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Abstract

A Cone Penetration Test (CPT) survey with a high spatial resolution was performed in order to investigate the stratigraphy as
well as the spatial variability of various soil properties of the Krauthausen test site. Analyses of the CPT measurements showed the
subsurface to be dominated by a planar layered structure. Variogram analysis of the various CPT parameters disclosed that within
each layer the soil properties have an anisotropic spatial correlation structure.

A correlation analysis of the measured CPT data and co-located grain size distributions from soil samples was performed. Since the
correlation coefficients were greater equal to 0.7, a reliable empirical relationship between the data sets could be developed. Based on
this empirical relationship grain size distributions were estimated at CPT locations. The statistical processing of estimated and
measured grain size distributions with respect to their spatial correlation structure disclosed good agreement between the data sets.

The estimated grain size distributions from CPT data were used to estimate the hydraulic conductivity in the aquifer. The results
provide detailed information of the spatial heterogeneity of the hydraulic conductivity at Krauthausen test site. The validation of
these results, using a prior investigation of hydraulic conductivity statistics, suggests the CPT a fast and inexpensive tool for the
estimation of three dimensional hydraulic conductivity fields with sufficient accuracy.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Cone Penetration Test; Aquifer characterization; Soil properties; Heterogeneity; Grain size distribution

1. Introduction

To predict flow and transport, the characterization of
the physical and chemical heterogeneity of an aquifer is
crucial. In particular the hydraulic conductivity’s spatial
heterogeneity is important, since it is controlling
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dispersive spreading and mixing of solutes during
transport in an aquifer (e.g. Vanderborght and Vereecken,
2002; Russo et al., 2004). However, the estimation of the
subsurface spatial heterogeneity is difficult, since local
measurements with high spatial resolution are required.
One method to overcome this difficulty in a fast,
accurate, and minimally invasive manner is the Cone
Penetration Test (CPT), which has become popular in
the last decades to investigate shallow unconsolidated
sediments (see e.g. Fejes and Josa, 1990; Lunne et al.,
1997). The most valuable characteristic of CPT is its
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rapid and accurate way to collect lithological data and
quantitative in situ soil properties (e.g. Campanella and
Weemees, 1990; Hubbard et al., 2001). A review of
available sensors and technologies is given by Bowders
and Daniel (1994).

Unfortunately, CPT does not necessarily include
local measurements of the hydraulic conductivity.
Therefore, we investigated a method to estimate local
hydraulic conductivities based on the CPT measure-
ments. The method consists of two steps: First we
estimated local grain size distributions based on the CPT
measurements, using linear regression. Secondly we
linked characteristics of the local grain size distribution
to the hydraulic conductivity using empirical formulas
provided in the literature.

In particular Hazen (1892), Slichter (1899), Kozeny
(1953), Beyer (1964), Bialas and Kleczkowski (1970),
Vukovic¢ et al. (1992) and others investigated empirical
formulas for the determination of hydraulic conductivity
of a porous medium from its grain size distribution.
From a practical standpoint, this is advantageous, since
determination of the grain size distribution is easy
and inexpensive and the hydraulic conductivity can be
estimated without extensive effort. Although the reli-
ability of these estimates remains an unsolved problem,
as discussed in e.g. Sperry and Peirce (1995) and
Eggelston and Roistacer (2001), this will not be subject
of this work. A discussion of the empirical formulas
for various materials most frequently encountered in
literature is presented in Vukovic¢ et al. (1992).

The present paper is aimed at using CPT data to
investigate in detail the spatial heterogeneity of the
mechanical resistance, ¢, natural gamma activity, 7,
bulk density, oy, matrix density, 0,,, water content, 6,
and electrical resistivity, p, at the Krauthausen test site,
near Jilich, Germany. Moreover it is intended to eval-
uate the potential of utilizing these CPT measurements
for the estimation of local hydraulic conductivities. The
paper is organized in the following manner: Section 2
covers the used methodology, i.e. the statistical des-
cription of spatial heterogeneity, the relation between
grain size distribution and hydraulic conductivity, and
the basics of the Cone Penetration Test. Section 3 com-
piles information on the Krauthausen test site and des-
cribes the design of the CPT survey. In Section 4 the
results of the CPT survey are shown. The geometry of
the layers, the mean values, variances and heterogeneity
of each measured parameter within each layer are deter-
mined. In Section 5 the geostatistical characteristics of
the subsurface’s structure is used for kriging, to estimate
CPT data at locations where, in a prior survey, soil
samples were taken. Thereafter the correlation between

kriged CPT data and grain size distributions of the soil
samples is analyzed. Proposing a linear relationship, this
Section is focused on the estimation of the grain size
distribution from in situ measurements with CPT and the
evaluation of estimation accuracy. Empirical relations
between characteristic grain size distribution parameters
and CPT data are given. Some of these relations are
presented in detail and subsequently are applied for
the estimation of grain size distributions. Using the
empirical formula given by Bialas and Kleczkowski
(1970) we estimated local hydraulic conductivities
based on the 20th percentile of the estimated grain
size distributions. The results are compared with hetero-
geneity estimations of prior investigations. Finally, in
Section 6, the results are summarized and conclusions
are drawn.

2. Methodology
2.1. Statistical description of spatial heterogeneity

Soil properties do not vary randomly in space, but
their variation can be assumed to be gradual and fol-
lowing a pattern that can be quantified using spatial
correlation analysis. The variogram is a measure of
variability of spatial phenomena and has been used
extensively to quantify spatial correlation structures (see
e.g. Deutsch, 2002). In the following, the definition of
the variogram and related statistics are repeated briefly.

Assuming a set of randomly distributed stationary
data values d;(x*), with known mean m and variance a?,
the semivariogram is defined as

V(d¥) :%Z (di(X) — di(¥ +d¥))*, (1)

i=1

where X” are the coordinates of an observation, d X is the
distance vector to a second observation, and its length
|d x| is the lag distance. Eq. (1) describes the dependence
of the semivariance from the absolute distance as well as
the direction between two observations. Another mea-
sure of the spatial variability is the covariance:

N
3D AT AT ()
i=1

C(d¥) =

By definition, the covariance at a zero lag distance
C(0), is the variance o”. With increasing dx the
covariance typically decreases and finally becomes zero
indicating no similarity between points with larger
distance. Between the semivariogram and covariance
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following relations hold (see e.g. Gringarten and
Deutsch (2001)):

V(d¥) = C(0) — C(d) and (3)
C(d¥) = C(0) — V(dT). (4)

From these relations it can be concluded, that (a)
the sill of the variogram is the variance, which is the
variogram value that corresponds to zero correlation;
(b) the correlation between d;(x’) and d;(¥ +dx)
is positive when the variogram value is less than
the sill; and (c) the correlation between d;(¥’) and
d;(x +dx’) is negative when the variogram exceeds the
sill. For more details on variogram interpretation we
refer here to Gringarten and Deutsch (2001).

