were E, and v, . The idealized structure
was loaded with a uniformly distributed pressure on top in the Z-direction,
Displacements at the nodal points and the stresses at the center of each
element were printed by the computer from the output of the finite element
program.

A series of solutions for the solid—inclusion problem were obtained
by holding the modulus of elasticity and Poisson's ratio for the inclusion
constant and varying the corresponding values tor the solid. Results of
these calculations indicate that the inclusion has negligible influence on the
stresses in the cylinder at radial distances {(measured from the surface of the
inclusion) greater than five times the inclusion radius. The shear stress
within the inclusion is zero. Furthermore, the stress along any direction in
the inclusion is a constant and does not vary with rachal distance,

From the results, a family of siress concentration curves were obtained
for the solid—inclusion problem (Figures 2 and 3). The direct stress con-
centration factors, Cg (shown in Figute 2) were obtained by dividing the
normal stress in the inclusion in the direction of the applied load by the
applied stress, The lateral stress concentration factors, C, (shown in
Figure 3) were obtained by dividing the stress in the inclusion in a direction
normal 1o the applied load by the applied stress.

[ ]
See foldout list of symbols after References,



IERNTNSFY
// ot e
. | //
TN
o ST
paasl ’ Sl
— A

Figure 1. Finite element idealization for 3-D stress cell.
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Figure 2. Direct stress concentration factor, C,.
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Figure 3. Lateral stress concentration factor, C..

The stress concentration curves i Figures 2 and 3 show that the
stress concentration factors are insensitive to changes in stitfness ol the solid
for modular ratios E./E,, greater than 10. This means that stiess meastre:
ments obtained from a spherical stress cell (made trom a matenal having a
maodaltus of elasticity about 10 times larger than the maxinum soil moduolus)
in soil will not be attected by chianges in the soil modulus, However, the
tollowing assumpuion must tirst be made: The instantaneous stifiness pro
perties of a given satl can be represented by a modulus of elasticity and a
Poisson's ratio. This assamption should be valid for most soils and materials
that exhubit nonhnear stitiness properties, becanse any nonlmear stress -
stram curve may be approximated by a series of short linear seqments.

The stress concentration curves can be used as the basis tor devetoping
a 3D stress cell, Understandably, the sphenical stress cetl must he made
from a matenial that (1) responds finearly and elastically in the loading 1ange
considered and {2) has a modulus of elasticity <ohout 10 tunes larger than
the maximum effective sotl modulus iy the same loading range. A stress
cell with these features would require no cahbration. A theory that relates
the complele state of stress in the inclusion to that in the soitl must be
established,
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Development of Theory

Stress—Strain Relationship for Spherical Inclusion. The comple «
state of stress in the inclusion can be determined from six independer =9 e
components. In ateclangular coordinate system, the stress and strair. com
ponents at a point ina continuum dre related by:

Uy, = e + 2Gey (1)
Uy, = Ae + 2Gey i2)
0z = Ae + 2Ge¢, (3)
Txye = G¥xy (4)
Tvze = Gyy2 (5)
Tzxe = Gvzx (6)
where oy, Oy, 0z, = normal stress components

TXYC’ TYZC' TZXC shear stress « omponents

€y, Cy, €z normal strain components

Yxv: Yyz: Yzx shear straim components

e = volumeltric sttan, e = ¢y + ¢y t+ €,
EC
G = shear modulus, G e ———
200 + »)
Lanie’s constant e
= Lame's consta
A 1+ w1 - 2i)
v, = Po sson’s ratio for mclusion
E Young's modulus tor inclusion



Relationship Between Normal Stresses in Inclusion and Those in Host
Material. Consider the special case of an elastic solid with a sphere embedded
in its center, and the solid subjected to the combined action of uniform,
normal stresses gy, Gyp, and a5, of arbitrary magnitudes in the direction of
each of the reference axes. The stale of stress in the inclusion can be obtained
from the tinite element solutions by applying the principle of superposition.
Accordingly, normal stresses induced in the inclusion from the apphication of
normal stresses Gy, Oyp,, and gz, , were summed to give:

0xc = Coxn * Coloy, + 0zp) (7)
oy, = Gy, + Coloy, + 0z,) (8
G5, C,zn, + Coloy, + 0y,) (9)

The vaniables G and C, are the direct and lateral stress concentration
factors, respectively, No shear stresses are induced in the inclusion from the
apphication ot normal stresses. By solving Equations 7, 8, and 9 for the nor-
mal stresses in the host maternial, the toliowing equations are obtained

oxp = Koy, + kloy,, + 0z.) (10)

Oy = Koy, + kloy, + oz.) (11)

0p, = Koz + kloy, + oy.) (12)
cC, + C

K = S c ‘13)

c2 + C,C, - 2C2

- -C. (14)

¢ +cC. - 2¢c?

The constants K and k are designated as the direct—normal, and
lateral—normal stress influence coetficients, respectively. Equations 10, i1,
and 12 define the relationship hetween the normat stresses in the host mate-
rial and the corresponding values in the inclusion. In completing the
relationship ot the complete state of stress in the host material and in the
inclusion, the relationship between the shear stresses in the host material
and those in the inclusion must be established,



Relationship between shear stress in inclusion and those in host
material. The relationship between the shear stresses in the inclusion and
those m the hose material can be established from Equations 10, 11, and 12
and the faw ot stress transtormation. According to thas law, a plane state ot
pure shear s the equivalent of o plane state of normal stress {see Frgure 4)
provided that -

Txy = Ux: x. -”Y:

For the mclusion, designated by subscript €, and the hose matenial,
designated by the subscopt h, thas relationship can be expressed as

Txve ™ Oxp = “Dwg (15)
Txyh = Oy = =Oy'y (16)

By substituting Equations 1 and 16 mto Eguations 10, 11, and 12
tor the special case ot a plane state ot pure shear in the host matenal,

whete

Txvyn £ 0

Tyzn = Tzxn = Oxp = Oy, = 0z, = 0

the tollowimg relationship between the shear stress i the imclusion and that
in the host matenal s obtamed

Txvn = KiTyxy, (17)

where

K, = K - k (18)

