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Summary

This report illustrates the site characterization measurements performed by SED at the location of the
seismic stations SVISP (active between 2015 and 2020) and SVIK (active from 2023 onwards). Parts
of the installations of SVISP was put back into operation in November 2023 after the construction of
a building just above the original free field site. The boreholes were integrated into the foundation of
the building with a new station code SVISI.

The stations were installed in the municipality of Visp (VS), in the upper Rhone valley; the two sites
SVISP and SVIK are ~230 m apart. Due to the high level of hazard and risk expected for the area of
Visp (Wiemer et al., 2016, 2023), and since nonlinear site effects are expected, it was decided to
configure SVISP and SVIK as vertical arrays of seismometers, with one sensor located at the soil
surface and others at various depths in the subsurface. The geophysical surveys carried out for the
site characterization include passive and active surface wave measurements as well as a down-hole
S-wave test; the geophysical surveys are accompanied by two cone penetration tests (CPT) performed
close to SVISP and SVIK sites.

The obtained results show that no significant lateral variations occur between the SVISP and SVIK
sites. We assign to both stations the same Vs30 of 240 m/s; the soil class is therefore D according to
both STA 261 (2020) and Eurocode 8 (2004) building codes. The fundamental frequency of soil
resonance fo is 1.35 Hz for SVISP and 1.07 Hz for SVIK.

The estimated S-wave velocity profile is characterized — in its shallower portion (0 — 45 m) — by sand
layers alternated with relatively stiffer sand-gravel layers, displaying Vs between 115 — 425 m/s. At
about 45 and 110 m depth the S-wave velocity increases to ~750 and to ~1500 m/s, respectively, with
the transition to more compact sedimentary material. According to geological information, the
bedrock is located at a depth of approximately 245 m.

The tests assessing the potential for liquefaction based on CPT data have yielded high (> 50%)
probability of liquefaction for the sand formations at depths 1 — 7 m and 15 — 22 m, for a scenario
Mw=6.0 at 0 km distance; the probability remains > 50% for the shallower layer also for a scenario
Mw=6.0 at 5 km distance. These results apply to both SVISP and SVIK sites.

From the interpretation of geophysical data and morphometric parameters, we conclude that the
location hosting SVISP and SVIK is possibly at the threshold between a 1D and a 2D resonance
regime. The geophysical measurements do not show significant 2D effects.



1. Introduction.

The Swiss portion of the Rhone Valley is known to be the area with the highest seismic hazard in
Switzerland (SUIhaz15, Wiemer et al., 2016); it was struck by several strong earthquakes in the past,
i.e. the 1946 M = 5.8 event in Sierre, 1855 M = 6.2 in Visp, and 1755 M = 5.7 in Brig-Naters. The
area is a typical example of deeply-incised, elongated glacial alpine valley, filled with quaternary
sediments reaching thicknesses of several hundreds of meters. Hence, it is expected to show strong
ground-motion amplification and 2D resonance phenomena, and to be prone to non-linear soil
behavior and liquefaction phenomena. For the long-term seismic monitoring of this environment, in
the framework of the CCES project COGEAR (Féh et al., 2012), in 2015 a borehole array of
seismometers (named SVISP) was installed to the north-west of Visp town centre, ca 150 m south of
the Rhone river. The array consisted of four strong-motion sensors, located at the soil surface, and at
15, 58, and 100 m depth. The seismometers were complemented by a multi-level piezometer array,
with six piezometers measuring the pore water pressure at various levels in the range 5 — 15 m depth.
The borehole array SVISP had to be closed in September 2020 as its site was occupied by the
expansion of the Lonza chemical plant. Parts of the installations of SVISP was put back into operation
in November 2023 after the construction of a building just above the original free field site. Some of
the boreholes were integrated into the foundation of the building with a new station code SVIS1. The
site conditions however changed due to the influence of the building and the piled foundation.

In the framework of the SSMNet renewal project (phase 2), a new borehole array station, named
SVIK, was installed in August 2023 on a site 230 m south-east of the SVISP/SVISI site. The station
is equipped with two strong motion sensors, one located at the soil surface and one at 30 m depth.
Additionally, an array of 6 piezometers measures the pore water pressure at various levels in the range
6 — 20 m depth.
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Figure 1 — Geographical location SVISP and SVIK station (© Swisstopo).

2. Geological setting

From a geological point of view, the area hosting both the former SVISP and new SVIK stations is
characterized by Holocene alluvial deposits (Swisstopo, 2017), which cover the Rhone valley bottom;
the alluvial formation borders to the south-west with the alluvial fan of the Vispa river. From
gravimetric (Fiore, 2007; Swisstopo, 2019) and geophysical (Panzera et al. 2022) investigations, it is
known that the layer of quaternary sediments overlying the bedrock can be some hundreds of meters
thick below the Rhone valley bottom at Visp.
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Figure 2 — Geological atlas (1:25000) of the area of Visp (Swisstopo, 2017)

3. Geophysical measurements

Given the high level of seismic hazard as well as risk for the zone of Visp, numerous geophysical
surveys have been carried out through the years to assess the relevance of site response in the area
(COGEAR project, Féh et al. 2012, SSMNet renewal project, Hobiger et al. 2021, earthquake risk
model Switzerland ERM-CH23, Panzera et al. 2022). These surveys include:
- Single-station microtremor recordings, processed with H/V technique (Nakamura, 1989), to
derive the soil resonance frequencies;
- array microtremor (passive) recordings, processed with various techniques to derive surface
wave propagation properties to be later inverted for the S-wave velocity profile of the
subsurface;



- active seismic experiments (multi-channel analysis of surface waves, MASW, Park et al.,
1999), carried out with controlled seismic sources to derive surface wave propagation
properties to be later inverted for the S-wave velocity profile of the subsurface.