The results of Eq. (1) are called the experimental
variogram. In order to parametrize the average spatial
correlation structure, the experimental variogram from
measured data values can be fitted with different models
(e.g. spherical, exponential, Gaussian, etc.). Deutsch
(2002) provides an overview of common variogram
models. In the present article the exponential variogram
model in combination with the nugget effect variogram
model,

V(dx]) = c<1 —exp<|‘i?>> +n, (5)

is used, where A is the correlation length, C is the sill,
and n is the nugget.

The meaning of the correlation length A depends on
the variogram model. In contrast, the separation limit of
data values, where spatial correlation becomes insignif-
icant, is called the spatial range a (Deutsch, 2002). For
asymptotic variogram models, like the exponential model,
the spatial range is defined by the distance at which the
semivariogram reaches a value of 0.95 times the sill. If the
nugget in Eq. (5) is different from zero, the sill plus nugget
must be considered for the determination of the spatial
range. In this general case the relation between correlation
length A and spatial range a is given by

a= —1n(0.05 [1 + %])z (6)

According to Eq. (6) the spatial range decreases
when the nugget effect increases.

2.2. Relation between grain size distribution and
hydraulic conductivity

Since sieving analysis of granular sediments is a
relatively fast and inexpensive procedure, relationships

between the grain size distribution and the hydraulic
conductivity are frequently used for estimation of local
hydraulic conductivities. Different types of empirical
formulas are found in literature. The most common ones
are compiled in Table 1.

The most simple formulas, e.g. the one from Hazen
(1892) and Bialas and Kleczkowski (1970), only utilize
an effective grain diameter d., which is taken as d,( or
d», 1.e. the 10th or 20th percentile of the cumulative
grain size distribution. Improved formulas, e.g. in
Slichter (1899), also take porosity ¢ into account.
More sophisticated formulas make use of a second
diameter, e.g. dgo in the formula of Beyer (1964), or
more parameters of the grain size distribution like in
Seiler (1973). The work of Kozeny (1953) or Alyamani
and Sen (1993) (not shown in Table 1), for example,
steps even beyond these approaches and utilizes the
entire grain size distribution curve for the estimation
of the hydraulic conductivity. Moreover, Sperry and
Peirce (1995) shows that the hydraulic conductivity
is, as expected, not only a function of the grain size
distribution and the porosity, but also depends on
the grain shape. However, Eggelston and Roistacer
(2001) compared hydraulic conductivities estimated
from grain size distributions with hydraulic conductiv-
ities based on air-permeability measurements. They
found the mean and the variance of the hydraulic
conductivity estimates from grain size distributions at
least of the same order of magnitude as those from
air-permeability measurements. For both approaches,

Table 1

Selection of empirical relationships to estimate hydraulic conductivity
as a function of porosity and grain diameter, with d, d>¢, d>5, and dgo
being the 10th, 20th, 25th and 60th quantile of a grain size distribution,
and ¢ being the porosity

Source K Remarks
Hazen (1892) ~d3, Valid for
0.1<d;p<3 mm
Slichter (1899) ~ ¢ Valid for
0.01 <d)p<5 mm
¢ o1 _34g oy g
K 1953 ~———d —= L,
ozeny ( ) (- ¢)2 s @ 2, i d
valid for sands
~ 500 di ) g2 i
Beyer (1964) log (>, )d}, Valid for 0.06 mm <
60
d10<0.6 mm
. . 23 . d60
Bialas and Kleczkowski  ~ dj; Valid for 0.2<——<60
d10
(1970) y p
Seiler (1973) ~ (i") & Valid for =2 <17
d[() dl()
. _(de0\ 1 . deo
Seiler (1973) — |ds Valid for —<17
le le

Proportionality factors are omitted.
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they found similar spatial correlation of the hydraulic
conductivity.

2.3. Cone Penetration Test

Cone Penetration Test (CPT) is a common technique
for investigating unconsolidated, near surface sedi-
ments. It surveys the subsoil in detail by logging various
physical parameters during and after soil penetration.
The CPT is used for at least 30 years now and im-
provement of the technique is ongoing. An overview
of the various technical details, equipment and analyses
of CPT measurements are given in e.g. Lunne et al.
(1997). Here we focus briefly on the specific CPT
equipment and procedure used during the CPT survey at
the Krauthausen test site:

The self-transport CPT equipment of Elgoscar 2000
Ltd., Hungary, is equipped with a 44 mm string of hollow
push rods. At the end of those, a cone penetrometer is
fixed. Three electrodes are attached above the cone
penetrometer (Fig. 1). During the continuous penetration
the cone penetrometer records the mechanical resistance
¢ [MPa]. Simultaneously the electrodes are used for
electrical resistivity p [{} m] measurements. After the
penetration experiment at a certain depth, the string of
hollow rods is used to lower a device combining a
passive natural gamma probe, a gamma—gamma probe

Fig. 1. Cone Penetration Test (CPT) equipment (Elgoscar 2000 Ltd.)
used at Krauthausen test site: 1. cone penetrometer, 2. three electrodes,
3. hollow push rods.

and a neutron probe. This allows for logging the natu-
ral gamma activity y [counts per minute], the gamma—
gamma activity and the neutron activity. By calibration,
the gamma—gamma activity is then related to the bulk
density oy, [kg m >] and the neutron activity to water
content 0 (Telford et al., 1990; Fejes and Josa, 1990;
Fejes et al., 1997). Finally the dry matrix density g, is
computed from the bulk density and the water content
using the relation 9,,=0,—0r - 0, where ¢ is the fluid
density. Furthermore Fejes et al. (1997) uses the natural
gamma activity to classify the soil into gravel/sand, silt
and clay, where gamma activities <800 counts/min
(sand limit) indicate sand and gravel and activities
> 1700 counts/min indicate clay. Silt typically has inter-
mediate values.

3. Field campaign
3.1. Test site Krauthausen

The Krauthausen test site is situated approximately
10 km northwest of the city of Diiren and 8 km from
Jiilich, Germany. It has an extension of 200 mx70 m
and is covered with grass. The field site is located in
the southern part of the Lower Rhine Embayment,
where Quaternary sediments are mostly fluvial deposits
from the river system of Rhine and Maas covered by
aeolian sediments. The fluvial sediments are charac-
terized by a sequence of permeable and impermeable
layers representing a typical multi-layer aquifer system.
Due to northwest—southeast striking faults, the Lower
Rhine Embayment is divided into several tectonic
compartments. The Krauthausen test site is located on
a small inserted block between the Rur block and the
Erft block.