Here, K, 1s designated as the shear stress intluence coethicient. Sinlarly, it
can be shown that

tvan = KiTyz, (19)
TZXh = Ks'ZX(‘ (20)

The values ot K, k, and K, are: presented in Figures b, 6, and /1o tacilitate
fitare computanons,



miatenal can be computed from stram meastirements ol the inclusion asing

In summary, the complete state of stress at agoen pomt e the host

Eqguanons 1T through 6 ond 10 throagh 20 without havineg de tatled Knowledege
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Figure 4. Plane state of pure shear.
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Lateral—Normal Stress Influence Coefficient, k

Shear Stress Influence Cosfficient, Ks
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DESIGN AND FABRICATION
Design Considerations

The most important factor in the design of a strecs cell is its stiffness.
During the derivation of the theory, it was assumed that the stress cell is
fabricated from 2 linear elastic material having a modulus ot elasticity about
10 times larger than the maximum modulus of deiormation of the soil. For
most granular soils {sand) the upper limit for the static modulus {one
dimensional contined) of interest for virgin loading is about 40 x 10% psi.
Thus, the stress cell must have a modutus ot about 400 x 103 psi.

There 1s no advantage, however, in usting a material with a modulus
of elasticity much larger than 400 x 102 psi, because for modutar ratios
greater than 10, the sensitivity of the stress cell decreases as its maodulus
increases. The Poisson’s ratio for the stress cell material need not be con
sidered, bacause, as shown in Figures 2 and 3, the Poisson's ratio has little
influence on the response of the stress cell.

The relative density of the siress cell with respect to the soil and its
frequency response can have a large influence on the accuracy of dynamic
measarements, 'nput wave shapes, tor instance, will be distorted it the
natural frequency of the stress cell is low compared with the effective [re
quency response of the soil, Thus, the stress cell should have a much highet
frequency response than the surrounding soil. This requirement is auto-
matically satisfied by meeting the modulus of elasticity requirement,

If the densities of the stress cell and the soil are ditferent, apparent
dynamic stresses will be induced in the cell from the difference in inertial
forces between the two bodies. Such an undesirable eftect can be mimimized
by matching the density of the stress cell and the soil as closely as possible.

Size irregularities in the soil particles near the stress cell can cause the
cell to give erroneous measurements if the size of the stress cell is small com-
pared to the maximum dimensions of the soil particle irreqgularities, The
diameter of the stress cell, consequently, should be large compared (o the
maximum dimensions of soil irregularities. The stress cell will then measure
only the average state ol stress al a poimnt in soil.

Six independent stress components, three normal and three shear,
are required to define the complete state of stress at intertor pomis of
elastic, homogeneous, and isotropic solids. These components must be
obtained indirectly from six independent strain measurements, because
stress components, in general, cannot he measured ditectly. The requitred
strain measurements can be made by using foil 1esistance or semiconductor
strain gages, depending on the sensitivily desired. Stramn gages, however, are
fragile and must be protected in a hostile soil environment. They are besl

12



protected by erbedment in the stress cell. Studies by Dove, Braiser, and
Baker® indicate that commercially available strain gages, when embedded in
materials with a modulus of elasticity greater than 650 x 10% psi, cause
negligible disturbances in a static or dynamic strain field. Strain gages, then,
can be embedded in the stress cell without causing significant measurement
errors if the modulus requirement is satistied,

The strain gages should be oriented to torm a 3-D strain rosette as
shown in Figure 8 to minimize the amount of data reduction required. The -
rosette shown in Figure 8 was adapted from the one used by Dove and
Baker® by adding one gage (dotted line) on each of the three reference planes.
However, the 135-degree gages are redundant and are not narmally used
unless one or more of the other gages (X, Y, Z, XY45, ZX45, YZ45) mal-
functions. Shedaring strains can be computed from the strain data by
applying the lollowing equations:

Yxy = 2xyas - €x - €y (21)

Yyz = 26yz45 - €y - € (22)

Yzx = 26zx45 - €z - €x (23)
where  Yxy, Yyz, Yzx = shearing strains in reference planes

Measured strains from 45-degree gage in
reference planes

€xvasr €yzasr €z2x4a5 =

measted normal strains along reference
axes

Ex, €y, €z

Alternative setups using the 13b-degree gages when one or more of
the other gages do not function are presented in the Appendix.,

To reduce the number of channels required for dynamic measure-
ments, an FM {frequency modulated) multiplexing unit was specially made
for the stress cell. This unit takes six channels of data information and
transmits them via one channel,

Fabrication

For this study, four stress cells (SFB-2, SFB-3, SFB-4, and SFB-H)
were fabricated from 2-1/4-inch-diameter, phenolic plastic billiard balls
(cue bails). These balls have the desired shape and approximately the
desired properties: an elastic modulus of 494 x 107 psi, a Poisson's ratio



ot 0412, and a dessity ot 109 pet. Faost, the temale section was lormed by
cutting approximately one octant from one cue ball (see Figure 9. Then
the matching male section was cul from another ball, The dimension alonyg
each of the three orthogonal edqes was machimed to 1,40 mehes, 0.2 /75 inch
larger than the radias of the ball, so that the approximate center ol the
rosetle would comaerde with the center ot the ball. A dh-degree stram rosette
(1/4nch gage dength, type FABR 26 S13%) was bonded 1o cach of the

L)

three orthogonal laces on the male section with Bokehite™ coment, These
three rosettes lormed the 3 D strain rosette shown m Fgne 8. L ead wines
from the stram gages were threaded through 0.0 T meh dhiameter holes
drifled in the male section (Figure 9, section AN The small Tead wires
were soldered 1o larger lead wires hetore the male and temale sections were
bonded together. The solder jomts were located abouat 178 mch below the
or thogonal taces of the mate section. All the large lead wires converged ot
the bande. These large lead winres were threaded mto the handle and encap
sulated with eposy tesim when the handle was bonded to the miale section
Incidentally, the handle was nrade from a lanunated phenolic plastie. The
handle serves as arelerence Tor otienting the steess cell and as a protector tor

the lead wies,

Y245

Note: Nine strain gages total, one along each reference
axis and two on each reference plane as shown.

