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ABSTRACT: This study shows the results of an attempt to develop a transfer function of cone resistance
measured in medium over-consolidated sands (< 2 MPa) toward relative soil density and absolute porosity
solely based on in-situ testing. In a sand pit, a water saturated, Late Pleistocene fluvial section of 15 m thick-
ness with homogeneous grain size distribution and comparable emax and emin values, but highly variable cone
resistance was selected for testing. Two ~25 m deep sampling holes, 6 CPTs and two approximately 40 m
deep neighboring flush drilled holes for downhole logging with a horizontal distance of 2.5 m to the CPTs
were used in this study. Relevant downhole logging parameters are wet bulk density derived from active
gamma logs and porosities derived from neutron-neutron logs. The results show a straightforward stratigraph-
ic picture with clear soil package boundaries. However, within the sand formation of interest fluvial foresets
bars, top sets and incised channels with local unconformities lead to changes of stratigraphic height over short
horizontal distances challenging in turn the correlation of logging and CPT data. Despite these difficulties, the
project resulted in a new transfer function for glacially overconsolidated sands not only linking tip values to
relative density but also directly to porosity, making sampling at least for stratigraphic equivalent sands no
longer a requirement.
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Obtaining undisturbed sand samples in non-cohesive | | | | |
soils could require expensive ground freezing while 0
conventional sampling with pushed thin walled
tubes or hammered thick wall tubes usually causes
densification of looser layers and loosening of
densely packed layers (e.g. Fig. 1, line A). The re-
construction of the sand sample in the laboratory
therefore has to rely on in-situ test results. The most
common technique to estimate the relative in-situ
density of sands is the application of recognized em-
pirical correlations for cone penetration tests based
on large calibration chamber tests (e.g. Baldi et al.
(1986), Bolton & Gui (1993), Jamiolkowski et al. 30
(2001), Kulhawy & Mayne (1990) see Fig. 1).

However, these correlations based on specific lo- -
cal test sands can provide deviant results when ap-
plied to sands of different origin, composition, grain 40
texture, age or consolidation state.
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Figure 1. Offshore profile over a looser packed sand layer at
around 20 m depth. Showing laboratory derived dry bulk den-
sities from offshore taken push core samples (line A), as well
as estimated dry densities using empirical CPT correlations af-
ter Bolton & Gui (1993) (B), Jamiolkowski et al. (2001) (C),
Baldi et al. (1986) (D), Kulhawy & Mayne (1990) (E).
Minimum and maximum compactness (according to DIN
18126) are indicated by grey shading.
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So far no transfer function exists for dense, often
over-consolidated Pleistocene sands of the North
Sea. Establishing a new correlation in the laboratory
requires comprehensive and time consuming testing
and correction for equipment effects such as cham-
ber and cone sizes. In addition freshly prepared
samples in the laboratory cannot provide infor-
mation on ageing or other diagenetic longer term ef-
fects.

In-situ testing and down hole logging has the ad-
vantage to account for most of the soil conditions
(stress state, temperature etc..) although limitations
and calibrations of the testing equipment have to be
considered. In this study, a correlation among cone
resistance and relative density based on in-situ CPT
and gamma density measurements in dense, slightly
over-consolidated Late Pleistocene sand is proposed
and compared with internationally recognized corre-
lations.

2 STUDY AREA

The study area is located south of the town Cuxha-
ven in Northern Germany, close to the North Sea
coast (Fig. 2). The site exhibits the same sand domi-
nated stratigraphy and related geotechnical proper-
ties as found in many offshore wind farm areas with-
in the Danish, German and Dutch sector of the
southern North Sea.

< ' ]
(=}
S CPT 13
° A N /—\ Denmark
vy
_Z L .
1S LOG | =
“ CPT 16
CPT 15
Z
L2 SsAaMo02 |/ - 4
%_)r 13 m ¢
Study area
\/ 0 0, I m
Germany
4°(|JO'E 6°QO‘E SOQO'E

Figure 2. Study area and example of the spatial configuration
of CPT, downhole logging and sampling boreholes.

In general the following requirements to the soil
have to be fulfilled to consider an area suitable for in
situ correlations: (i) full saturation, (ii) close to no
variability in the grain size distribution and index
densities pmin and pmax (iii) high variability in tip re-
sistance and (iv) a simple horizontally layered stra-
tigraphy with homogenous lateral soil properties.
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3 METHODS
3.1 Sampling

A dry drilling Nordmeyer DSB 1/6 percussion
hammer sampling unit has been used at the two
sampling sites with a cumulative core length of 30.0
and 21.0 m respectively. A total of 41 samples have
been investigated with regard to water content (DIN
18121) and soil bulk density (DIN 18125). Grain
size analyses were performed according to DIN
18123, Fig. 3. Minimum and maximum void ratios
(emin, emax) Were measured according to DIN 18126
under the assumption of a grain density of p=2,675
g/cm’ see Fig. 4. The derived data shows a uniform-
ly graded deposit with consistent grain size distribu-
tions and near uniform index void ratios approxi-
mately between 6.5 and ~15 m depth. Appreciable
variation in cone resistance throughout this section
(Fig. 4) are ideal prerequisites in establishing an in-
situ correlation function.
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Figure 3. Fine to medium sand size grain distribution curves
from the investigated sand section (6.5-15 m).