The test site was set up in 1993 by the Forschungszen-
trum Jilich (as described in detail by Doring, 1997;
Vereecken et al., 1999, 2000; Englert, 2003) to experi-
mentally study water flow and solute transport processes.
Studies at Krauthausen test site focused on the uppermost
aquifer in a depth from 2 m to 11 m. The aquifer material
consists mainly of gravelly and sandy sediments deposited
by a local braided river system of the river Rur, which are
on top of the Rhine and Maas sediments. The clay and silt
content of the aquifer sediments vary between 0.5% and
7.5%, the mean total porosity is 26+7%, and the overall
mean hydraulic conductivity is about 3.8-10° m/s.
(Vereecken et al., 2000). The local base of the aquifer in a
depth of 11 mto 13 m consists of intermittent thin layers of
clay and silt.

For monitoring and sampling purposes 75 boreholes of
324 mm diameter were deepened using dry rotary drilling,
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and observation wells of 50 mm diameter were installed
(for details see Vereecken et al., 1999). Seven drillings
were sampled completely (10 and 20 cm sampling
intervals), three of them (number B07, B22, and B32)
are located within the CPT survey area (Fig. 2). The other
drillings were sampled only at several depths or were not
sampled at all. The horizontal sampling interval of the

Krauthausen observation well set up was approximately
5 m. Vereecken et al. (2000) analyzed the grain size
distributions of those soil samples and applied the formula
of Seiler (1973) to estimate hydraulic conductivities.
Results of Vereecken et al. (2000) were used as a prior
information for the CPT survey design, and will be later
on used for the validation of the results of the present
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Fig. 2. Layout of the CPT survey at Krauthausen test site: Locations of the boreholes BO7, B22, and B32 are marked as circles. The Cone Penetration
Test locations are marked by asterisks and numbered in chronological order. Cross section H3 is shown in detail in Figs. 3 and 4.
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study (see Section 5.3). As indicated in Section 2.2, the
estimation of hydraulic conductivity from grain size
distributions can be difficult. However, for the Krauthau-
sen sediments Englert (2003) showed a fairly good
agreement between the geometric mean of the hy-
draulic conductivities from the Vereecken et al. (2000)
grain size distributions, i.e. K=1.4-10" m/s, and the
hydraulic conductivity inferred from a pumping test, i.e.:
K=3.8-10"" mys.

a)

3.2. The CPT survey

In a central area of 30 m*20 m of the test site Krau-
thausen, shown in Fig. 2, 78 Cone Penetration Tests were
performed down to 13.5 m depth average and 16 m depth
maximum (see also Tillmann et al., 2004). The horizontal
sampling interval was in the range from 1.5 m to 3 m to
achieve a good estimation of the small scale variability. The
vertical sampling interval was 10 cm. The push velocity

- ] (- ;

hm]
8

158 20A 147 146 145 105 122 106 115133102134 107 108

b)

h [m]

h [m)

1.8

Fig. 3. Cross section H3 of the CPT survey at Krauthausen test site with height, /4, given in meters above mean sea level (MSL). Top: mechanic cone
resistance, ¢, middle: natural gamma activity, y, bottom: bulk density, oy.
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was about 1 cm/s. During the push procedure the mechanic
cone resistance ¢, [MPa] and the electrical resistivity
p [Q m] are measured. After pushing the natural
gamma, the gamma—gamma and the neutron activity was
logged inside the pipe also with a vertical spacing of
10 cm. Post processing of the gamma—gamma and the
neutron activity to convert the radiation data into bulk
density and water content was performed by Elgoscar
2000 Ltd. in Budapest, Hungary (Fejes et al., 1997).

63

4. Heterogeneity of direct measured sediment
properties

4.1. Layering of the Krauthausen subsurface

To analyze the CPT measurements in a qualitative
way, cone resistance, ¢, natural gamma activity, 7, bulk
density, oy, water pore content, 0, and, where available,
the electrical resistivity, p, logs were gathered into cross
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Fig. 4. Cross section H3 of the CPT survey at Krauthausen test site with height, 4, given in meters above mean sea level (MSL). Top: dry matrix

density, o, middle: water content, 6, bottom: electrical resistivity, p.



64 A. Tillmann et al. / Journal of Contaminant Hydrology 95 (2008) 57-75
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Fig. 5. Layering of the Krauthausen test site according to the CPT survey (left) and after Doring (1997) (right) with height / given in meters above

mean sea level (MSL).

sections. The cross section H3 has the highest spatial
sampling density and is shown in Figs. 3 and 4 exem-
plarily. A more detailed description of the data including
plots of all cross sections is provided by Tillmann (2005).
Figs. 3 and 4 show the soil parameters in a nearest
neighbor interpolation together with the associated
CPT locations. The most striking layer boundary in the
figures is at about 94.3 m elevation above mean sea level
(MSL). For this boundary, as for the other boundaries, a
variability in elevation above mean sea level of less than
0.5 m is detectable. Based upon the cross sections H1—
HS5 and K1-K7 in Fig. 2, a geological interpretation in
terms of a manual separation into homogeneous layers
was performed for every CPT location. Fig. 5 shows the
stratified geological model of seven layers, which are
marked from top to bottom with letters from A to G. In
Fig. 5 error bars indicate the variability of boundaries,
based on the standard deviation of the layer boundaries
elevation of all individual CPT locations. The mean
thickness of each layer, its top elevation above MSL and
the standard deviation of both are displayed in Table 2.
Here the geological structure of the test site is treated as a
perfectly stratified model.

A generalized continuous model is formed by
averaging the measured values of all CPT logs based

on depth intervals of 10 cm. The generalized CPT logs
of the various physical properties and their overall sta-
tistical distribution are shown in Fig. 6. The results from
the CPT survey shown in Figs. 5 and 6 and Tables 2
and 3 were related to the generalized stratification as
found by Déring (1997) from field lithological logs,
observed during the drilling of the well bore. In this
context the stratified model can be characterized in
short:

The top soil layer, layer A, is characterized by a high
value of natural gamma activity, a low cone resistance of
about 5 MPa, and a low electrical resistivity of approx.

Table 2

Generalized stratification (layer A—G) of the subsurface at Krauthausen
test site, including d, the mean layer thickness, and /4, the layers top
elevation above MSL

d [m] h [m] Material

0.98+0.16 98.31+0.07 Soil (pseudogley)

1.35+£0.19 97.33£0.15 Stony layer, medium gravel
1.58+0.37 95.98+0.18 Medium gravel

1.86+0.54 94.41+£0.36 Coarse sand, fine gravel

5.68+0.62 92.61+0.55 Medium gravel

0.52+0.18 86.91+0.32 Inter-layering of sand, gravel and clay
- 86.38+0.39 Silty fine sand

QHmmg QW >

The layer material listed is according to Doring (1997).
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Fig. 6. One dimensional generalized model from interval-wise averaged CPT logs at Krauthausen test site, including the mechanical resistance, c;,

natural gamma activity, , bulk density, oy, matrix density, 9,,, water content,

0, and electrical resistivity, p. The solid line displays the mean value of

each CPT datum and the shaded bars its standard deviation. / indicates the height above mean sea level (MSL). The histogram of each parameter is
displayed below the accordant CPT-log. The undulating lines in the logs indicate the water table. For comparison, the layering (layer A—G) is included

in the figure.

