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Abstract

The initial application of CPTu and SCPTu results is to evaluate soil type soil and stratigraphy.
Several charts such as, Robertson et al. (1986) and Robertson (1990) where generated to obtain

in an easy way accurate results.

Several theoretical methods where use to interpretate the

obtained data. The most common CPTu methods to estimate soil type are the ones suggested

by Robertson based on cone resistance, g, friction ratio, Ry and normalized parameters. In this

article it has been decide to compare the Shear Modulus Gmqaz obtained from the Seismic Cone

Penetration Test to the Shear Modulus G obtained from the ordinary Cone Penetration Test.
Keywords: shear modulus, seismic, cone penetration test, shear velocity

1 Introduction

The geotechnical investigation has been increas-
ing, for a few decades now, mainly because of
the many engineering problems in which the dy-
namic behaviour of soil is significant. The inter-
ested has pushed the people to develop new an-
alytical and dynamic testing methods. On sites
CPTu and SCPTu have become standard tech-
niques for dynamic testing to determine the in
situ shear wave velocity. After a in situ test, that
consist on a geophone integrated in a cone that
will measure the waves generated by a shock be-
tween a hammer and a steel plate. A polirezed
shear wave is generated and the time is measured
for the shear wave to travel a know distance to
the geophone in the borehole. Elastic theory re-
lates the shear Modulus, G4z, soil density p,
and the shear wave velocity, V;

Gmam = pVS2 (1>

From this formula the shear modulus can be
determined using SCPTu.

2 Different types of waves

2.1 Introduction

Characterization of the soils by seismic tech-
niques is to observe a wave field, measuring
propagation properties, and via a process of in-
terpretation, a distribution of subsurface prop-
erties that influence propagation. This can be
realized using different techniques and acquisi-
tion geometries. Seismic geophysical methods
most used are based on the propagation of body
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waves. In this context, surface waves generate
noises that have to be attenuated. The surface
waves can be interpreted and even be acquired
specifically to characterize the subsurface was
shallow.

2.2 Different type of waves.

There are several types of waves. They are
grouped into two categories used in the field of
geology. The former are the plane waves or body
waves. The theory shows that the elastic homo-
geneous solids under the effect of stress (Shak-
ing), the homogeneous and isotropic elastic solid
undergoing deformation are then two main types
of waves (O. and Y.)) They move, either longitu-
dinally (it is the compression waves or P waves)
or transverse (shear waves or S waves). Figure
shows the propagation associated with these
waves.

A+2u
Vo= — 2
p ’ (2)
and,
o
vi= /" 3)
p
where,
A Lamé coefficients  [M Pal]
u:  Lamé coefficients  [M Pd]
Shear modulus, G
p:  density [kg/m3]

The longitudinal and transversal ratio can be
then written :



A+2u
= 4
. (4)
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where, A and p being positive, the ratio is at
least equal to v/2.

The second category of waves corresponds to the
surface waves. It is the Rayleigh waves, their
displacement is in the vertical plane of propa-
gation and possessing both a longitudinal and
a transverse component (similar to the waves).
But also the Love waves are part of the surface
waves. Finally, to be noted that they are slower
than body waves, but their amplitude is higher.
The displacement associated with surface waves
is shown in Figure
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Figure 1: Different types waves. (Ricel [1984)

If an approximation of the intensity of these
waves it has been proved that 67% of the total
energy propagates in the Rayleight waves, which
means that only 26% are propagated as Shear
waves (S) and 7% as Compression (P) waves as
stated in (D.). The fact that two thirds of the
energy is Rayleight but also the shear and the
compression waves amplitude decreases faster
than the Rayleght. These two different waves
are the most specific waves for this test.

2.3 S-waves and P-waves.

The Shear wave are measurements that are
taken at the surface of the earth. The direction
of the Shear wave for a particle vibration can be
conveniently divided into two components one
component parallel to the surface (SH) and a the
second one in the vertical direction (SV). Seismic
sources for shear wave generation in engineering
investigations are often designed to generate ei-
ther dominantly P and SV or dominantly SH
waves. The reason lies in the fundamentally dif-
ferent behavior of SV and SH waves at a bound-
ary. If an SH wave strikes a horizontal geologic
discontinuity, part of the energy is transmitted

through and part is reflected back, but both of
the outgoing waves are of the SH type. In con-
trast, an SV wave striking a horizontal geologic
discontinuity will produce four outgoing waves;
SV and P; reflected and transmitted.