3.2 Downhole logging

The active gamma density with two receivers and
neutron logging were carried out in uncased, open
polymer mud-supported boreholes with straight bore
hole geometry. More details of the logging method-
ology can be found in Biryaltseva et al. (2016).

The quality of the active gamma calibration,
which was based on sand and water standards was
tested with wet bulk densities derived from undis-
turbed samples of cohesive layers from the same
borehole. The maximum deviation in wet bulk den-
sities of this test is 4.5 %, proving that the gamma
probe has been well calibrated delivering data well
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Figure 4. Data example of the investigation site LOG 1. The sequence of processing steps, correlation, depth shifting, data ex-
clusion, establishment of a representative synthetic CPT profile and final extraction of matching averaged data pair intervals, is

illustrated.

within its tool specifications. Derived wet bulk den-
sities from the neutron porosity log showed to be
less accurate and therefore were excluded from the
further investigation. Averaged emin and emax values
were used to convert wet bulk density values to rela-
tive densities (D).

3.3 CPTu

A total of 16 CPT each approximately 45 meter deep
were carried out to identify and locate the soil sec-
tion best suited for the study. Tests followed DIN
EN ISO 22476-1, using a top driven 35 tons CPT
unit and a Van den Berg 15 cm?, fully digital 24 bit
compression ICONE delivering data every 1 cm.
Nine CPTs (including three repetitions) were carried
out along a 2 m radius circle around the central log-
ging boreholes, (Fig. 2). Two data sets of 3 CPTs
and one downhole logging site each were selected
and used for the further correlation process.

4 EXISTING EMPIRICAL RELATION
Equation (1) has been initially proposed by
Schmertmann (1976).

D, = (1/C;) *Inlq./(Co - (0" ))] (1

With ¢’ being effective vertical or mean stress [kPa],
gc - cone resistance [kPa] and Co, C1 and C> are em-
pirical soil constants.
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Baldi et al. (1986) established empirical constants
for normally consolidated and over-consolidated
sand using Ticino sand applying index densities ac-
cording to ASTM. According to this formulation, an
estimation of the relative density in normally consol-
idated sand requires only the knowledge of the verti-
cal effective stress and the cone resistance. Soil con-
stants are in this case given as: Co= 157, Ci1= 0.55,
Cy= 2.41.Jamiolkowski et al. (2001) (cited in
Mayne, 2007) proposed a correlation involving
normalized cone resistance gy in in form:

D, =100-[Alngs — B] 2)
With A=0.268, B=0.675, where
dt1 = qt/\/ leo " Oatm 3)

In this case gu and o, atmospheric pressure are
measured in [bar], while g; denotes cone resistance
corrected for fluid pressure effects and is defined as

q,=q,+1A—-aju; - “4)

5 DEPTH CORRELATION

Due to local small scale lateral heterogeneities, e.g.
dipping beds of fluvial bars, CPT data around the
central logging locations were depth correlated using
one of the circumference CPTs as a depth reference.
The correlation made use of recognizable key points
recognized in all 3 CPT profiles of each site (Fig. 4).



Afterwards, the three circumferential CPTs were
combined to one depth shifted synthetic CPT profile
with averaged tip values between correlation points
(Fig. 4).

Intervals of strong inconsistent lateral variation
marked with grey shadowed areas in Fig. 4 were ex-
cluded from the synthetic CPT forming procedure.

The density curve was smoothed and interpolated
with moving average to achieve the same spatial
frequency as the CPT profile. In a final step the den-
sity profile was correlated with the representative
CPT profile using the same key point approach. Av-
erage values at plateaus and local maxima of q. and
p were calculated to form averaged matching pairs
of cone resistance and density.

The final correlation step between averaged
matching pairs of cone resistance and density fo-
cused on plateaus and trough to exclude the transi-
tions zones which a higher margin of error in depth
matching. The general sequence of processing steps
is illustrated in Fig. 4.

6 RESULTS

The last two columns of Fig. 4 show the data inter-
vals selected for the correlation approach, in the fol-
lowing referred to as the training data. The measured
gamma-gamma density was converted to the relative
density using averaged emin and emax values. In total
18 data pairs were established.

The training data were fitted to Equation (1) to
determine new constants Cop, Ci, C2. Since the hori-
zontal stress in-situ is difficult to estimate only the
vertical effective stress was used as a variable in the
resulting function. The resulting relative density to
cone resistance function is shown in Fig. 5.
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Figure 5. Relative densities as a function of vertical effective
stress and cone resistance.

