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BISPLACEMENTS AND STRAINS AROUND PROBES IN SAND

ﬁo“‘

By John L. Davidson,1 M ASCE and Alireza Boghrat2

INTRODUCTION

In the past decade the use of insitu testing for geotechnical
purposes, both onshore and offshore, has increased dramatically.
Compared to the traditional drilling, sampling and laboratory testing
procedures, insitu testing has several important benefits, These are
that insitu tests are performed in the natural environment of moisture
and stress, with reduced disturbance and on large volumes of soil. They
are also generally quicker and cheaper, relative to the quantity of data
acquired. New pieces of insitu test equipment with increasing
sophistication and capabilities are continually coming onto the market.

This paper seeks to compare and evaluate two standard shapes of
insitu test equipment. The first shape, the ‘cone', is a 35.7 mm
diameter cylindrical rod with 3 60° apex cone, Figure 1. This is the
shape of the standard electric Cone Penetration Test tip (14) and of
many of the available piezocones (e.g. 7, 10, 16, 17), Figure 2. The
second shape, the 'blade', is a flat plate 235 mm x 95 mm x 14 mm, with
a bevelled lower end and a threaded connector, Fiqure.l. This is the
shape of the Marchetti. dilatometer (12, 13) and. of the University of
Florida piezeblade (3), Figure 3.

Both cone penetration tests and piezocone tests.:are standard
offshore” investigation tools, performed from a ship or barge, from a sea
floor system :{9) or from a deep submersible (11),,¢D§iﬁtometer tests

S Pave A, Leen perfemed “rom barges. Or. Marchet+s Eas-tgsted in water

cepths up to 30 meters £s total desths of 60 mete. £, Tha cayice i
also used ‘recently by Schmertmann and Crapps,.. Inc. during site
investigation for the Sunshine Skyway bridge in Tampa, Florida.

Since these types of tests are performed by penetrating a solid
probe into the ground, a certain disturbance of the soil results. The
magnitude, 7location and type of disturbance are all  important in
evaluating the usefulness and reliability of the test,

This paper describes a laboratory testing technique whith_alhpws a
determination of the displacements and strains around a penetrated
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Figure 2. Electric Cone Tip, Wissa Piezocone and Fugro Piezocone

Figure 3. Marchetti Dilatometer and University of Florida Piezoblades



probe. The two standard shaped probes were tested in this manner, and

are compared with regard to the disturbance caused around each during
insertion.

The tests reported in this paper are all of shallow penetration -
for the cone, the penetration tip depth to diameter ratios are only 6
and 8 - for the blade, the depth to width ratios are 16. A few tests
have been performed in which the sand surface has been surcharged to
simulate depth, but are not reported herein.

_This paper is an extension of an earlier paper (6) in which the
testing technique was briefly described and in which penetration of the
Cone shaped probe into two different density sands was reported,

PSEUDO STEREO TECHMIQUE

In conventional aerial stereo photography methods, two photographs
of an object are taken from slightly different camera positions., These
photographic plates are then positioned in a stereo projector and a
stereoscopic image obtained. Figure 4 illustrates the taking of such
photographs and the corresponding stereo image obtained by a
simultanecus projection of the ptates. The height of the objact in the
stereo image is due to the difference in locations of the corresponding
points in the two photographs, called x-parallax. This is the basic
principle of stereo photography.

Parallax can also be produced by keeping the camera pasition
stationary and photographing the displacement of an object. Figure 5
illustrates a fixed camera photographing a translated object and the
stereo image obtained by a simultaneous projection of these plates. The
height of the stereog image depends on the magnitude of the x-movement.

If "the object undergoes a general planar displacement, i.e.,
movement components in  two directions, only the component of
displacement along the line joining the projectors contributes to the
elevated stereo image. - In order Lo completely detine an actual
displacement, two measurements must be made. Tne component of the
displacement is first measured in any particular direction by
positioning the photographic plates in the projector so that the line
connecting the two plates is parallel to that direction. The plates are
then rotated 90° in order to determine the perpendicular component of
movement . The actual magnitude and direction of the displacement is
then obtained by a vector sum of these normal components. This
technique, called pseudo stereo photgraphy, was pioneered at the
University of Southampton, U. X. (1, 4).