Similarly a P wave striking a discontinuity will
also produce four outgoing waves. Most seismic
sources designed to produce SV waves will also
produce substantial P waves and most SV detec-
tors will also detect P waves. Thus the observed
seismic wave form may include a complicated
sequence of arrivals consisting of direct and con-
verted P and SV waves. In contrast, careful de-
sign of an SH type seismic source should mini-
mize the interference of other wave arrivals.

Shear waves display a unique characteristic
which allows for their accurate identification
from other wave types, particularly compres-
sional waves. By reversing the direction of the
energy impulse at a bidirectional signal source,
oppositely polarized shear waves can be ob-
tained. Also, S-waves are slower than the P-
waves, where the P-wave is the one that appear
first

P wave is also a measurement taken at the
surface of the earth, but this one is faster than
the shear wave so it is the first one to arrive
to the observation point. This is the reason it
is also called the primary wave. The mode of
propagation of a P wave is always longitudinal;
thus, the particles in the solid have vibrations
along or parallel to the travel direction of the
wave energy.

3 Shear modulus

The shear modulus is one of several parame-
ters for measuring the stiffness of materials. All
of them arise in the generalized Hooke’s law:
Young’s modulus describes the material’s re-
sponse to linear strain (like pulling on the ends
of a wire),the bulk modulus describes the ma-
terial’s response to uniform pressure, and the
shear modulus describes the material’s response
to shearing strains.

3.1 Shear modulus Obtained from
SCPT

The dynamic shear modulus, Gy,qz, is generally
found using the Geotechnical method of Seismic
Cone penetration test. The Shear wave veloc-
ity is obtained from this SCPT and after lab-
oratory test the relevant density is found and
the shear modulus can then be found as seen in
Equation.

The shear modulus is largest at low strains
and decreases with increasing shear strain (Seed
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and Idris). The shear strain amplitude in Seis-
mic test is usually low. Which allow to find the
very low strain level of dynamic shear modulus,
Gmaz~

To obtain the dynamic shear modulus a seis-
mometer is placed in the horizontal direction
and orientated transverse to the signal source
to detect the different components of the shear
wave (horizontal and transversal). The ideal
seismic signal source should generate a large am-
plitude shear wave with little or no compres-
sional wave component. The signal can be gen-
erated by a hammer hitting a plate.

To obtain the measurements a rugged veloc-
ity seismometer has been incorporated into the
cone penetrometer. It is placed in the horizon-
tal direction and oriented transverse to the sig-
nal source to detect the horizontal component of
the shear wave arrivals. The most suitable seis-
mic signal source should be generated a large
amplitude S wave with a small compressional
wave.

3.2 Shear Modulus obtained from
CPT

The shear modulus,Gg in a coarse soil layer is de-
termined using the Equatio from (R. G. Cam-
panella).

G c
0 _ 1634(—Le_)-075 (5)
dc 0':]0
where,
qc: Cone resistance [M Pa]
oy : Effective overburden stresses [M Pa]

For this paper, the shear modulus,Gy, in a
fine soil layer is determined can be determined
by Equation |§| from (R. G. Campanellal).

0.305 (D
Gy = 99.5(pa) W (6)
Pa:  Atmospheric reference stress [M Pal
ep  in situ void ratio (-]

4 Interpretation of results

4.1 Correction of Measured Data
for the CPT

Due to the fact that the cone penetration test
is done in in situ it generates errors (stones or
soil irregularities, breaks while penetration of
the cone, cables unplugged, ect.). These mea-
surements have then to be corrected. The cone
resistance and the sleeve friction needs to be
corrected in order to account for the specific

cone design, which influences how the pore wa-
ter pressure alters the measurements. This is in
particular important in the soft normally con-
solidated or low consolidated soil where the pore
pressure behind the cone may be large. The cone
resistance is corrected using Equation[7] and the
sleeve friction is corrected using Equation [§

4t = qe +uz * (1 —a) (7)

(U2 * Asb —us * Ast)

ft = fS - As (8)
where,

qi: Corrected cone resistance  [M Pa]

a: Cone area ratio [a = ’2:]

A,:  Cross section area of the [mm?
shaft

A, Cross section area of the [mm?]
cone

ug:  Pore pressure behind the [M Pal]
cone

fir Corrected sleeve friction [M Pd]

fs: Measured sleeve friction [M Pa]

Ag:  Cross section area of [mm?]
sleeve bottom

Ag: Cross section area of [mm?]
sleeve top

Agp:  Friction sleeve surface [mm?]
area

However it is not always possible to obtain the
corrected sleeve friction.