50 ) m, which indicates a significant clay content
within the soil.

Layer B is separated from layer A by a well defined
sharp inter-layer boundary. The material of layer B can
be identified as gravel or debris because of a very high

Table 3

mean cone resistance (=46 MPa), the high electrical
resistivity (=300 ) m) and a typical bulk density of
about 2.1 g/cm’. Since its natural gamma activity level
is higher than the so called sand limit of 800 cpm (see
Section 2.3), the layer material must contain either a

Mean values and standard deviations of soil properties within the layers A to G at Krauthausen test site, including the mechanical resistance, ¢,, natural
gamma activity, 7, bulk density, oy, matrix density, 0,,,, water content, 0, and electrical resistivity, p

¢ [MPa] 7 [counts] oy [t/m’] O [t/7] 0 [%] logio (p/Q m)
A 5.0+4.0 2106+253 1.96+0.11 1.76+0.09 20.2+4.8 1.73+0.26
B 46.3+15.8 1095+155 2.10+£0.08 1.94+0.06 16.2+4.6 2.44+0.19
C 40.1+15.4 894+ 187 2.24+0.08 1.99+0.11 25.8+4.2 2.19+0.14
D 29.6+£8.3 717133 2.14+0.05 1.78+0.07 35.8+3.8 1.95+£0.08
E 37.4+11.6 746+309 2.18+£0.07 1.86+£0.09 31.9+3.8 1.98+0.17
F 11.2+12.2 2041+1004 2.03+0.07 1.72+0.09 30.7+5.5 1.52+0.19
G 28.5+14.8 1172+784 2.04+0.05 1.69+0.05 35.0+3.7 1.63+0.12
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certain amount of clay minerals or the gravel material
itself has a higher gamma activity than average.

Layer C consists more or less of the same material as
layer B and the changes of the material properties can be
explained as effect of the water table, which is observed
at the depth of the layer B—C boundary. The mechanical
cone resistance is decreasing and the dry matrix density
is increasing across the B/C boundary for about 5 to
10%, which may indicate a slight change in material.
Daoring (1997) proposed a medium gravel layer across
the layer B/C boundary topped by a stony layer. This
stony layer was not found in the CPT data rather stones
were found in the entire layer B and C causing a very
high variance in the cone resistance data. Due to the
higher water content in layer C the bulk density in-
creases in combination with a decrease of electrical
resistivity by factor 2.

Unlike the above layers, layer D is characterized by a
low natural gamma activity (below the sand limit of
800 cpm), a lower cone resistance of about 30 MPa, and
a high water content. Therefore layer D seems to consist
of a well sorted sand.

Layer E, 4.3 m to 6.4 m thick, is the thickest layer of
the investigated volume. A further stratification like
proposed by Doring (1997) was not confirmed by the
CPT survey. The layer’s natural gamma activity is below
the sand limit of 800 cpm. The average cone pressure
(38 MPa) and resistivity (200 {) m) values are typical for
a sandy gravel or a gravely sand. Since both parameters
show a high variance within layer E, it is assumed that
layer E is built up from a thin layered stratification with
varying sand to gravel ratio.

Layer F is a less permeable layer, i.e. base of the
upper aquifer. The high average natural gamma activity
(2200 cpm, which is significantly higher than the clay
limit of 1700 cpm) and the very low cone resistance
(5 MPa, with a high variability) is typical for clay. Since its
resistivity value is higher than usual, it can be assumed
that the layer may have other components besides clay,
i.e. more or less distinct local sandy inclusions.

The investigated area below the layer F is treated as
indefinite, since the bottom of layer G was not reached.
According to the measured intermediate cone resistance
and gamma activity it seems to be sandy gravel or
gravely sand.

4.2. Heterogeneity within the layers

Dominated by the planar structure, the CPT mea-
surements showed the subsoil variable in each layer
(Table 3 and Fig. 6). The characterization of the spatial
variability, i.e. the spatial correlation structure, was

performed on the soil properties measured during the
CPT survey using variogram analysis (Section 2.1).
Since the sampling density differs an order of magnitude
for the horizontal and vertical directions, the analysis
was performed for both directions independently. To
enforce statistical stationarity of the data, the mean value
and a linear trend were removed from the data prior to
variogram analysis, and the residuals were transformed
to a Gaussian distribution with unit variance using a
normal score transform (see e.g. Goovaerts and Jacquez,
2004). Additionally, data values outside of the 95%
confidence interval were treated as outliers and were
eliminated from the data set prior to the normal score
transform.

The variograms in the horizontal direction were cal-
culated for 17 layers of 0.5 m thickness in between 88 m
and 96 m above MSL. To resolve potential anisotropy
in the horizontal spatial correlation structure, the dis-
tance vectors were sorted after length and direction, i.e.
azimuth angle in cylindrical coordinates. The distance
vectors were gathered into overlapping segments of
+30° angle and including a £0.5 lag tolerance. The
increment between each segment is 10° and 0.5 m. For
each measured parameter, 306 variograms were ob-
tained and fitted with the combined exponential-nugget
model, Eq. (5). From those fits, the respective sills,
nuggets and the lateral correlation lengths were derived
and presented in Fig. 7.

The sill value for all variograms in horizontal di-
rection was 1 including variations of only 0.04, which
was to be expected, since the data were normal score
transformed. Therefore no further investigation on the
sill distribution was performed. The nugget was in gen-
eral below 0.1 except for ¢, and g, at elevations of
about 94.5 m above MLS and azimuth angles regarding
to the north—south direction. For these positions nugget
values of 0.5 and larger occurred, indicating a small
scale variability of the cone resistance and bulk density
in the transition zone of layers C and D.

The spatial range a was computed from the cor-
relation length and nugget using Eq. (6). The mean
range « in horizontal direction and its standard deviation
as a function of depth is displayed in Fig. 7a, d and g. Its
depth—azimuth distribution is shown in Fig. 7b, e and h.
The depth—azimuth distribution of the nugget is shown
in Fig. 7c, f and i. The mean spatial range function a(z)
has a similar shape for all material properties. Typically
the spatial range varies between 2 m and 7 m for all
material properties. An exception is the bulk density
data in layer D (92.6 m to 94.4 m above MLS), showing
higher spatial ranges of about 10 to 20 m in combination
with a dominating nugget effect (see Fig. 7i).
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Fig. 7. Characteristic parameters from anisotropic variogram fitting in horizontal direction of CPT measurements at Krauthausen test site, including the
mechanical resistance, c¢;, natural gamma activity, y, and the dry grain matrix density, 0. a,d,g) show the mean range and it’s standard deviation versus
depth, b,e,h) show the range versus azimuth and depth, and c,f,i) show the nugget versus azimuth and depth for the material properties c,, y, and 0y,,

respectively.