Figure 8. Three-dimensional strain rosette.

‘Baldwin | ima Hanulton Corporation,

Hnion Carbade Corporation.,
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lead wire hole

s male section
female section

0.015-in.-diam
hole (typical)

0.200 in.

0.375-in. diam

handle

section A-A

2:1/2-in.long
handie

Note: Not to scale.

assembled stress cell

Figure 9. Fabrication of 3-D stress cell.
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Nex(, the male and female sections were bonded together with an
epoxy adhesive (EPY ™ 150), and cured at 1509F tor approximately 4 hours.
The surface of the assembled stress cell was sanded with fine emery cloth
and marked with colored lines identifying the orientation of the strain gages.
The assembled cell was then coated with an epoxy adhesive and covered with
alayer of 20-30 Ottawa sind to enhance shear transfer, Finally, all the lead
wires from the stress cell were shielded with aluminum foil (to eliminate
spurious electrical signals induced by electromagnetic pulses) and were
covered with shrinkable tubing. Figure 10 shows the assembled stiess cell.

EXPERIMENTAL WORK
Introduction

Each of the four stress cells (SFB-2, SFB-3, SFB-4, and SFB-5) was
subjected to one hydrostatic test in walter and two slatic normal tests in
sand, Stress cells SFB-3, SFB-4, and SFB-b were subjected to one shear test
edach. Stress cell SFB-1 was tested dynamically during the preliminary
evaluation.’ Stress cells SFB-3 and SFB-4 were tested dynamically in beach
sand at Point Mugu.

The purpose ol the hydrostatic test was 1o check the response of the
embedded strain gages. Static response of the stress cell to normal siresses
and shear stresses in sand was evaluated i the static normal tests and shear
tests, respectively, Only the dynamic response of the stress ceil to normal
stresses in sand was evaluated in the dynamic tests.

na__;ﬁ.;IStmctzures Div..ﬂivii[mr. ﬁam. ‘

Figure 10. Assembled stress cell.

*Baldwin Lima-Hamilton Corporation.
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Test Procedure

Hydrostatic Tests. Two stress cells at a time wete placed in i
20,000-psi-capacity pressute vessel filled with water and subjected to thiee
successive loading cycles to a maximum pressutre of 3,000 psi at 100-psi
increments. Hydrostatic pressute, measured by a Bourdon pressine gage,
was applied externally by a motor-driven air pump. All strain gages within
each stress cell were monitored in these tests.

Static Tests. A soil tank {(Figwe 11} filled with a dry (0.3 moisture},
well-graded sand (Figure 12) was used in the static tests. This 36-inch-lony
tank was made trom a 17-1/4-inch-1D (inside diameter), 3/8-inch-wall steel
pipe. The sand was obtained from the ¢ry riverbed ol the Santa Clara River
at Ventura, California, A greased, thin polyethylene liner was used in each
test to reduce wall friction. A new liner was used for each test, in-place
sand density was controlled by dropping the sand through a funnel into the
sotl tank from a height of 20 inches in G-inch ifts. When the sand level
reached the midheight of the tank, the shress cell was pressed about 3/4 inch
into the sand. In the normal tests, the stress cell was otiented such that its
Z-strain gage coincided with the axis ot the tank. In the shear tests, the
stress cell was so oriented that the YZ45-stiain gage ol the stress cell coin:
cided with the axis of the tank. Subsequently, more sand was sifted around
the stress cell through the funnel. Special care was laken (o prevent the sand
from bouncing off the stress cell 1o mimimize the possibility ot segregation of
sand particles, This procedure was repeated for two T-inch lifts antit the cell
was completely covered, Fiiling of the tank was resumed, as in the bottom
halt, Sand densities in the tests varied between 1025 10 107.8 pet. The
average density was 1055 pet.

In each test, the sand i the tank was loaded with o 400-kip testing
mdachine in 85.6 psi increments to a maximum pressure ol 1,110 psi through
three cycles. Tuane between load increments during loading was about 30
seconds, The maximum load was held for 3 minutes. During unloading, the
load was removed 1 171.2-psi increments at about ¥ minute per load incre
ment, Vertical displacement of the sand at the top ol the tank was measutred
witth a hnear potentiometer attached to the steel loadimg plate on the top of
the soil tank, Fowr panrs of strain gages were placed, equally spaced, around
the circtimierence at the midheight on the outside ol the soil tank (Figure 1)
to meastire strains tor computimg the lateral stresses i the sand at the leve!
of the stress cell. Each pair consisted ot a vertical gage and a hoop gage o
measuring the vertical strain and hoop stran i the soil tank.,



"PUes 1531 0 UOIINQLIISIP 3ZIS uiest) ~Z| ainbiy

002

ovi

piepuelS S N ‘Yau| J3d SIYSAN

-
o X
(==}

[o2 4]
[=Re]

S
o

WoN
(=)

=2}

AN

S

\

1 N1

oL

0c

o€

oy

0s

09

0L

08

06

800

10

1
=
N

S o
w >

S o
[= -

(Www) az1S uies

0oL

yb1apy Aq Jaul 4 Juadiad

*dn1as 1sa) onely "y aunbirg

pues

FoR
z A

.