4.2 Identification of stratigraphy

First step is to identify the stratigraphy based on
the direct measurements. Sand is characterized
by a high cone resistance and a low sleeve fric-
tion and furthermore, as for the hydrostatic wa-
ter pressure and pore pressure behind the cone,
they are the same. By comparison, clay is char-
acterized by a low cone resistance, high sleeve
friction and the hydrostatic water pressure,uy,
and the pore pressure behind the cone, us, dif-
fer. Silt is characterized a like clay due to the
behavior in a CPT.

Figure shows the data obtained from
the CPTu for sand and clay, (Iliescu and
Geronl|), where ¢, sleeve friction, f,, pore wa-
ter pressure,us in blue and in green the in situ
pore water pressure, ug. On the basis of this,
the soil is divided in layers. The classification is
verified by using Robertson Rf —¢: and B, — g;
diagrams. In order to classify the soil an es-
timate of the unit soil weight is needed. This
is done by an iterative process using two differ-
ent Robertson interpretation. B, — ¢, diagram,
where the pore pressure ratio, By, is defined by
the Equation [9]
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Figure 2: CPT results obtained according to (Iliescu and Geronl))

d[m]

0.2

st
st
of
7t
sl
of |

005 01 015 02 025
uz & up [MPa]



U2 — Ug

B, = 9
I qt — 0v0 ( )
where,
qo:  Hydrostatic water pressure [M Pd]
ovo:  In situ vertical stress [M Pa]

However, since B, depends on the in situ ver-
tical stress, 0,9, and hence the unit weight of
the soil, a two different estimations of the unit
weight are done using the Robertson Ry — g
and f. — ¢q; diagrams.The two different interpre-
tation Robertson made are in 1986 and 1990.
The chart of 1986 uses the basic CPTu measure-
ments of ¢. and fs and has 12 soil types, where
as the chart of 1990 uses normalized parameters
and has 9 soil types. The different soil type in
each chart have sometimes created some confu-
sion when comparing results. The advantage of
the early Robertson et al (1986) chart was that
it could be used in real-time to evaluate soil type
during and immediately after the CPTU, since
it only requires the basic CPT measurements.
Although the normalized charts of Robertson
(1990) are considered more reliable because they
use CPT parameters normalized in terms of ef-
fective stress, they can only be applied after the
CPT during post-processing, since they require
information on soil unit weight and groundwa-
ter conditions that are not available during the
CPTu, (P.K.Robertsonl).

4.2.1 Robertson 1986

The first classification chart Robertson proposed
is based on a simple equation where the relative
sleeve friction, Ry is defined as seen in Equation
below [13

Js
Ry =— 10
i, (10)
where,
Ry:  Relative sleeve friction  [%)]
gc:  Cone resistance [M Pal)

According to|T. Lunne|(1997)), generally more
reliable soil classification can be made using the
corrected total cone resistance, ¢, sleeve fric-
tion, fs and the pore pressure, u. A first at-
tempt was proposed by Roberston et al. (1986),
once the relative sleeve friction for every data is
known, these can be plotted in a Ry — ¢; dia-
gram in order to estimate the approximate soil
unit weight and soil type of each data point, as
shown in Figure

The color scale in Figure [3|represent the zones
of the soil behaviour type as seen in Table[l] It
can be observed that for sand there are several

aMPa]

7
Ry [%]

q [MPa]

B
Ry [%]

(b) Clay

Figure 3: Soil behaviour type classification from CPTu
data, according to (T. Lunne, [1997)

types of soil ranging mainly in zone 1,2,4 and
7,8,9, respectivly the first 3 meters filled with
sensitive fine grained, organic material and clay,
and silty sands. For clay the ranges are between
zones 3,4,5 and 6, meaning from clay to clayey
silts. From the soil classification tests performed
in (Iiescu and Geron) it can be stated that the
theoretical results are matching the experimen-
tal ones, which allows to continue the processing
of the data and a accurate choose of formulas.
That is why before starting to take a closer look
to the data obtained from the CPTu it is impor-
tant to classify the soil data.