TEST EQUIPMENT AND PROCEDURE

A wooden container with one glass wall was constructed, with inside
dimensions of length 100 cm, width 50 cm and height 65 cm. The inside
volume, measurinngo the level to which the sand was usually placed, was

0.267 m3 (9.44 ft”). A square grid or static datum plane was scored on
the inside face of the glass. The middle third of the glass length had

4
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a 15 mm x 15 mm Square grid, while the two outer thirds had 30 mm x 30
mn grids. Before each test, the grid was darkened with a black marker,
S0 that it could be more easily seen on the photographs and in the
stereo image.

The sand used in the research was a blend of four graded sands:
8/20, 20/30, 30/64 and EGS, from the Edgar Plastic Kaolin Company,
Florida. The pairs of Aumbers, e.qg. 20/30, signify the sieve size range
in which 754 or more of the soil particles lie. The blend had an
effective size n of 0.2 mm and a unformity coefficient C,L of 7. The
sand was placed A the container and tests performed at five different
densities, obtained by different filling and mechanical compaction
procedures,

then cut longitudinally in half, Figure 6. The test procedure consisted
of penetrating a probe into the sand with the flat, cut face against the
glass, Figure 7. A small hydraulic jack was employed. A series of 6 or
8 photographs were taken - one prior to penetration, and the rest during
penetration - from a rigidly fixed camera. Fiqure 8 shows the test set-

up.

The three-dimensional problems are thys studied by physically
Cutting the probes and viewing a two-dimensional plane - a radial plane
in the case of the axisymmetrical cone and a plane strain plane in the
Case of the blade. Direct shear tests were performed to measure the
friction between the sand and the glass of the container wall. Ffor 3
dense sand (6=400) ;3 friction angle of 14° was found for smooth glass

.and 16.5° for a plate scored with the 15 mn grid (5).

To avoid possible distortion of parallax due to quality of
photographic paper or the enlargement process, photographic positives
were used rather than prepared prints. The positive slides were
sandwiched between thin, clear photographic glass ‘plates and used
directly in the stereo plotter. The camera was fixed in position
relative_to the model, with, itg optical axis N3iita T Lo - the dispiacement
plane.” A B & 4 orbit view camera with a 4" x g piate holder was used
with Ektachrome 50 Professional Tungsten Film. After each test the
container was carefully emptied, the sand weighed and the bulk density
determined.

For analysis of each pair of test photographs, 3 Fotocartigrafo
Nistri  Model” v doubte-projection anagiyphic plotter was used,
Figure 9. This type of plotter employs the anaglyph principle of
projection of light of two complementary colors, red and blue-green, to
create the sterep image. The overlapping image created by Projecting
through two photographic plates is viewed through glasses with one red
and one blue-green 1lens, Since each €ye sees only one of the
photographs of the pair, the three-dimensional effect is created. The
portion of the photographs which ig of interest is projected onto the
white surface of a moveable platen assembly. A small white dot on the
platen which, when viewed through the glasses, appears to be floating in
5pace, can be moved vertically and pltaced on the surface of the 3-n
model ,



Figure 6. The Test Probe and Blade

Figure 7. Probe Penetrated into Sand
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Figure 10 shows two pairs of stereo photographs. Two readings are
taken at each grid point. The floating dot is first placed on the grid
and a reading from the platen dial recorded. The dot is then placed on
the sand, which may appear above or below the stationary datum grid, and
a second reading taken. The difference in these readings is a measure
of how far the sand moved at that point, during the time between
photographs, in the direction parallel to the line of the projectors.

The grid scored on the glass was numbered in finite element
terminology with 1234 node points and 1213 elements. At each node point
where sand movement had occurred, the two floating dot readings were
recorded and subsequently entered as data for a computer reduction
program. Each pair of photographs was viewed twice to provide
orthogonal displacements which could be summed to give the actual
movement vector,

Displacements were determined by
Uor W=1=0C "+ ah
where

horizontal displacement in millimeters

vertical displacement in millimeters

difference in floating dot grid and sand readings
constant which is a function of the stereo plotter set-yp
0.012958 for the cone study

0.016402 for the blade study
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8 = tan"! (W/U)

where

o

actual displacement
angle of displacement from horizontal

o

Volumetric strains were defined for each element by

where
e = volumetric strain
A = change in volume
V = original volume
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In the case of the blade shaped device, plane strain conditions were

assumed to apply, since the width to thickness ratio was 6.8. The
volumetric strain was therefore defined as

i A - AO
& T T A
0
where
Ay = original area of a grid element
A~ = deformed area of an element defined by the ends of the

four corner node point displacements, D.