Examining a as function of azimuth, as shown in
Fig. 7b, e and h, a complex structure can be observed.
The most distinct anisotropic behavior can be observed
for the natural gamma activity y and the dry grain matrix
density o,,. For all elevation levels and for azimuthal
ranges of —20° to 50°, that is the east to northeast
direction, a spatial range lower than 4 m can be observed.
In some cases the spatial range tends to zero along with a

nugget close to 1. In contrast, the spatial range in south-
east to south direction is typical about 5 to 9 m, at
elevation levels below 89 m and from 93.5 to 95 m even
larger with peak values up to 30 m. The mechanical
cone resistance data ¢, show similar statistical aniso-
tropic behavior, but not as uniform as y and @,,.

The variograms in vertical direction were calculated
within geologically homogeneous layers C, D, and E
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according to Table 2. The other layers were not con-
sidered since they either do not belong to the aquifer
or are too thin for a reliable variogram analysis. With
respect to the high spatial sampling of data, the lag
tolerances were chosen to 0.15 m and the lag distance
increment to 0.10 m. The results of the fitting using the
exponential-nugget correlation structure model accord-
ing to Eq. (5) are compiled in Table 4. Except the sill
value, the geostatistical parameters in Table 4 vary more
between the CPT measured properties than between
layers. This indicates comparable spatial correlation
length (1) and range (a) in vertical direction, that is
A=0.424£0.06 m, and ¢=1.2+£0.17 m in layer C,
A=0.394+0.17 m and ¢=1.1£0.5 m in layer D, and
A=0.41+£0.25 m and «¢=1.2+0.7 m in layer E.
Including variability in between the CPT measured
properties, the sill value is fluctuating around 1, like in
the horizontal variograms for layer C only. Layer D and
E show the CPT measured properties fluctuating around
sill values <1, indicating a zonal anisotropy. Except
the spatial correlation model for 6 and p in Layer C,
the nuggets are small (» <0.17), indicating only small
variability not resolved with the CPT measurements in
vertical direction.

It can be summarized that the spatial correlation
structure’s statistical anisotropy is not limited to differ-
ences between spatial correlation in vertical and hori-
zontal direction, but includes anisotropy of the spatial
correlation in horizontal directions as function of depth

Table 4

Fitting parameters of the variograms in vertical direction, computed for
CPT logs at Krauthausen test site in layers C, D, and E. The CPT
measurements include the mechanical resistance, ¢, natural gamma
activity, 7, bulk density, oy, matrix density, 0,, water content, 0, and
electrical resistivity, p

Cr Y b Om 0 P

Layer C

C 0.87 0.68 1.14 1.33 0.97 0.90

n 0.15 0.17 0.00 0.01 0.23 0.31

A 0.46 0.36 0.37 0.50 0.41 0.47

a 1.31 1.00 1.11 1.48 1.13 1.27
Layer D

C 0.85 0.83 0.98 0.93 0.64 0.89

n 0.13 0.12 0.04 0.04 0.05 0.12

A 0.67 0.26 0.44 0.49 0.19 0.32

a 1.92 0.73 1.29 1.45 0.55 0.91
Layer E

C 0.72 0.77 0.72 0.76 0.77 0.15

n 0.07 0.07 0.13 0.04 0.03 0.01
A 0.29 0.19 0.56 0.38 0.20 0.85
a 0.84 0.55 1.58 1.12 0.59 2.50

The fitting parameters are the sill, C, the nugget, n, the spatial
correlation length, 4, and the spatial range, a.

and azimuth. This is likely for fluvial deposits like the
sediments of test site Krauthausen, which is part of
the braided river system of the river Rur. Although a
detailed knowledge on the sedimentary structures of the
system of the river Rur is not available, the studied
anisotropy of the correlation lengths at Krauthausen
test site is in accordance with the expected orientation
of sedimentary bodies. Namely the longest correlation
length in mean flow direction of the river Rur, shorter
correlation length perpendicular to the mean flow
direction and the shortest correlation length in vertical
direction.

5. Estimation of the grain size distribution

5.1. Deducing grain size distribution from CPT
measurements

To examine the correlation between grain size dis-
tributions from sieving analyses of core samples and
CPT data, co-located data are needed. Therefore, CPT
measurements were investigated in the vicinity of the
boreholes B07, B22, and B32 (see Fig. 2). These
boreholes were sampled during drilling. Within a circle
of approximately 5 m diameter around the boreholes
B07, B22, and B32, minimum three CPT measurements
were performed. For technical reasons a minimum dis-
tance of 1.5 m have to be kept to prevent damage of
the existing borehole casing. Since the CPT data and
the drilled boreholes are not exactly co-located, CPT
parameter were estimated for locations where soil sam-
ples were taken from using kriging. For that purpose the
variogram analyses of Section 4.2 were utilized. Since
the variogram analyses showed a distinct anisotropy in
the spatial correlation structure, the ordinary kriging
method (see e.g. Isaaks and Srivastava, 1989; Stein,
1999; Chilés and Delfiner, 1999) was applied to the
data set to obtain estimated CPT logs at the borehole
locations. Fig. 8a—e show the estimated CPT measure-
ments at the locations BO7, B22, and B32, where the
about 250 soil samples were taken independently.
Fig. 8f shows the according cumulative grain size
distribution obtained from sieving of the soil samples.

In order to quantify the relationship between CPT and
core sample data a correlation analysis of the values
of the estimated CPT logs, except for the electrical
resistivity, and various grain size parameters were per-
formed. The correlation analyses were based on all
available data, i.e. the 250 soil samples and the co-
located estimates from CPT measurements. The grain
size probability density distribution (PDF) log;op(d,),
the cumulative density distribution (CDF) logo(dy),
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Fig. 8. Co-located CPT measurements, grain size distributions from sieving analysis and estimated grain size distributions based on CPT
measurements at Krauthausen test site: a)—e) estimated CPT logs for the core sample locations, including mechanical resistance, ¢,, natural gamma
activity, p, bulk density, oy, matrix density, ¢,,,, and water content, 6. f) cumulative grain size distribution (CDF) derived from core samples, and g)

estimated CDF from CPT measurements using multiple regression.