Table 1: Soil type behaviour using Robertson 1986,
(T. Lunnel [1997)

‘ Zone ‘ Soil behavior type

Sensitive fine grained
Organic material
Clay
Silty clay to clay
Clayey silt to silty clay
Sandy silt to clayey silt
Silty sand to sandy silt
Sand to silty sand
Sand
Gravelly sand to sand
Very stiff fine grained
Sand to clayey sand

— ==
Do S ©0-o Ttk N

VI



Once an estimate of the soil unit weight has
been made, it is possible to calculate the in situ
vertical stresses, o,9, down through the pro-
file and further compute the pore pressure ratio
given by Equation [0}

According to (T. Lunnel [1997), B, data is of-
ten more reliable than the data obtained from
the sleeve friction, and each data set can fall
into different soil types for a Ry —¢q; and By —¢;
diagram and hence chance the unit weights, 7,9
and finally B,. Because of this, each data point
is plotted in a Robertson Ry — ¢; diagram, to
get a new estimate of the soil unit weight, and
this a new pore pressure ratio. This iterative
procedure is continued, until no data points ex-
perience a change in B,.

q MPa)

a [MPa]

(b) Clay

Figure 4: Soil behaviour type classification from CPTu
data, according to (T. Lunne} 1997)

From the pore pressure parameter, B, clas-
sification it can be observed that for sand the
ranges are more restrained and exact concern-
ing zone classification, the data passing mainly
on zone 3,4 and 7,8, silty clay and sandy silt.
Concerning clay the data is found in mainly in
zone 4,5 and 6 determining from silty clay to
clayey silt.

4.2.2 Robertson 1990

The classification charts that Robertson pro-
posed are based on normalized values so, cone
resistance, @, friction ratio, f. and pore pres-

sure ratio, B, are defined as seen in the Equation

I3

dt — 040
[
fr = «100% (12)
qc — Ov0
U2 — Up
B, = 13
/ dt — 00 ( )
where o, is
dxg*py Yxd
v0 = E 14
70 T 10% 14)
ge: Cone resistance [M Pa]
ow in situ vertical stresses  [M Pa]

Based on the normalized parameters, Rober-

. son changed the soil behaviour type classifica-
tion charts in 1990 and gathered them as in
Table Once the normalized friction ratio

Table 2: Soil behaviour type -classification based on
normalized CPTu data after Robertson 1990,
(T. Lunnel |1997)

' ‘ Zone ‘ Soil behavior type

—_

Sensitive, fine grained
Organic soils-peats
Clays-clay to silty clay
Silt mixtures clayey silt to silty clay
Sand mixtures; silty sand to sand silty
Sands; clean sands to silty sands
Gravelly sand to sand
Very stiff sand to clayey sand
Very stiff fine grained

© 00~ O U Wi

for every data is known, these can be plotted
in a Robertson Q; — F,. diagram that will allow
an other estimation of the approximate soil unit
weight and soil type of each data point, as shown
in Figure

For sand the data are found mainly in zone
5,6 and 9 which define silty and fine sands. As
for clay, the range is between zone 3,4 and 5,
respectively, clay, silty clay and silty sand. Neg-
ative data for both tests were ignored.

A second chart suggested by Roberston was
the Q; — B, one using the same soil type classi-
fication zones seen in Table 2] and it can be seen
in Figure [6]

It can be observed that for sand the results
are found mainly in zone 5 and 6, respectively
sand and silty sand, whereas for clay samples,
the results are found in zone 3,4 and 5 which
define clays, silty clays and silty sand.

In general, the normalized chart (Robertson,
1990) provides more reliable identification of soil
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Figure 5: Soil behaviour type classification from CPTu

data, according to

(b) Clay

Figure 6: Soil behaviour type classification from CPTu

data, according to

behaviour type than the non-normalized charts

(Roberston, 1986), (T. Lunne, [1997).

4.3 Shear Modulus obtained from
SCPT

4.3.1 Introduction

To obtain the shear modulus,G .. equation
previously mentioned is used. Two different in-
terpretation methods were used to determine the
shear velocity Vs, the methods used are Reverse
Polarity and Cross correlation.

4.3.2 Dispersion

Surface waves of varying wavelengths penetrate
to different depths and travel at the velocity of
the mediums they are traveling through as in
Figure [7] This one was generated by plotting
the amplitude of surface waves against depth.
This was done for two different waves, Left shear
wave and Right shear wave and an interpolation
is applied.