) 153} Myt

_ sabeh
a (T 19

' dooy pue

\ Ul gE FELsan

— “ adid

A X 1331s Q)

[~ -urp/i-L1

L ‘llem

i -u-g/e

_ 1S3} (ewiou

| {

aie)d ..\m
Buipeoy jpa1s

fa——weip -urgy

1313w011u330d 1e3Ul)

18



Dynamic Tests. Stress cell SFB-1 was subjected to nine tests in the
NCEL blast simulator (Figure 13) during the preliminary evaluation.! A
description of the blast simulator is presented in Reference 7. A 10-foot
long, 3/8-inch-wall, 8-inch-diameter steel pipe, filled with the same dry-
riverbed sand used in the static tests, was employed for these tests, Because
of the pipe dimensions, sand density could not be controlled by dropping
sand into the pipe over a specified height, as in the static tests. Instead, sand
density was controlled by tapping along the length of the pipe with a sledge
hammer, after the pipe was tilled vsith sand, until no further settlement of
the sand near the top was noted. The stress cell was placed 5-1/2 inches
below the top of the pipe, with its Z-strain gage coincident with the axis of
the pipe. Only the X-, Y-, and Z-strain gages inside the stress cell were
monitored, because the loading on the sand column was axisymmetric. A
greased, thin polyethylene liner was placed inside the upper section of the
pipe to reduce attenuation of the applied dynamic pressure from wall friction,
The 24-inch-long polyethylene liner and the upper 24 inches of sand at the
top of the pipe were removed and replaced atter each test. Moreover, a
1/8-inch-thick rubber membrane was placed on the top of the 8-inch-diamelter
pipe before the pipe was bolted 1o the flange on the blast simulator. This
membrane prevented dynamic air pressure from entering into the pores
between the sand grains. A pressute transducer, placed near the top of the
pipe (see Figure 13) was used to measure dynamic pressutes on the sand
column, The peak pressure applied in these tests was about 105 psi.

_f"“‘"\

blast simulator

i

& in, s = et

' blast simulator

M

.

&

H

&
v I sand

il 3/8-in.-thick, 8-in.-diam
steel pipe, 10 ft long

[rressLIre
transducer

178 in.-thick
mubber membrane

stress cell

' fixec‘i'

Figure 13. Dynamic test setup in NCEL blast simulator,
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Stress cells SFB-3 and SFB-4 were subjected to three high-explosive
tests on the beach at Point Mugu. A cross section of the test setup is shown
in Figure 14, The 3-1oot-long by 3-foot-OD {outside diameter) steel cylinder
with 3/4-inch-thick wall was used as the pressure vessel. After the installation
of the cylinder, sand directly under the cylinder was removed to a depth of
about 2 feet below the bottom of the cylinder and replaced with dy beach
sand, Two pressure transducers, placed with their active faces even with the
sand surface inside the cylinder, were used 10 measure dynanic pressures on
the sand surface. The two stiess cells were placed at about 1 toot below the
sand surface inside the tank as shown in Figure 14, A 40-inch-squate by
5-1/8-inch thick wooden box filled with beach sand was placed on the top of
the steel cylinder. This box was covered with a 2-foot-thick surcharge of
beach sand to control the duration ot the dynamic pressure puise. Dynamic
pressures were generated by exploding an 8-inch-diameter by 1/2-mch-thick
charge ol C-4 plastic explosive suspended in the center ol the cavity inside
the pressure vesset. Predicted peak dynamic pressute for the explosive charge
used was b00 psi. The water table was located at about b feet below the
level of the two stress cells,

The sand side the tank was removed with a hand scoop to o depth
of about 6 inches below the level of the stress cells and put back into place
atter each test, The stress cells were removed and remstalled durimg this pro-
cess. Special care was taken in compactimg the sand around the stress cell
during installation, The dry beach sand, however, because of sts gradation,
cannol be compacted densely.

section A A

pressure transducer (P) . \J 4
3 4 3
b TN ';_‘}(S( el
L} ~
\ o
N d

w_{ _ fo oy & —ETE K 'PEJH}*

100

T

’J, Fi: Plywenn [ fiid
E} (LR //'. . / o l"*x___
-~ i - | et
/ e f Ve ek g Bon eham "‘-
— =TT 0 A pnplnsie claege %
=t . 19 g - ]
- P
. PP 31100 x 3 ttlong,
-‘"‘x 3'4in thick steel cylinder
| e
= Ll ]l
.r-

water table

Figure 14, Dynamic test setup at Point Mugu.
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instrumentation

All the data from the hydrostatic tests and the static lests were
recorded with a B&F SY 256 data recordimg umit, The outpul s automatic
ally digitized and printed on paper tape. Sand displacement in the static
tests was measured with a Bourns 108 Linear potentiometer that has a 6anch
travel,

In the dynamic tests pertormed in the NCEL blast simulator, pres
sures were measured with a Dynisco PTVO-3C pressune transducer, The
resulting data trom these dynamic tests were recorded directly with o CEC
5-124 osciltograph using a 600-H/ galvanometer,

Dynamic pressures from the tests at Point Magu were measured with
two Bytrex HFEG-1000 pressure transducers, Data from these tests at Point
Mugu were recorded on magnetic tape at a speed of 60 ps with a Sangamo
3662 1wpe recorder. The tape, after each test, was played back at 3:3/4 1ps,
through a CEC 5-124 oscitlograph using o H-kHz galvanometer. A time scale
expansion of 16 was obtained on playback. The FM multiplexing unit that
can transmit six channels ot data intormation via one channel was not used
in these tests because the spectal equipment reguired for reducing the data
from the unit was not available,

RESULTS AND DISCUSSION
Hydrostatic Tests

The primary purpose of the hydrostatic tests was to check whether
all of the embedded strain gages 10 the stress cell were functionma. These
tests were not used for calibration purposes, no calibration of the stress cell
s required. The stram data trom ditferent stress cells were neatly identical,
Fuarthermore, there s very hittle ditterence in data obtaned tor the thiee
loading cycles. A plot ot typical stram data from the three stram rosettes s
presented in Figute 15, As can be seen, the response of the embedded strain
gages s linear 10 3,000 psi, Also, the stopes of the three cutves in Figure 1H
are essentially identical, mdicating that there s very little ditterence in
behavior among the three straimn rosettes.