and the percentiles log;ods, of the CDF were used
for correlation. The common logarithm of the grain
size distributions and the percentile diameter is used
since their values follow a log-normal distribution.
For the analysis a linear relationship between ¢ (¥’),
Y(®), 0,(x"), 0(x), and ¢, (), and the core sample data
log,0p (¥, dy), log,gP(X, dy), and log,,dy, is assumed.
In a first step the bi-variate correlation between
CPT measurements and relevant mass fractions of the
sample’s grain size distributions, expressed in probabil-
ity density distributions (PDF) and cumulative grain size
distributions (CDF) were analyzed (Tables 5, 6 and 7).
Comparing the correlation coefficients of each CPT
measurement method, in descending order, the natural
gamma activity 7, mechanical cone resistance ¢, and
bulk density o, turned out to be the parameters with
the highest correlation to the grain size distribution.
Comparing the results in Tables 5 and 6 it can be
noticed, that the correlation to the CDF produces higher

correlation coefficients for grain sizes up to 0.5 mm. For
grain diameters between 0.5 mm and 2 mm the PDF
showed a better correlation to the CPT data than the
CDF. The correlation coefficients for the percentiles of
the CDF in Table 7 show a good correlation up to the
20th percentile. This percentile is associated with a
mean grain diameter of 0.36 mm conforming to the
grain diameter range of high correlation with the CDF.
However, even for CDF data the correlation decreases
rapidly, especially for the natural gamma activity, for
grain diameters d, larger than 0.2 mm. Since the bi-
variate correlation between CPT measurements and
grain sizes of coarse sand and gravel are obviously
smaller then correlations with sand, silt and clay frac-
tions, the estimation of grain sizes of coarse sand and
gravel are expected to be less certain.

In a second step multiple regression was used for an
enhanced estimation of grain size distributions based on
the CPT measurements. Thereto the natural gamma
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Table 5
Results of correlation analyses at Krauthausen test site: Bi-variate correlation coefficients between the grain size probability distribution (PDF) from
sieving and CPT data, including mechanical resistance, ¢, natural gamma activity, 7, bulk density, oy, matrix density, 0,,,, and water content, 6

d, [mm] 0.002 001 0.02 0.05 0.1 0.2 0.5 1 2 5 20

o -0.66  —027  -038  -051  —041 0.1 0.1 0.32 0.49 0.36 0.38
7 0.72 0.59 0.65 0.67 0.51  —004  —051  —079  —083  —031 0.8
Py -0.60  —024 032  —043  —0.24 0.07 0.18 0.30 0.45 0.43 0.38
0 -023  -053  —053  -036  —025 0.19 0.56 0.64 0.47 0.02  -0.14
Pim -0.39 0.11 005  —0.5 =005  —005  —0.18 0.4 0.10 0.36 0.43
oldy ) pldy) 0.79 0.63 0.69 0.68 0.54 0.26 0.60 0.83 0.84 0.46 0.46
% (p(dy)" —pldy)) 0.16 0.51 0.42 0.42 0.27 0.27 0.28 0.25 0.26 0.38 0.53

Parameter 7,(q,)", p(4,)) denotes the multivariate correlation coefficient between grain size probability distribution from sieving and it’s estimation
based on CPT data. Parameter ,(4,) _,(4,)) denotes the standard deviation of the difference between the multivariate estimate and the ‘true” grain size

distribution, i.e. the standard deviation of the error.

activity 7y, mechanical cone resistance ¢, and bulk
density o, were utilized, since these parameters showed
high correlation with the grain size distributions. As-
suming a linear relationship

log),P(dg)") = M p’ (7)

where logloP(dg)[‘”] is the predicted mass fraction of the
soil with a diameter <d,, and Matrix M is formed of
column vectors of each measured parameter, multiple
linear regression technique was used to determine the
column vector p' containing the linear factors. Once
vector p’ is determined from Eq. (7) it can be used to
directly transform further CPT measurements into
estimated values of the CDF, if the assumption of a
linear functionality remains valid. For the Krauthausen
test site about 250 locations (at B07, B22, and B32)
are used to estimate the linear coefficients in Eq. (7).
Compared to the bi-variate regressions, the multiple
regression approach showed obviously better correlation
between CPT measurements and grain size distributions,
as it is quantified by the » multiple correlation coef-
fiecients P(d,), L(p(dy)*, p(dy)) (Tables 5, 6 and 7).

Table 6

As examples, two empirical relationships, set up by
multiple regression, are given in the following. First, the
estimation of the cumulative grain size distribution for a
grain diameter of 0.05 mm (P(0.05)), that is the silt to
fine sand transition, and, second, the estimation of the
diameter of the CDF’s 20th percentile (d5o):

log,oP(0.05)) = —3.59-10 3¢, + 5.89- 10 %y
—0.31g, — 1.03 (8)

and

logodao = 1.31-1072¢, — 5.04-10"*y + 1.14¢,
—5.91. (9)

Empirical relations like those in Egs. (8) and (9) can
be found for all the grain diameters of the PDF and
CDF and all percentiles. The quality of the relation
between the ‘true’ grain size distribution data from
sieving analysis and the estimates from CPT is quan-
tified by the multivariate correlation coefficients y as
well as by the standard deviation of the errors o. The
values for both are shown in Tables 5, 6 and 7. From
the respective estimation errors standard deviations of

Results of correlation analyses at Krauthausen test site: Bi-variate correlation coefficients between the cumulative grain size distribution (CDF) from
sieving and CPT data, including mechanical resistance, ¢, natural gamma activity, 7, bulk density, oy, matrix density, 0,,,, and water content, 6

d, [mm] 0.002 001 0.02 0.05 0.1 0.2 0.5 1 2 5 20

o -0.68  —061  —0.58  —061  —0.60  —058  —054  —046  —038  —037  —034
Y 0.72 0.78 0.80 0.81 0.78 0.69 0.35 0.04  -012  -0.13  —0.9
s -0.60  -056  —0.55  —057  —052  —047  —042  -035  —028  —026  —0.25
0 -023  -037 042  -040  —038  -0.28 0.12 0.42 0.49 0.48 0.39
Pim -039  -026  —022  -025  —022  -024  —044 056  —055  —0.53  —0.48
K(pe)", Pldy) 0.79 0.81 0.81 0.83 0.79 0.72 0.59 0.63 0.65 0.64 0.56
O(p(dy)" ~Pldy) 0.16 0.16 0.18 0.19 0.20 0.21 0.21 0.18 0.16 0.12 0.04

Parameter y(p(4,)*, p(4,)) denotes the multivariate correlation coefficient between cumulative grain size probability distribution from sieving and it’s

estimation based on CPT data. Parameter 6 (p(y, )

P(d,)) denotes the standard deviation of the difference between the multivariate estimate and the

‘true’ cumulative grain size distribution, i.e. the standard deviation of the error.
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Table 7

Results of correlation analyses at Krauthausen test site: Bi-variate correlation coefficients between the percentiles of the cumulative grain size
distribution (CDF) from sieving and CPT data, including mechanical resistance, c,, natural gamma activity, 7, bulk density, oy, matrix density, 0.,

and water content, 6

dl 0 dZO d30 d40 dSO d(v() d70 d80 d‘)()