Amplitude (m)

Depth (m)

Figure 7: Surface wave penetration l, 1951))

When attempting surface wave inversion,
phase velocities are used more often than group
velocities because it is easier to create a disper-
sion curve of phase velocities. A dispersion curve
is a plot of velocity versus frequency or wave-
length.

4.3.3 Data gathering

Two main data gathering techniques are em-
ployed in gathering surface wave information.
The two methods are spectral analysis of sur-
face waves and multi-channel analysis of surface
waves. These techniques use either passive or
active sources. Passive sources are simply am-
bient noise, while active sources include tradi-
tional seismic sources such as an explosive de-
vice or a steel plate being hit with a hammer.
Overall, passive energy sources usually require
more time when data gathering than active en-
ergy. Ambient noise is also more useful when it
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comes from random directions.

The spectral analysis surface wave technique
requires the use of a spectral analyzer and at
least two geophones. The spectral analyzer is
used to study the frequency and phase of sig-
nals being recorded by the geophones. An ex-
panding spread array is useful in minimizing the
near field effects of surface waves. An increase
in offset distance will result in more time for the
waves to reach each geophone, giving the longer
wavelengths more time to disperse. The shot
gather is modified to minimize the influence of
body waves. As the data is gathered, the spec-
tral analyzer is able to generate the dispersion
curves for the survey area in real time.

The multi-channel analysis of surface waves
technique can be performed similar to a tradi-
tional seismic acquisition whereby there is a geo-
phone spread that is acquiring seismic data. The
resulting data is processed by picking out the
surface wave arrivals from the acquired distance
vs. time plot. Based on the distance vs. time
plot, the dispersion curve is created.
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@ meter ( fest

Sensor Number Select

DepthProfle  Reverse Polaity | CrossCorelaton| e e

| Analys Resuk | |

Wave Type

Ti: 5026 125838 T2-T1:872 Depthl: 500 Depth2 6,00 D2-D1(con} BB Velocky: 10321 Trace: X | & Swave C Pwave
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Figure 8: SCPTu results - Reverse polarity of shear

waves according to (Iliescu and Geron))

4.3.4 Data gathering

To make sure the waves are correct, two sets of
waves are interpolated, to make sure the first
wave obtained is correct.

4.3.5 Reverse polarity

The method of determining shear wave veloc-
ity interpolation from SCPTu data basically in-
volves dividing an increment shear wave travel
time into an increment of travel path. The
test procedure consists of generating reverse po-
larity shear waves, first by impacting one end
of an steel beam, and then by impacting the
opposite end (left and right). Acceleration-
time traces, corresponding to each impact, are

=

P

recorded on the computer for subsequent pro-
cessing and analysis.

Actually, in analyzing the data, particular at-
tention is paid to the two records made with hor-
izontal impacts. The true shear waves should
reverse polarity, and this characteristic is used
as the most important identifying characteris-
tic. In some surveys, the shear waves are readily
obvious and this is not difficult. In others, there
may be numerous other arrivals and noise sig-
nals that make identification difficult; hence the
need for a clear reversal signature, (J.A. Jen-|
drezcicai).

It has been found that the reverse polarity of
the source greatly facilitates the identification
of the S-wave and the time for the first cross-
over point (shear wave changes sign) is easily
identified from the polarized waves (forward and
reverse) and provides the most repeatable refer-
ence arrival time, (R. G. Campanella)).
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Figure 9: Typical seismic analysis using reveres polarity

The shear wave velocity is readily computed
by dividing the distance between two pairs of
receivers by the time for the signal to travel
from the one receiver to the next. Travel times
can be computed using the start of the S-wave,
or any corresponding prominent feature on the
time signals (e.g., zero crossing or peak), as the
reference. As an example, using the traces given
in Figure [9] with the start of the S-wave as the
reference, the shear wave speed is calculated as
follows:

AXcrt
s = 1
V. AT (15)
Vs: Shear velocity [m/s]
AXce: Corrected factor for the [m]
distance by depth
AT: Wavelength [ms]
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4.3.6 Cross-Correlation

The Cross-correlation calculates the time inter-
val by aligning the signal trains in the time axis,
and it utilizes considerably more information in
the collected shear waves than the first arrival
and first cross-over methods. It refers to the
correlation of two independent series, and can
be used to measure the degree at which the two
series are related. where the time shift s is de-
fined in Equation

2(s) = / z(t)y(t + s)dt (16)
z(t):  continuous
signals
y(t): with respect
of time
s time shift