The average butk modulus, computed trom the hydrostatic stress
celt data, was 0933 x 10°% psi. The corresponding value computed by using
the modulus of elasticity and Poisson’s tatio tor the cue ball was 0,950 x 109
psi. Thus, the sttain distnibution within the stress cell remains essentially
unchanged by the presence of the embedded strain gages and the handle,
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Static Tests

General. A typical consohdation curve for the sand used in the static
tests is presented in Figure 16, 1t can be seen trom this figure that the amournt
of consolidation per unit load increment decreases with increasing load for
all three cycles and approaches an almost constant value for apphed loads of
greater than 300 psi. The sand had a penmanent set at the end of each cycle
alter the load was removed; this permanent set increased stightly with each
succeeding load cycle, Moreover, the sand crept at maximum load (Figure 16)
when the load was held constant tor 3 nunutes, A plot ot the tangent moduli
of the sand duning loading 1s given i Figure 17, In the itst cycle, the tangent
modulus of the sand increased from an initial vatue of about 7,000 psi at zeto
load 10 a value of about 30,000 psi at maximum applied load —an increase of
about four times the imtial value. 10 the second and thud cycles, the tangent
moditlus ot the sand ncreased from an mitial value of about 14,000 psi at
zero load 1o maximum values of about 82,000 psi and 105,000 psi, respec
tively, a1t 660 psiand 770 psi. Thereatter, the tangent modulus of the sand
decreased with mcreasing load. In general, the tangent modutus of the test
sand vanied considerably with the magnitude ot the applied load and s load-
ing history. '

3,000 3,000
§ 2,000, g 2000+
E B
X ¥
% 1,000, 4 E 1,000 @
D ZXa5 0 XY4s
o . %135 @ X¥1356
0 - 4 0 1 St O
[1] 300 1,000 1,500 0 300 1,000 1,500
Strain {u in./in,) Stran (u in./in)
-3,000 "
|
= 2,000
g
-
E oz
a 1,000
o YZ4as
© YZi3b
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o 300 1,000 1,500
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Figure 15. Typical hydrostatic data from stress cell,
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Figure 16. Load versus sand consolidation, static tests.
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Figure 17. Tangent modulus of sand, static tests.
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Typical strain data from the stress cell tor the static normal tests are
presented in Figure 18. Strain data from the X- and Z-strain gages are pre-
sented in this figure. The data from the Y-strain gage are not presented
because they are similar to those from the X-strain gage. Stran data from
the Z-strain gage and the X-strain gage tended to concave upward slightly
with increasing applied load during the tirst eycle. On the other hand, data
from the Z-strain gage and X-stran gage increased linearly with toad for
applied loads greater than 100 psi during the second and third cycles. During
unloading, as ndicated by the dotted lines in Figure 18, the data for the
three cycles from a given strain gage in the stress cetl tollowed essentially the
same path, Furthermore, tiends similar to those mentioned above tor the
static normal test data trom the stress cell were present in the data from the
shear tests,

A significant pomt not apparent from the data presented in Figure 18,
is that, while under maximuam load, the sand underwent creep (Figure 16)
but the stress cell did not, which ndicated that the response of the stress
cell 1s insensitive to creep in the soll,

The diect—normal, lateral—normal, and shear stress mfluence coef-
ficients used in the reduction of the static data from the stiess cells, were
0.572, 0.043, and 0.529, respectively. These coetficients cotresponded to
amodutar ratio E_/E,, of 10 and a Poisson’s ratio v /v, ot 1.0 Figures 5, 6,
and 7.

Tests for Normal Stress Response. The objective of the stiatic normal
test 1s to determine the accuracy of the normal stress measurements obtained
from the stress cell in sand, Normal stresses, ver tical and horizontal, were
computed from the stress cell data using Equations 1 through 3 and 10
through 12. The apphed vertical stress was used 10 compare the vertical
stress from the stress cell, for lack of a better standard. At the level of the
stress cell (see Figure 11), the actual vertical stress, will understandably be
somewhat smaller than the apphed stress on top of the tank because of wall
friction. Average lateral stresses in the sand at the level of the stress cell,
computed from the sail tank strain data, were compared with the correspond-
ing lateral stresses trom the stress cell. These lateral stresses from the soil
tank data are not sensitive to friction between the liner and tank wall because
they are computed from local measurements. Unfortunately, vertical strains
from the soil tank wall adjacent 1o the stress cell, because of their relatively
small magnitudes, cannot be used in compuling the ver tical stresses in the
tank waltl, Hence, no quantitative estimate of the decrease in the applied
vertical load from wall friction at the level of the stress cell was made.
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Figure 18. Typical stress cell data, static normal tests.

Comparisons of vertical stress from the stress cells with the applied
vertical stress are presented in Figures 19 through 26. In these figures, the stiess
from the stress cells is expressed as a percentage of the corresponding applied
vertical stress.  Unloading is tepresented by the dotted lines 1t is apparent
that during the first cycle the vertical stress from the stress cell approaches the
applied stress from the high side as the applied load increases. This phenomenon
is caused by the larger vertical displacement ol the sand near the tank wall,
because ot its proximity to the greased plastic liner, relative to the vertical
dhisplacement ot the sand near the cenler of the tank, The greased liner otfered
less restraint to vertical displacement of the sand particles than did the sand
particles themselves. This relative vertical displacement causes more applied
load to be carried by the sand near the center of the tank than by the sand
near the tank wall; hence, the high response of the stress cell,

As the applied load is increased, and the sand is compacted, the relative
ver tical displacement between the sand particles near the center ol the tank and
those near the tank wall becomes less and less. As a consequence, ver tical
stress fram the stress cell approaches the applied stress as the applied stress
increases. 1 1s also apparent from Figures 19 through 26 that the respanse
curves of the stress cell duning the second and third cycles are very close
together despite the changes in the tangent moduli of the sand from the second
to the third load cycle (Figure 17). The vertical stress from the stress cell
during the second and third cycles, which 1s initially smaller than the apphied
stress, approaches the applied stress as the applied load increases.
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Figure 19. Comparison of vertical stresses, static normal test 1, SFB-3.
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Figure 21. Comparison of vertical stresses, static normal test 3, SFB-4.
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27



Stress From Stress Cell (%) *®

Fromm Stress Cell (%) °

biress

200E\||llllllll

D~ ~A
B\QQ-Q_ ~Be — = “é‘ —A
00— ===

O First cycle
[0 Second cycle
@ Third cycle

8
FTrrTrrrrryprrrrrrTrTTd

| | ] | 1 | | | 1 1= i

AR IEEEEE SN EEENENE!