<dy> [mm] 0.14 0.36 0.73 1.2 1.8 2.7 4.1 6.4 112

o 0.67 0.68 0.63 0.57 0.55 0.52 0.48 0.48 0.48
y -0.83 -0.69 -0.41 -0.27 -0.24 -0.18 -0.15 -0.17 -0.21
Po 0.58 0.62 0.55 0.50 0.49 0.47 0.44 0.44 0.45
0 0.33 0.17 -0.11 -0.20 -0.22 -0.24 -0.25 -0.21 -0.16
Pin 0.31 0.44 0.54 0.56 0.56 0.56 0.54 0.53 0.49
Xotde)'s pldy) 0.87 0.79 0.69 0.64 0.63 0.61 0.59 0.57 0.55
O () —pld) 0.28 0.32 0.38 0.43 0.45 0.47 0.48 0.48 0.45

Parameter g, +, q,) denotes the multivariate correlation coefficient between percentiles of the cumulative grain size probability distribution from
sieving and it’s estimation based on CPT data. Parameter o4, *_4,,) denotes the standard deviation of the difference between the multivariate estimate
and the ‘true’ percentiles of the cumulative grain size distribution, i.e. the standard deviation of the error.

the PDF, 0.16<5<0.53 (Table 5), and CDF, 0.04>
0<0.21 (Table 6), it can be recognized, that the CDF
estimation is more accurate for all grain sizes. Therefore
the relationship between CPT measurements and the
CDF were used for the grain size distribution estimation.
The result is presented in Fig. 8g, and as expected it
shows a good coincidence with the ‘true’ grain size
distribution in Fig. 8f for the clay and silt fraction.
However, the proportion sand to gravel fraction is not
well estimated. In particular, the estimated gravel
fraction is underestimated, while the sand fraction is
overestimated.

5.2. Validation of the estimated grain size distributions

Vereecken et al. (2000) analyzed the grain size
distribution of 250 soil samples obtained from undis-
turbed cores from the boreholes BO7, B22 and B32 from
test site Krauthausen. These grain size distributions
were used for the multiple regression analysis of Section
5.1. However, 142 more sediment samples, which
were taken from 31 boreholes at the elevation interval
90 m—92 m above MSL were analyzed by (Vereecken
et al., 2000). All these grain size distributions will be
used in the following to validate the reliability of the
estimated grain size distributions based on the CPT data.
Although it was shown in Section 4.2 that the material
parameters disclose an anisotropic correlation structure
in horizontal direction, we assume isotropy in horizontal
direction in this and the following Section, due to the
limited number of sample locations in Vereecken et al.
(2000).

For the integrated analysis, two distinct data sets
each containing ‘true’ sieving data and estimated grain
size distributions, based on CPT data, both from the
elevation interval of 90 m to 92 m above MSL were

prepared. The first data set contains the local distribution of
the CDF of the Vereecken et al. (2000) data at a grain
diameter of 0.05 mm, that is the clay and silt fractions mass,
and their estimate according to Eq. (8). For the second data
set the 20th percentile is determined from the CDF of the
Vereecken et al. (2000) data as well as estimated using
Eq. (9).

For the analysis of the horizontal spatial isotropic cor-
relation structure, variograms for all data sets were calcu-
lated using a lag increment of 1 m and a lag tolerance of
+0.75 m, while a lag increment of 0.1 m and a lag tolerance
of £0.1 m were used for vertical variogram calculation.

Fig. 9 shows the results for the first data set.
Comparing the probability distributions of P(0.05)
and its estimation, shown in Fig. 9a and c, respectively,
their dissimilarity is obvious. The estimator of P(0.05)
results in a log-normal shaped mass fraction distribu-
tion, predicting a clay and silt content of 2 to 5%. Sieve
analysis discloses a broader distribution of P(0.05). The
experimental variograms of the horizontal direction
are shown in Fig. 9b. The variogram of the sieving data
shows the semivariances fluctuating around the sill
level, without a slope of the semivariances for smaller
lag distances. Although the sill and the fluctuations
around the sill are smaller, also the semivariances of the
CPT data disclose values of the sill level, without a slope
for smaller lag distances. Both variogram data may be
interpreted as part of the exponential curve close to the
sill. In this case the only information obtained from the
variogram analysis is that the range « in both supposed
variograms is smaller than 3 m. However, one has to
keep in mind, that both results have limited validity,
since the assumption of an isotropic layer is violated as
mentioned before.

The vertical variograms are shown in Fig. 9d, which
are, in contrast to the horizontal variograms, explicable
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Fig. 9. Comparison of CPT data and core sample data at Krauthausen test site: a) histogram of the mass fraction at grain diameter 0.05 mm, P(0.05),
from core sample data, b) horizontal variograms of P(0.05) from CPT and core sample data, c) histogram of P(0.05) values estimated from CPT data,

d) vertical variograms of P(0.05) from CPT and core sample data.

by the exponential model. The corresponding fits result
in a sill of 0.29 and 0.51, a nugget of 0.03 and 0.04, a
correlation length of 0.34 m and 0.19 m, and a spatial
range of 1 m and 0.56 m for the value from sieving
analysis and CPT estimation, respectively. The differ-
ences for nugget, the spatial range and the correlation
length are reasonable, with a divergence of factor <1.8.
The most striking discrepancy appears in the sill value
being smaller for the sieving analysis data. Comparison
between variograms in horizontal and vertical direction
show the sill value of the CPT estimated data on the
same level. This is different for the sieving analysis
data, here the sill value of the variogram in horizontal
direction is explicitly higher than the one in vertical
direction. This indicates a zonal anisotropy for the
sieving analysis data, which is missing in the CPT
estimated data. We suggest that this is mainly due to the
smaller variability in the CPT estimated data, compared
to the variability of the sieving analysis data.

The results of the analysis of the second data set
is presented in Fig. 10. In contrast to the first data
set, the probability distribution of the d,, value, shown
in Fig. 10a, coincides with the probability of its esti-
mation, shown in Fig. 10c. Both distributions have

nearly identical mean and standard deviation, that is
dr=0.65£0.24 mm from sieve analysis and 0.67+
CPT. The variograms in the
horizontal direction are shown in Fig. 10b. They are
shaped similar to the horizontal variograms discussed
above, but now with fluctuating semivariance around
from sieve analysis and d»
estimated from CPT. However, they are again not
interpretable with the exponential correlation model
aside the fact that the range is a<3 m. This is probably
caused by the isotropic assumption for the anisotropic
horizontal correlation structure within this layer.

In contrast, the first data set, the vertical experimental
variograms of the d,q percentile and its estimation are
related, as shown in Fig. 10d. They are both fitted with
model with nugget. The fits
result in a sill of 0.39 and 0.49, a correlation length of
0.16 m and 0.36 m, and a spatial range of 0.47 m and
1.07 m for the percentile and its estimation, respectively.