For the case of the axisymmetrical cone the effect of the tangential
strains must be included. The volumetric strain was therefore

calculated using the equation

V-V
E.,L = 2
v VO
where
Vg = the volume found by revolving the original underformed square
grid element around the axis of symmetry
V. = the volume found by revolving the deformed quadrilateral
etement around the same axis -
A dec e_in_ area olume, i , _compressi ined as a

positive volumetric strain, while an increase was defined as negative.

Shear strains were determined at each node point by

Yy = (Y, * v, )2
XZ XZ, Xz,
where
. yxz~-=-shear-strain:in the 2nd -quadrant 6704 &leincat, nude ul i
2 origin
Y = shear strain in the 4th quadrant grid element, node at the
X2y origin
= +
szi % B‘|
where
i=2o0r4
a = the change in direction of the horizontal side of the element
at. the node point, in radians
8 = the change in direction of the vertical side of the element

at the node point, in radians

An increase in the original right angle was defined as a negative shear
strain and a decrease in angle was defined as positve.
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The accuracy of the sterec measurements were checked by multiple
reading of the parallaxes at several node points, especially close to
the probe where grain movemant is large., The variation found translates
into a maximum error of +7% in the displacement vectors (5) and
corresponding errors of similar magnitude in the volumetric and shear
strains. Andrawes and Butterfield (1) were able to measure individual
grain displacements to an accuracy of better than 0.005 mm.

A detailed description of the test equipment and procedures, and of
the computer reduction program, can be found in a report by Davidson
(5).

RESULTS

In this research program, ten laboratory penetration tests were
performed, using two different probes and five different density
soils. In this paper, because of length restrictions, only four of
these tests, the two probes in two different soils are reported. The
‘loose' sand was placed, using a 3/4" funnel held 5-7 inches above the
sand surface. The ‘'dense' sand was placed in 4 inch 1ifts, using the
same method. Each 1ift was then compacted with § passes of a mechanical
compactor.

Only one pair of photographs from each of these four tests is
analyzed. One photograph is of the sand prior to insertion, the other
is the last photograph taken, at final penetration, Fiqure 10,

Three figures are plotted for each of the four tests. These are
node point displacement vectors, contours of volumetric strain and

contours of shear strain. Since the probes are both symmetrical,
results are plotted for only half the problem, the right hand side.

Individual tests will first be discussed and then the cone and
blade will be compared.

tone - Loosa Sand (Figure 11}

All the displacements are to the right and down, away from the
cone. The vectors are all directed at angles less than 85° to the
horizontal, except in a bulb shaped zone beneath the tip. The largest
displacement measured was approximately 4 mm. The effect of the cone
was measurable outward to a distance of 125 mm from the edge of the
probe and downward 135 mm below the tip.

Negative volumetric strains were detected below the tip and
immediately adjacent to the shaft of the cone. Minor irreqular

densification was observed further from the probe.

The shear strains are primarily negative (increase in right angle)
except for a number of very low positive readings directly below the
cone tip. The strains are fairly uniform adjacent to the probe shaft
and except for one small pocket are small, less than -2%. Adjacent to
the tip is a bulb of high negative shear straining with a maximum
reading of 107,

12
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Cone - Dense Sand (Figure 12)

The displacement vectors for the dense sand show a downward and
outward movement below the cone tip, and an upward and outward movement
above the tip. There is a noticeable pattern of curved surfaces of
particle movement from the probe to the sand surface. The maximum
displacement is approximately 5 mm. Displacements were measurable
horizontally to 155 mm, and vertically to 100 mm below the tip.

For this sand, negative volumetric strains are detected below the
tip and along the shaft. However, unlike the loose sand, a zone of
densification (sv = +6%) is found adjacent to the tip.