00 600 1,200
Applied Vertical Stress (psi)
*Percent of applied vertical stress.
Figure 23. Comparison of vertical stresses, static normal test 5, SFB-5.
200 | L T T T T T 1 T3]
- -
o -
= -t
: ’E_-—-G ed : :
: Df & First cycle :
= & 39 Second cycle -
b ©® Third cycle -
. 1 ] ] 1 1 ] ] 1 i ] 1
0 600 1,200

Applied Vertical Stress (psi)

*Percent of applied vertical stress,

Figure 24. Comparison of vertical stresses, static normal test 6, SFB-3.
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For applied loads equal to or greater than GO0 psi, the vertical
stresses from the stress cells are within +10% of the corresponding applied
vertical stresses. With a few exceptions, especially test b (Figure 23), the
vertical stress from the stress cell during unloading (dotted tines in Figures 19
through 26) is about 10% larger than the corresponding applied stress for all
three cycles. This high response of the stress cell during unloading is caused
by vertical residual stress in the sand. Another point is that the unloading
paths in Figures 19 through 26 are generally closely banded together with
the band widening for loads below 300 psi. In short, the vertical stress from
the stress cell epproaches the applied stress with increasing load from the
high side during the first cycle and trom the low side during the second and
third cycles. Vertical stress from the stress cell is within +10% of the applied
stress for applied stresses equal to or greater than 600 psi. Next, lateral
stresses from the stress cell are compared with those from the soil tank.

Comparisons ot lateral stresses from the stress cells with those from
the soil tank are presented in Figures 27 through 34. In these figures, the
lateral stresses are plotted against the applhed vertical stresses. Lateral stresses
from the stress cell were computed by averaging the stresses in the X- and
Y-direction (Figure 11); those from the soil tank were computed by averaging
the lateral stresses from the four pairs of strain gages on the soil tank wall,
From Figures 27 through 34, it is apparent that lateral stresses from the
stress cell are generally smaller than those from the soil tank during the first
cycle loading—a phenomenon caused by the presence of the greased plastic
finer. The presence of the greased plastic liner evidently caused relative
vertical displacement within the sand that induced more load through the
sand near the middle of the soil tank where the stress cell was located. This
difference in load created a void ratio gradient in the sand that increased
with increasing rachial distance from the axis of the soil tank. Because the
at-rest coefficient of earth pressure, K, {the ratio between the horizontal
and the vertical stress) is proportional to the void ratio, the low void ratio
of the sand near the center of the tank relative to the sand near the tank
wall brought about the smaller lateral stresses from the stress cell. This
difference in lateral stresses becomes less with succeeding load cycles qs the
sand hecomes more compacted.,

Agreement between the lateral stress from the stress cell and that
from the soil tank during loading is generally within +10%. During unloading,
the lateral stress from the stress cell 1s slightly larger than its corresponding
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stress during loading for alt three cycles, By contrast, lateral stress from the
soil tank during unloading is generally much larger than its corresponding
stress during loading. This larger lateral stress from the soil tank during
unloading must have been caused by the residual stress in the sand, hecause
no additional lateral stress was applied. Apparently, during unloading, the
sand particles locked into rings symmetrical ahout the axis of the tank. The
sand in the 17-inch-diameter tank can be visualized as seventeen 1-inch-thick
{measured radially) concentric rings. The rings near the tank wall, because
of their larger radius, unloaded much more slowly than those near the stress
cell, hence, the larger lateral stress from the soil tank during unloading. The
lateral stress from the stress cell and that from the soil tank, with a few
exceptions, are within +10% of each other, even tor an applied vertical stiess
of less than GOO psi.

In 1963, Hendron® performed a series of experiments 1o study the
behavior of sand in one-dimensional compression. He concluded that a
straight-line relationship exists between horizontal and vertical stresses for
applied stresses up to about 1,000 psi. Hendron reported that the value of
K, depends upon the type of sand and its initial void ratio. The response ol
the stress cell to applied normal stresses is presented in Figures 35 through
42, As with Hendron's results, the relationship between the horizontal and
vertical stresses is linear for loading and unloading. For each test, K, (the
slope of the curve) decreases with each succeeding load cycle as the void
ratio of the sand becomes smaller. The lateral stress coelticients, K, from
these tests varied between 0.34 and 0.44. The average value was 0.40.
Corresponding K, values obtained from previous experiments at NCEL®
using the same sand varied between 0.41 10 0.45.

The vertical response ot the stress cell (Figures 9 through 26) for
applied loads of less than GO0 pst is also within 10% absolute of the corres
ponding applied value. The relationship between the horizontal and vertical
stresses from the stress cell is linear throughout the loading range for all of
the tests. [t is in good agreement with corresponding values obtamed for the
same sand in previous experiments. Consequently, the accuracy ot the
vertical stress measurements obtamned trom the stress cell for apphed loads
less than 600 psi is as accurate as its lateral response. Likewise, the accuracy
of the lateral stress measurements from the stress cell for apphied ver tical
loads greater than 600 psi is as accurate as its vertical response. As a tesull,
the horizontal and ver tical response of the stress cell to normal stresses s
generally within 10% absolute of the applied value.
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Shear Tests. Data from the shear tests were reduced by using
Equations 1,2, 3,5, 10, 11, 12, and 1% with direct—-normal, lateral—normal,
and shear stress itluence coetticients ot 0572, 0.043, and 0.529 from
Figures 2 and 3. In addition, vertical stresses were computed from the stress
cell data using the taw of stress transformation.’® Shear stresses from the
stress cells were compared with the applhied shear stresses computed by taking
one half the ditterence between the applied vertical stress and the correspond
ng lateral stress from the sotl tank. Understandably, the applied shear stress
(designated) will be lower than the actual shear stress on the stress cell daring
foading m the fiest cycle because ot the relative vertical displacement in the
sand. Also, the apphied shear stress during unloading will be lower than the
actual shear stress on the stress cell as a result of the higher residual Lateral
stresses in the sand near the tank wall relative to those in the sand near the
center of the soil tank. (See the discussion ot the results from the static nor-
mat tests.)