For two signals of the same shape, the cross-
correlation function may be used to calculate
their difference in their arrival times, which is
equal to the time shift that results in the peak
of the cross-correlation function. Originally, the
cross-correlation was done in the frequency do-
main, since it required relatively little compu-
tation time compared with that done directly in
time domain. However, with the computer speed
having doubled, computation time in the time
domain has become insignificant. It is some-
times more advantageous to do cross-correlation
in a statistical way in the time domain, since
its physical meaning is clear and it can provide
some regression parameters to evaluate the qual-
ity of the process. In the Equation [I7]the coeffi-
cient % can be used to evaluate the correlation
between the signals.

2 @ = D)k —9)°
(X (@i — 2)? X (Yivk — 9)?

x: average  of
the first data
of signal z;

y: average  of
the last data
of signal y;

s:  time shift

(17)

Cross-correlation works well if two signals are
of the same shape. However, attenuation levels
for different frequency components of the shear
wave are not the same, and those with high
frequencies are more easily attenuated as they
travel through the soil media. Thus, the latter
parts of the waveform may not match well at
all due to different attenuation, as well as due
to overlapping signal from nearby refracted and
reflected waves. For pseudo-interval CPTu, the

seismic source can also influence the signal shape
if it is not very repeatable in generating the shear
waves. Therefore, it is impossible for two signals
collected at different depths to be of the exactly
same shape. Realizing the portions of the signal
other than the main wave can affect the value of
derived V;, Campanella and Stewart (1992) pro-
posed use of a window to select a portion of the
signal, which is the main shear wave, while clip-
ping off the latter trailing portions of the signal
by setting their amplitudes to zero, (Liao and
Mayne).

4.3.7 Additional correlations

It is recommended to apply some correlation
based on SCPT/CPT results. Four different
methods where analyzed and applied to the
SCPTu results to compare them to the ones ob-
tained from field test, DeJong.| (2007).

For all soils Equation (Mayne, 2006), and
Equation (Hegazy and Mayne, 1995), De-
Jong.| (2007)):

vs = 118.8log1o(fs) + 18.5 (18)
f 0.3
vs = [(10.1Log10q;) — 11.4]*°7 {100;]
t
(19)

For sand, Equation [20] (Baldi et al., 1989)De-
Jong.| (2007)):

vs = 277(q)" (0, (20)

For clay, Equation (Mayne and Rix, 1995),
DelJong.| (2007)):

)0.27

vs = 1.75(q)%%%7

(21)

All the results from the empirical methods
have been plotted together with the methods
used to obtain the SCPTu shear velocities for
a better understanding and comparison of the
values ranges in Figure

The shear velocities formula proposal applied
in this article are obtained from [DeJong.| (2007)
and they were created for a certain type of clay
and sand. Since this information was used as ref-
erence, probably the soils parameters from the
soil in Denmark are different from the ones used
to create the equations. Thus, it is considered
as an inexact method or as an over estimated
method.

It can be observed that for sand, SCPTu re-
sults from reverse polarity and cross-correlation
are in the same of values,except some peaks in
the cross-correlation values which can be due to
errors in measurements. The reverse polarity,
for this sample, has negative shear velocities,



Figure 10: Shear velocities obtained from empirical methods and field test results
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which are usually in the first meters and the ones
obtained in deeper are errors. The right cross-
correlation encounter some peak values at 7 me-
ters with can be explained by errors in practical
manipulation, since there is a big difference with
the left cross-correlation. The reverse polarity
gives reasonable values which are in the range
given in (lliescu and Geron). The Mayne and
Baldi proposals keep the same range whereas the
Hegazy one agrees with the SCPTu field test re-
sults.

As for clay, for the SCPTu’s more results were
compared because as mentioned in (Iliescu and
Geronl), for one of the SCPTu’s it was interest-
ing to consider to perform seismic measurement
when the cone was directed both ”"down” and
up”. The cross-correlation results are compa-
rable to the results obtained with the reverse
polarization and field test. Unfortunately, for
the last meters the results of the reverse polar-
ity and cross-correlation are not matching. The
range between the two methods are similar going
from 0 to 200 m/s which is in the range given by
(Tliescu and Geron)). As for the empirical results
are equivalent but not equivalent to the field test
results, although both Mayne’s proposals tent to
be in the same range of values.