As in the loose sand, the shear strains are primarily negative,
Again, a concentration of straining is found adjacent to the tip, in
this case of maximum magnitude -129%. Along the shaft the strains are
slightly higher (= -4%), becoming positive as the soil ‘surface is
approached.

Blade - Loose Sand (Figure 13)

Displacements in this loose sand are all to the right and down,
away from the probe. Movements were measurable to 100 mm from the edge

of the probe and downward below the tip. The maximum particle
displacement adjacent to the fiat surface of the probe is 2.2 mm.

The volumetric strain readings are al} positive except for a few
negative values directly below the tip. The contours are very uniform
adjacent to the blade face, showing decreasing densification with
distance from the probe.

The shear strains are ail negative, except for some low positive
values on the symmetry line below the tip. Adjacent to the blade's flat
surface the shear strains are very uniform, decreasing from =~ -2.5% to
zero with distance from the probe.

Biade - vense Sand (tigure 18)

The displacement vectors for this test show outward and upward
movements, except below the probe tip level, where downward movement
occurs. A very sharp distinction exists at the tip level. The outward
movement was measurable to a distance of 160 mm from the edge of the
probe and down to a depth of 90 mm below the tip. The maximum movement
adjacent to the flat area of the probe is 3.6 mm.

The volumetric strain readings are all positive, except for two
small zones directly below and adjacent to the tip. The contours are
again very uniform in the soil adjacent to the flat surface of the
blade, decreasing from 4% with distance from the probe. The contour
pattern is more complex around the tip and near the width enlargement,
or shoulder, at the top of the blade.

The shear strain contours show zones of both positive and negative

straining. Positive shear strains are observed below the tip, and
adjacent to the blade's flat surface, decreasing here from =1% to zero

15



—
T
=Y

ot —

AN
D
A
{ 1| 2N
-'-3\ 1 \1*} M O : \1"‘"/ \
B fa \ — th
AR Y |/ AN
| NI “1ANL Y
CTC N
ESIZAD I ARNEN |
\ / —-/T:\E [ ( - A\ / ARA \, \ \\
Ml Zmp) b gzdospslJN | |0l
-«-.5:)/’ j ( / \ \\\\\L} o \ /
T L) [ ) N L
Y N |/ N N
- 1 ]
(L U/
DT 4 U
= VOLUMETRIC w SHEAR
o STRAIN mm STRAIN
Figure 12b. Cone - Dense Figure 12c. Cone - Dense
Volumetric strains Shear strains

16



IINEEENEN
N I
i QS I S S
TR
B N ANE A A B
SR
i P i
TN i
/ N T
| ] E

h T

i !

: ;

IL‘
/ |
v T “

|
r i
.
3 1
a‘ !
H (
| , i
|

Figure 13a.

i
|
1 , S —
! o !
,7._,;.__I..H____ L S R
L TTT
T A
e i — DISPLACEMENT S
i ! SCALE
i
I i 02 46 mm
S o :

Blade -~ Loose
Displacements

17

IR/ARI
e\ Lad )
INRRER
HRYN R
(i -
R,
\ N
[ ( '
3 U é
[
I
Vi
Y
=
Wi W\ L LA |
?.2 L) !
ky/ A1 4 i
o |
™ l STRAIN

Figure 13b.

Blade - Loose
Volumetric strains



L] _ I AN I
lll_ ; . 4“ re.r.,...._. ﬁ -
N R e °
NN NN
NNN N Y
EENVANRVR R
NN
T
« z
I g
5 5
..ll..../
T T ~——t{ ]
ﬁ/ \ll..J_Ll.J / J/.Il..lll/
SR NN NEN 1Ny %
,/.“.4/ 4:.,/ \_4.!/J \ /\
et \\. [ 8

\/

Blade - Dense
Displacements

Figure 14a.

Blade -~ Loose
Shear strains

Figure 13c,

18



|
HEISED
— \V r N\ I AT
SN [/ T et
Jir e N[
/ ) ‘t,} I> -
\Wnl I il i -
\ B
[ (
18]I )
ALY —N
U 4 TN
-+ =S¥
{ L i
L) N 5 I
o] / EN - |
. Q:g{ e | {H_J)\\\“ﬂ |
WilGw, » _h N 1
! e — N 4 ;
1N T Y _
NN NI |
v\~ 1
|
= VOLUMETRIC | = SHEAR
<2 STRAIN | P STRAIN
Figure 14b, Blade - Dense Figure 14c. Blade - Dense
Volumetric strains Shear strains

19




with distance. A zone of negative shear strain, maximum value -5%, is

found adjacent to the bevelled region at the bottom of the blade. A
small negative zone is located near the blade shoulder.