Comparisons ot shear stress from the stress cells with the correspond-
ing apphied shear stress are presented in Figures 43, 44, and 45 tn these
ligures, shear stress from the stress cell s expressed as a percentage of the
corresponding applied shear stress, The trends of the response to sheat
stresses durmg loading are sinlar to those i the compaarison of vertical
stresses in the static normial tests except durmg unloading. Shear stress from
the stress cell approaches the corresponding applied shear stress from the
high sice as the apphied load s imcreased dunng the first cycle. By contrast,
the shear stress from the stress cell approaches the corresponding apphied
value from the Tow side as the apphed load 1s increased durma the second
and thied cycles. With the exception of the tast cycle, the shear stresses from
the stress cell are generally withim 109 absolute ot the apphed shear stresses.
The shear stresses from the stress cell during unloading for all three cycles
were always farger than the applied shear stress (computed) because the
lateral stress in the sand near the tank vall was larger than the cortesponding
stress nedr the center ol the sod tank (see the discussion on the compatison
of lateral stresses trom thie static normal tests), The applied shear stress was
compuated by tabmg one-halt the hitference between the apphied ver tical
stress and the fateral stress from the sod tank. Thus, the applied shear stress
Aormg anfoading was Targer than the actual shear stress on the stress cell, In
broef, shear stress from the stress cell s generally with £ 10% of the apphed

shedr stress,
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Vertical stresses trom the stress cell, computed by transformation, were
compared with the applied vertical stresses in the shear tests (Figures 46, 47
and 48) to verify whether the law of stress transformation can he applied to
the stress measurements from the stress cell, Clearly, the trends and magni
tudes shown in Figures 46, 47, and 48, and those shown in Figures 19 through
26 from the static normal tests are almost identical. Transtormation, then, can
be apphied to stress measurements trom the stress cell.
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Figure 45. Comparison of shear stresses, static shear test 3, SFB-3.
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Figure 46. Comparison of vertical stresses, static shear test 1, SFB-4.
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Dynamic Tests

General. Tne objective of the dynamic tests was to evaluate the
dynamic response ot the stress cell in sand under a blast environment. Only
the response of the stress cell to normal stress was evaluated in these tests,
The stress influence coefficients and equations used in the computation of
s0il stresses from the stress cell data were the same as those used in the static
normal tests because the dry sand used in the tests is essentially insensitive
to strain rate,

Tests in Blast Simulator. Data from a given strain gage in the stress
cell for different tests have the same wave shape; however, their magnitudes
varied somewhal trom test to test. Typical data from the stress cell and the
pressure transducer are presented in Figure 49, From Figure 49, it is apparent
that, except for the first 10 msec, the wave forms of the data rom the stress
cell and those from the pressure transducer are similar. The pronounced
oscillations in the stress cell data during the first 10 msec were caused by the
response of the blast simulator and the pipe containing the sand (Figuwre 13).
Vertical and horizontal stresses were computed from the stress cell data at
various selected times. Precise deternunation of stresses from the stress cell
data immediately after the arrival of the stress wave, however, was nol pos:
sible because the strain data from the stress cell were masked by the ieflections
tromv the bilast simulator and the pipe. All initial data peaks, consequently,
were obtained by backward extrapolation {dotted lines in Figute 49). Vertt-
cal stresses from the stiess cell at the three selected times (5, 30, and 60 msec)
were compared with the corresponding dynanic pressures from the pressure
transducer located 5-1/2 inches above the tevel of the stress cell (Figure H0).

It can be seen from Figure 50 that the three data points for each test, except
for test 8, are closely grouped; this demonstiates that the response of the
stress cell follows the decay of the overpressute pulse, A more detailed com
parison of the vertical stiess from the stress cell with the apphied dynanic
pressure for all tests is presented in Figure 51, The vertical stresses rom the
stress cell are generally within 15% absolute of the applied dynamic pressunes.
The average earth pressure coefficient at rest computed from the stress cell
data is 0.37.

Tests at Point Mugu. After each test at Point Mugu, the cavity inside
the steel cylinder (Figure 14) was filled with damp sand from the surcharge
above. The plywood box lid, imitially placed on the top of the cylinder, was
adjacent to the cylmder with its bottom side up. A hole abort 14 inches i
diameter was cut in the bottom side ot the plywood box lid. After temoving
the damp sand in the cylinder with a plastic scoop, it was lound that the
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original dry sand surface had moved upward about 6 inches with respect to
the top of the tank. The sand surface had a rather fluffy appearance. More
over, the stress cells moved upward along with the surrounding sand, with
their Z-strain gages tilted slightly toward the wall of the tank. These observed
upward displacements, apparently, were caused by the reflected wave from
the water table below (Figure 14). Atter test 3, stress cell SFB-4 had a small,
superficial crack at the base of the handle; however, all its strain gages were
still functioning satisfactorily. This cracking, caused by a high bending
moment at that location, may be avoided in future experiments by providing
the stress cell with a 1-inch handle instead of the 2-1/2-inch handle used.
Stress cell SFB-3 was not damaged.

No useful data were obtained from the first test because the instru
mentation was not grounded properly. Data were obtained for all other tests,

The data trom corresponding pressure gages used in tests 2 and 3
were similar.  [he data from corresponding gages within the stress cells for
each test were also similar. Strain data from the Z-strain gage in SFB-3, for
example, were simifar to the corresponding data from SFB-4. Typical data
from these two tests are presented in Figure 52, The wave shapes of the
overpressure data and the stress coll data are somewhat similar.