4.3.8 Density

Other value needed to calculate the shear modu-
lus is the density. The density used in this article
is given by Equations 23] and [24] which for the
over consolidated ratio is needed and it is found
by using the Equation 22

The most common method to estimate OCR
and yield stress in fine-grained soils was sug-
gested by Kulhawy and Mayne (1990) (bib) and
defined as the ratio of the yield stress and the
present effective overburden stress.

OCR _ k(qt - OUO)
Oy0eff
(-]
An average value of k = 0.33 can be assumed,
with an expected range of 0.2 to 0.5. The higher
values of k are recommended in aged, heavily

overconsolidated clays, (DeJong., |2007)).
If over consolidated ratio, OCR < 2

(22)

k: Coefficient

_ zarlog(ac) 03
" 157005 &
v0eyf
And if OCR > 2, then:
_ zorlog(ac) o
ST 2

(T. Lunne, [1997) states that soils with high
cone resistance and friction ratio have a high
OCR. For both sand and clay, the OCR is >
2, which was expected and as seen in Section
T. Lunne (1997) some of the results are in the
overconsolidated areas of the soil classification
charts.

The density obtained from Robertson method,
the range is between 0,8 to 2,3 which is a low
estimate compared to the values of 2,65 obtained
in the lab test for clay as seen in (lliescu and
Geron)). Since the lab test was not executed for
all the different layers but also for clay, it was
not possible to insert the values obtained in the
lab which have been more reliable.

4.3.9 Shear Modulus

Using Equation @, shear modulus for fine soils,
sand and clay, are obtained from theoretical
means, |T. Lunne| (1997) and SCPTu field data
from (Iliescu and Geron)), and can be seen in
Figure

The shear modulus was also computed using
a theoretical basis proposed by (P.K.Robertsonl)
and compared with the SCPTu results. The den-
sities obtained from Equation were used for
obtaining the results displayed in both charts.

Even thought, for sand it can be observed that
the same as in the shear velocities case, cross-
correlation left results are not in the same range
as the rest of the results, both the empirical
method and field test results are in the same
range of values. Not the same comment for clay,
where the SCPTu results obtained for reverse
polarity and cross-correlation (both ”down” and
“up” direction) are no matching, along with
Robertson’s empirical proposal values.
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Figure 11: Shear Modulus results obtained using (1997) and field data, |Iliescu and Geron




5 Conclusion

A first conclusion to be drawn is that the basic
CPTu along with the Seismic test were success-
ful and provided accurate stratigraphic details
for both sand and clay. These results were used
to carry on the computations and choose the
proper formulas in order to obtain the empiri-
cal equations. The SCPTu is all in all concluded
to be positive and to provide reliable results, re-
garding the fact that is the first time performed
in North of Denmark.

The field test results SCPTu and CPTu esti-
mations are in the same range, as it can be seen
in Figure In this paper correction of the
measured data according to Robertson has been
applied on the CPTu data, thus no error filtering
(removing the errors in data due to halts, etc.)of
the CPTu data was performed as seen in (Iliescu
and Geron). These results are reliable to deter-
mine the soil parameters such as the deforma-
tion parameters (given by SCPTu) and bearing
capacity (given by CPTu) a soil stratigraphy de-
tails is also obtained for both sand and clay, for
sand lab test results confirm the results obtain
for the stratigraphy as seen in Article (Iliescu
and Geron)).

Concerning the shear velocities, comparing
the empirical estimation obtained from the
CPTu to the SCPTu field test results, it can be
stated that the empirical methods are over esti-
mated. The shear velocities formulas proposals
applied are obtained from DeJong.| (2007) and
they were created based on test for a certain
type of soil, that might have not the same prop-
erties as the clay and sand found in North of
Denmark.

Another important factor that influenced the
obtaining of shear modulus, was the density.
The values obtained using the (P.K.Robertson)
approached were considered to be weak, also
taking into consideration that the soil conditions
data are different on the site where the tests were
performed to the ones that Robertson used.

The final conclusion of this article is the that
the shear modulus obtained from both the CPTu
(Robertson- Camplanella) and the SCPTu re-
sults can be considered valid for further research.
Even though the density estimations are low, the
field test results seem to be the most reliable re-
sults since the velocity is more accurate. Over-
all, the difference between the reverse polarity
and cross-correlation is not very significant. It
would be good idea for the future researchers to
find a possibility to compare further more the
methods to observe which one is the most pre-
cise one.
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