0.19 mm estimated from

a value 0.6 for both dy

an exponential variogram

A zero nugget was found

Other than the quantitative validation of the quality
of the estimation of grain size distribution by correlation
coefficients (see Section 5.1), the evaluation of the two
data sets shows the application of the methodology

for both.
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b) horizontal variograms of d, from CPT and core sample data, c) histogram of d,o values estimated from CPT data, d) vertical variograms of d5q

from CPT and core sample data.

proposed together with two data sets from sieving anal-
ysis. Comparing the statistics of estimated grain size
parameters from CPT measurements with those of
sieving analyses in the depth between 90 m and 92 m
above MSL, can be stressed as a study of the reliability
of the method, independent from the set of quasi-co-
located data used in the multivariate regression. Dis-
crepancies between the sieving data based statistics
and the CPT data based statistics may be due to several
reasons, like different number of measurements, differ-
ent horizontal resolution or statistical instationarity of

Table 8

the aquifer at Krauthausen test site. However similarities
between the data sets sustain the reliability of the sta-
tistics of both data sets.

5.3. Estimation of hydraulic conductivity

Since an accurate estimation of the percentile d», can
be expected from the CPT survey (see Sections 5.1 and
5.2), it is used in combination with the Bialas formula
(see Section 2.2 and Bialas and Kleczkowski (1970)) to
obtain the hydraulic conductivity within layers B to E.

Estimated hydraulic conductivity within the aquifer layers of Krauthausen test site, including, <K>, the mean hydraulic conductivity, <log,, K>, the

mean of the logarithmic hydraulic conductivity, and o its standard deviation

B C D E ptv! A
<K> [m/s] 9.6-107° 9.4-10* 25-10°° 1.1-10°° 73-10°° 14-10°°
<log,, K> —4.02 -3.03 -3.60 -2.98 -3.10 -2.85
o 0.97 0.69 0.45 0.42 1.48 1.76
Jn [m] 9.45 0.30 5.00 1.75 - 6.6(x4.7)
Jy [m] - 0.40 0.60 0.36 - 0.6(0.3)

Parameters 4, and 1, are the horizontal and vertical correlation lengths fitted with an exponential model, respectively. The results in columns D) and

E™ are taken from Vereecken et al. (2000).
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The aquifer consisting of layer C to E has a hydraulic
conductivity of 1-10° m/s in layers C and E, and of
2.5-10"% m/s in layer D. The saturated hydraulic con-
ductivity in the unsaturated layer B is predicted to
be 1-10~* m/s. The mean hydraulic conductivities, the
mean of the logarithmic hydraulic conductivity, its
standard deviation and the correlation lengths are com-
piled in Table 8. For comparison, the corresponding
values of layer D and E from Vereecken et al. (2000),
D™ and EYY, are also shown in Table 8. In Vereecken
et al. (2000) the hydraulic conductivity statistics are
estimated based on local hydraulic conductivities
derived from 279 sediment samples using grain size
analysis and the formula of Seiler (1973)(see Section
2.2). As can be seen from Table 8, the mean values of
the hydraulic conductivities within the layers are in
good agreement, while the variabilities of the CPT
estimation are lower than the variabilities observed by
Vereecken et al. (2000). The underestimation of the
variability connected with the hydraulic conductivity
estimation based on the CPT measurements is presum-
ably a consequence of the utilized linear relationships.
Those are based on a multiple regression analysis with
correlation coefficient of 0.79.

Vereecken et al. (2000) reports an isotropic estima-
tion of the horizontal and vertical correlation lengths
within layer E. For comparison purposes, isotropic
variograms were also computed for the CPT estimated
hydraulic conductivities. Fitting by the exponential
model (Eq. (5)), like in Vereecken et al. (2000) results in
smaller correlation length estimations from CPT data,
compared to those of Vereecken et al. (2000). However,
both investigations result in the same order of mag-
nitude, regarding horizontal and vertical correlation
length.

6. Summary and conclusions

A spatially highly resolved CPT survey was per-
formed at the test site Krauthausen, Germany, to inves-
tigate the spatial variability of physical soil properties
in the aquifer, including the mechanical resistance,
¢,, natural gamma activity, 7, bulk density, g}, matrix
density, o,,, water content, 6, and electrical resistivity,
p. Based on the analysis of the CPT measurements,
following results can be summarized:

The Krauthausen test site’s heterogeneity is domi-
nated by a planar stratification. Regarding this aspect,
the CPT results conformed in general with the geo-
logical profile from drillings. A layer-wise character-
ization of the parameter’s spatial variability disclosed a
structure including statistical anisotropy between hori-

zontal and vertical direction and an azimuthal anisotro-
py of the spatial range in the horizontal direction. The
horizontal direction of the maximum range was similar
for all measured material parameters and all investigated
layers of the aquifer, and corresponded to the main flow
direction of the fluvial sedimentary system. Based on
an exponential correlation function, spatial ranges of
typical 5-9 m, were found in the horizontal, and ranges
of about 1 m in the vertical direction.

Although not measured during the CPT survey, a
multiple regression analysis provided the estimation of
local grain size distributions based on CPT measure-
ments. The measured CPT data and characteristic points
of measured grain size distributions showed correlation
coefficients >0.7, at least for small grain sizes up to
fine sands. The correlation coefficients found for coarser
grain sizes indicated a connection of lower accuracy, but
useful for classification. Subsequent comparison be-
tween uni-variate and spatial statistics of estimated and
measured 20th percentile of local grain size distributions
showed reasonable agreement.

Supposing the link between grain size distribution
and hydraulic conductivity to be valid, as found in
various references, the hydraulic conductivity at each
CPT measurement location was estimated using the
formula of Bialas and Kleczkowski (1970). This for-
mula is based on the 20th percentile, whose estimation
by CPT was found to be of high accuracy in terms of a
high correlation coefficient. Hydraulic conductivity
statistics based on CPT were in good agreement with
a prior investigation based on sediment samples, in
terms of the mean. Variance and correlation—length
were underestimated by the CPT based estimation, but
were of the same order of magnitude as statistics based
on sediment samples. Moreover, the CPT based esti-
mation of the mean hydraulic conductivity agreed with
the hydraulic conductivity based on a pumping test
performed in a former study.

Following conclusions can be drawn from the ob-
tained results: The CPT method was found to be a
promising tool for a spatially dense sampled investiga-
tion of the subsoil’s heterogeneity in various physical
parameters, including the mechanical resistance, c,,
natural gamma activity, 7y, bulk density, oy, matrix
density, o,,, water content, 0, and electrical resistivity,
p- Using multiple regression, a reliable link between
CPT measurements and the sediment grain size dis-
tributions could be established. Using the empirical
formula of Bialas and Kleczkowski (1970) the grain size
distribution could be related to the hydraulic conduc-
tivity. Finally an integrated analysis of CPT based
estimated hydraulic conductivities and hydraulic



A. Tillmann et al. / Journal of Contaminant Hydrology 95 (2008) 57-75 75

conductivities of former investigations, proposed this
methodology to be viable.
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