Vertical stresses computed from the stress cell data were compared
with the applied dynamic pressure (Figure 53). From Figure b3, it is
apparent that the stresses from the stress cell are only about one-fourth
those from the pressure transducer. This large difference in magnitudes may
have been caused by spatial attenuation. To explore this possibility, con-
sider the contour plot of the vertical stresses below a circular footing
subjected to a unit pressure (Figure 54). The diameter of the circular
footing is 14 inches, the same dimension as the hole cut in the bottom of
the plywood box lid of the test chamber. Locations of the stress cells are
plotted to scale, corresponding to their actual locations below the sand sur
face (Figure 14) inside the tank. Clearly, the vertical stress at the location
of the stress cells is only about 24% of the applied stress on top. The dia-
meter of the pressure front, hecause the 8-inch-diameter explosive charge
was placed at only 1 foot above the sand surface, was probably only slightly
more than 14 inches when it hit the surface of the sand. The vertical stresses
from the stress cell, as a consequence, are only about one-quarter of the
applied dynamic pressures. The vertical stress from the stress cetl (Figure 53)
became zero at 3.5 msec, when the reflected stress wave arrived from the
water table below,

The validity of dynamic field measurements from the stress cell is
still open to guestion, Further dynamic testing ot the stress cell should be
accomplished to resolve the remaining uncertainties,
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FINDINGS AND CONCLUSIONS

The purpose of the experiments reported was 10 evaluate the adequacy
of cue-batl stress cells for measuring the complete state of stress at a point in
a soil field under static or dynamic loading. Their operation is based on the
deductions from elastic theory that: (1) the response of a stiff spherical
inclusion is insensitive 1o changes in the stiffness of the encompassing solid
provided that the modulus of elasticity of the inclusion is about 10 or more
times the maximum corresponding value for the solid, and (2) the stresses
along a given direction in the inclusion are essentially constant,

The test results and analysis indicate that;

1. The stress cell requires no calibration.

2. The stress cell behaves linearly under hydrostatic pressures to
3,000 psi in water,
3. Embedded foil strain gages in the stress cell have negligible

influence on the strain ficld within the stress cell.

4. The stress cell response s isensitive 1o changes in sotl moduli
for static stresses up to 1,110 psi.



5. Static normat stress and shear stress measurements are generally
within +10% of the actual stresses,

0. Law of stress transformation can be applied to stress measurements
from the stress cell.

7. The dynamic response of the stress cell follows the rise and decay
of the applied dynamic pressure pulse,

8. Dynamic stress measurements from the stress cell are generally
with +15% of the corresponding pressure in the blast simulator,

9. Accuracy of dynamic measurements from the stress cell in field
experiments is still uncertain.

In brief, the cue-ball stress cells are excellent gages for making static
measurements in sand, but their adequacy for dynamic measurements
requires further evaluation,

RECOMMENDATIONS

1. Shorten the handle of the stress cell from 2-1/2 inches to 1 inch.

2. Test the dynamic response of the stress cell more rigorously in
the laboratory and in the field,

3. Test a FM unit that puts six channels of dynamic data into one
channel made specially for the stress cell.
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Appendix

CONFIGURATION OF STRAIN GAGES IN STRESS CELLS

Nine strain gages are embedded in each stress cell as shown in
Figure 8. Under normal operating conditions (that is, when the complete
state of stress at a point in soil is required), anly the X, Y, Z, XY45, YZ45,
and ZX45 are monitored. Furthermore, only X, Y, and Z gages are moni
tored in special situations where only normal stresses are required, The 135
gages (XY 135, YZ135, and ZX135) are redundant and not used unless one
or more of the other gages do not function. These 135 gages, however, may
be used if the user desires to obtain extra data for checking purposes. An
additional orthogonality check (the sum of three mutually orthoyonal strains
at a point in an elastic, isotropic, and homogeneous solid is a constant) can be
obtained il one of the 13b gaaes is monitored in normal operating conditions.
Otherwise, only one orthogonal check can be obtained under normal operating
condiiivns when the 135 gages are not monitored.

Moreover, one or more of the strain gages (X, Y, Z, XY45, YZ45,
and ZX45) may be damaged accidentally. 1 this occurs, one or a combination
of alternative setups can be used to obtain the required strains as foltows:

1. One or more of the 45 gages not working, and the X, Y, and 2
gages working—use the X, Y, and Z gages, and substitute the appronnats
135 gage for the corresponding 45 gage that is not working. For example,
the XY 135 gage is used when the XY45 gage does not work. Compute the
required shearing stratn from one of the following equations:

Txy = €x t €y - 2¢xyq3s (24)
Yvz = €y *t €z - 26yzq35 (25)
Yzx = €z * €x - 264435 (26)

2. X gage not working—use the 'Y, Z, XY45, YZ45, and XZ45 gages.
Use the YZ135 or XZ135 gaye, whichever is appropriate. Compute the nor
mal strain in the X-direction with one of the equations below:

€x = Cxyas t Cxyizs - €y (27)

€x €zxa5 T €zxi13s - €2z (28)

Compute the required shearing strains as indicated in the text.
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3. Y gage not working—use the X, Z, XY45, and Y245 and ZX45
gages. In addition, use the YZ135, or the XY 135 gage. Compute the normal
strain in the Y-direction with one of the following equations:

€y T €yzas t €yzy35 - €2 (29)
= ex ,(30)

€y = €xyas t €xyi3s

Compute the required shearing strain as indicated in the text.

4. Z gage not working—use the X, Y, XY45, YZ45, and ZX45 ygages.
Also, use the YZ135 gage or the ZX135 gage. Use one of the following
equations to compute the normal strain in the Z-direction.

€2 = €yzas t €yzizs - €y (31)

€z T €zxa5 t €zx135 - €x (32)

Again, compute the required shearing strains as indicated in text,
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LIST OF SYMBOLS

XY45, XY 135

Y245, Y2135

ZX45, ZX135

€x. €y, €2

€xva5 €yzas: €2x45

Lateral stress concentration factor
Direct stress concentration factor
Volumetric strain

Young's modulus for inclusion
Young's modulus for host material
Shear modulus for inclusion

Lateral—normal stress influence
coefficient

Direct—normal stress influence
coefficient

Ratio between horizontal and
vertical stress

Shear stress influence coefficient

Strain gage along X-axis of stress
cell

Strain gages in XY-plane of stress
cell

Strain gage along Y-axis of stress
cell

Strain gages in YZ-plane of stress
cell

Strain gage along Z-axis of stress
cell

Strain gages in ZX-plane of stress
cell

Normal strain components in
inclusion

Strain components from 45-degree
gage in each reference plane of
strnss cell
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Shearing strain components in
reference planes of inclusion

Lamé's constant

Normnal stress components in
inclusion

Normal stress camponents in hnst
material

Shear stress components in
inclusion

Shear strass components in host
material

Poisson'’s ratio of inclusion

Poisson's ratio of host material