COMPARISON OF COME AND BLADE

Displacement

In the Tloose sand, both probes produced downward and outward
displacement only. Near the top of the probes the movements were of the
same order of magnitude. This was to be expected, since the enlarged
blade width is 35 mm, while the cone diameter is 35.7 mm. Adjacent to
the flat, 14 mm thick, blade surface and around the tip, the
displacements were considerably smaller than for the cone shaped
instrument.

Similar results were obtained in the dense sand. In general,
displacements were smaller for the blade shaped device. In the dense
sand, the y-direction of the movement, up or down, changes for both
probes. For the blade, only the soil below the actual tip level moved
downward, while in the cone the change of direction occurred just above
the top of the conical tip.

Volumetric Strains

In loose sands, the cone produced an unexpected zone of loosening
around the tip and shaft. Such results are somewhat corroborated by
Schmertmann (14), who measured negative pore pressures with a piezocone
during field testing in loose sand.

In dense sands, the cone generated high negative volumetric strains
adjacent to the tip and shaft, and a zone of positive strain adjacent to

the tip.
id beth Joose and dense sands, ihe plade showed very umitorm

volumetric strains adjacent to the flat surface and some concentrations
of strain near the tip and the shoulder.

Shear Strains

For both praobes, in the loose sand, shear strains were negative
everywhere except directly under the tips. Adjacent to both the cone
and the blade tips were high concentrations of negative shear strain.
Along the cone shaft and the blade face, the shear strains were uniform
and of approximately the same magnitude.

In the dense sand, both probes generated positive shear strains
under the tip and along the upper shaft and blade surfaces. The cone
had a very negative concentration adjacent to the tip, which extended
part way up the shaft. The blade had much lower negative shear strains
adjacent to the bevelled section and low uniform positive strains
adjacent to the flat surface,

20



Conclusions

The 1laboratory tests were performed on solid steel dummy probes.
However, to evaluate particular pieces of insitu test equipment ,
consideration must be given to the actual location of the measuring
devices. In the blade instruments, the expanding circular membrane of
the Marchetti dilatometer and the porous disc of the University of
Florida piezoblade are located on the flat, 14 mm thick surface, Fiqure
1. In the piezocone, the porous sensing element is either a small
cylindrical element at the point of the tip, (8, 10, 18} or is located
on the surface of the tip or on the shaft above the tip (7, 16, 17)

For the dilatometer and piezoblade, in the region where
measurements are made, displacements are small and uniform (maximum
recorded values: 2.2 mm in loose, 3.6 mm in dense), volumetric strains
are very uniform (maximum recorded values: 3% in loose, 4% in dense)
and shear strains are very uniform (maximum recorded values: -2.5% in
loose, 1.3% in dense).

Around the tip, where piezocone measurements are made, there appear
to be very severe concentrations of straining. In the dense sand,
volumetric strain varied around the tip from -9% to +6% and shear
strains from slightly positive to less than -12%. In loose sand the
shear strains varied from 0% to -10%. The volumetric strains did not
vary excessively in this test, between -6% and -10%.

Since these strain contours represent a measure of soil
disturbance, the blade shaped instrument, with measuring devices on the
flat surface, appears to test a much less disturbed soil than do the
cone shaped instruments,

The pseudo stereo photograph technique can be used to very
accurately measure the displacements of sand grains at designated points
in a viewed plane. In this paper both volumetric and shear strains were
then calculated based on simple small strain theory, and displacement
“vectors and strdin corcours carefully drawn. Conciusions have been
drawn based on the numerical values determined and on the trends visible
in the plots. However, since extensive duplication of testing has -not
been performed, the authors do believe that the reported results should
be more qualitatively than quantitatively regarded. Possible non-homo-
geneity and non-reproductibility of the large samples, vibrations, non-
vertical penetration, random stereo reading errors etc. can not be
entirely discounted.
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