7 DISCUSSION

To evaluate the newly formulated relationship Fig. 6
shows established empirical relations applied to the
training data. The relation by Jamiolkowski et al.
(2001) seems to constantly underestimate the meas-
ured relative density values. The relation proposed
in this study as well as the one by Baldi et al. (1986)
provide comparable results with the new relation be-
ing more progressive in having a tendency to pro-
duce comparable higher relative densities per inter-
val tip resistance increase.
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Figure 6. Relative density estimated from the measured gam-
ma-gamma density (GG.D) (crosses) and comparison of litera-
ture transfer functions with results of this study (squares). The
cone resistance is given as dimensionless qu to simplify the
visual comparison. Existing empirical relations proposed by B.
NC (1986) — Baldi et al. (1986) for normally consolidated
sand; J. (2001) — Jamiolkowski et al. (2001).
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Figure 7. Application of the proposed and existing empirical
relations to CPT data in comparison to logging derived relative
densities D;. B. NC — Baldi et al. (1986) for normally consoli-
dated sand; J — Jamiolkowski et al. (2001)

The correlation by Baldi et al. (1986) seems to fit
the training data better for low normalized stresses
while the proposed new correlation seems to better
capture the data with qq > 200.

Fig. 7 shows relative densities estimated from
measured cone resistance profiles of the same over-
consolidated strata using existing empirical relations
and the empirical relation proposed in this study.
Again the correlation by Jamiolkowski et al. (2001)
mainly underestimates the measured values. The
proposed correlation is in a good agreement with the
correlation for normally consolidated sand after
Baldi et al. (1986). Both correlations show a slight
tendency toward a D: - overestimation but provide
an overall fairly acceptable averaged representation
of the measured relative in situ densities. Local het-
erogeneities (extreme values) are not captured by ei-
ther correlation. Both Figures (6 and 7) demonstrate
that high relative densities can occur in the shallow
subsurface under moderate stresses and intermediate
tip resistances.

The application of this function and strictly
speaking all CPT transfer functions of course are
limited to the sand material used for the develop-
ment of the correlation.

Blaker et al. (2015) showed that the method for
determining maximum and minimum dry unit
weight influences the results of laboratory testing
and therefore also causes the inconsistencies when
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determining relative density in-situ. DIN standard
may provide a broader range of possible packing
densities in comparison to ASTM. In the case of the
same cone resistance, this would lead to lower rela-
tive densities for loose sands and higher relative
densities for dense sands when calculated according
to empirical relations based on ASTM. However
even in this case the ASTM-based empirical rela-
tions provide more slowly increase in relative densi-
ties per interval cone resistance increase then the
new proposed correlation.

Accuracy of the density logging may strongly af-
fect the correlation results. According to information
from the subcontractor conducted the density log-
ging the difference between two consequently re-
peated measurements along the same profile, may be
as big as 0.05 g/cm®. For the considered site, this
would lead to the differences of about 20% of the
relative density. Moreover while using the correla-
tions the influence of the disturbed zone around the
borehole should be noted. Even in case of carefully
prepared boreholes density changes in the surround-
ing soil can be expected. In contrast the CPT method
is fully non-destructive in the sense that no changes
of the soil structure occur prior measurement. How-
ever as noted by e.g. Lunne et al. (1997) the soil area
beneath the cone influencing the results may be as
large as several cone diameters in dense soils.
Therefore none of the methods provide the punctual
information about the soil and the results should be
considered as an averaged value around the point of
interest.

The modern trend toward ground investigations
with no or only a reduced numbers of sample holes
results in a dilemma when it comes to complex static
or cyclic soil modelling. Especially in cyclic models
when using the for instance the hypoplastic soil law
introduced by Kolymbas (2000) the initial void ratio
eo is of great importance. A back calculation from
CPT data is often ambiguous when no matching
sample material for emin and emax determination was
collected. By using the data of our in-situ transfer
approach the latter disadvantage is overcome as it
enables the direct expression of the tip resistance of
CPT in terms of porosities and vertical stress. (Fig.
8).
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Figure 8. Measured void ratios as a function of measured cone
resistance.

8 CONCLUSIONS

High variation in the relative density were measured
using geophysical logging in an interval of well
sorted, overconsolidated Pleistocene North Sea
equivalent sands with constant relative density
boundaries (emin-emax). An empirical relation among
relative density, vertical effective stress and cone re-
sistance was proposed based on in-situ cone re-
sistance, gamma densities and laboratory estimations
of minimum and maximum void ratios. Since in this
new formulation D: is solely related to the vertical
effective stress no estimation of the horizontal stress
is required. Development of the correlation based on
in-situ data is an alternative and fast approach inde-
pendent of boundary effects and stress state repro-
duction limits found in CPT test chamber studies.
The relatively fast and economic approach is univer-
sal and may be applied to all sorts of settings and
granular materials. The study was finished in ap-
proximately two month of work, which is way faster
and more economic compared to year long experi-
ments using CPT test chambers data to fill the
Dy/stress matrix with sufficient data. However this
study also shows that the complex soil physics dur-
ing signal formation of cone resistance measure-
ments is never a sole function of only packing densi-
ty of the grains and construction projects with high
stakes and risks should consider direct measure-
ments using e.g. active gamma density logging giv-
ing likely far superior results in carefully prepared
holes. Up to now the correlation was applied merely
on the data from the same area where it was estab-
lished. Application on further areas and comparison
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with additional density measurements will show the
validity or usefulness of the newly found correlation.
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