Figure 3 presents an overview of all geophysical surveys performed in the area of Visp. The
geophysical surveys are also complemented by a number of boreholes and two geotechnical surveys
(cone penetration test, CPT, Robertson and Campanella 1983) carried out at the sites of SVIK and
SVISP. The CPT test at SVIK was also coupled with a down-hole test to derive the S-wave velocity
profile of the near-surface (seismic-CPT, S-CPT).
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Figure 3 — Overview of geophysical measurements available for the area of Visp (VS). Figure from
Panzera et al. (2022).

For the purpose of the site characterization of the two stations of SVISP and SVIK, we focused our
analysis on the following geophysical and geotechnical measurements (Figure 4), performed in the
period 2011 —2018:
- amicrotremor (passive) array measurement performed at the location of SVISP station;
- an active linear array (MASW) carried out at the location of SVISP station;
- two CPT measurements, one performed close to SVISP station (CPT2) and one close to SVIK
station (CPT1)
- one seismic-CPT measurement carried out jointly with CPT1 close to SVIK station (S-CPT1)
- a set of 23 additional single-station H/V measurements performed in the area surrounding
SVIK and SVISP;

In the following subparagraphs, we describe the acquisition and processing of the experimental data
listed above. The single-station microtremor measurements (subparagraph 3.1), acquired and
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processed in the framework of the projects COGEAR (Fah et al. 2012) and ERM-CH23 (Panzera et
al. 2022), were used for the site characterization of SVISP and SVIK to determine the fundamental
resonance frequency of the soil, assess the presence of lateral variations in the subsurface and detect
possible 2D resonance phenomena. The active (subparagraph 3.2) and passive (subparagraph 3.3)
surface wave surveys were performed and already processed by Wallimann (2011) and Burjanek and
Féh (2011), respectively; we assessed the reliability of their procedure and retained their results in
terms of Rayleigh and Love wave dispersion data. These data are later inverted for the S-wave
velocity profile at SVISP (paragraph 4). The cone penetration tests (subparagraph 3.4) were
performed by the drilling company Geoprofile GmbH and interpreted by them in terms of
stratigraphic log (subpargraph 3.4.1); the CPT data were also processed by SED to assess the potential
for liquefaction at SVISP and SVIK sites (subparagraph 3.4.2). The S-CPT data from the CPT1 were
here interpreted to derive a near-surface Vs profile for SVIK site (subparagraph 3.5).
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Figure 4 — Geophysical and geotechnical measurements employed for the site characterization of
stations SVISP and SVIK. The areal image was taken before the construction of a number of buildings
in the area.

3.1 Single-station microtremor measurements
3.1.1 Acquisition

As shown in Figure 4, the area of Visp is covered by a dense set of single-station microtremor
measurements. We focus here on the surveys carried out in the zone surrounding SVISP and SVIK,
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defined by a buffer of 100 m north and west of SVISP and of 100 m south and east of SVIK (zone
represented in Figure 4, 330 x 355 m): in this extent, 37 single-station surveys are available (including
also the passive array stations, individually processed).

3.1.2 Horizontal-to-vertical spectral ratios

The mircrotremor recordings were processed:

- to estimate the horizontal-to-vertical (H/V) spectral ratio, thus identifying the fundamental
frequency of resonance of the site (Nakamura, 1989) by the use of classical H/V methods (as
implemented in Geopsy software, www. geopsy.org; classical H/V of Fih et al., 2001);

- to estimate the ellipticity of Rayleigh wave as a function of frequency by resorting to refined
algorithms (Raydec, Hobiger at al., 2009; time-frequency method, Poggi and Féh, 2010;
wavelet-based time-frequency method as implemented in Geopsy software).

Figure 5 displays an overview of all retrieved H/V curves (gray lines), derived by applying the
classical H/V method as implemented in Geopsy software; the H/V curve of the measurement closest
to SVISP is highlighted in yellow, the curve of the measurement closest to SVIK is green.

50 T T T T T T
All measurements
measurement closest to SVISP | -
measurement closest to SVIK
20 8

1 1 1 1 1 I 1

0.2 0.5 1 2 5 10 20

Frequency (Hz)
Figure 5 — H/V curves obtained with the classical method as implemented in the Geopsy software. In
vellow we highlight the H/V curve of the recording closest to SVISP (7 m north of SVISP, center of
passive array) and in green we highlight the H/V curve of the recording closest to SVIK (16 m south
of SVIK).

We remark a general consistency among the obtained H/V curves, suggesting a relatively low degree
of spatial variability in the subsurface over the investigated area. We do observe some individual
features in sharp peaks at frequencies > 2 Hz, probably due to monotonic artificial nearby noise
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sources; furthermore, some curves display high H/V ratios at low frequency (< 0.5 Hz), which might
be caused by the presence of strong wind during the acquisition or an improper coupling between soil
and sensor. The main common feature of all the H/V curves is a pronounced peak in the frequency
band 0.8 — 2 Hz, reaching high spectral ratio values between 4 and 16 (Figure 5). This feature is to
be related to the interface between the unconsolidated sediments filling the valley basin and the
bedrock below, estimated to be at around 245 m depth according to the geological model of Swisstopo
(2019).

The picking of the resonance frequencies on the H/V curves closest to SVISP and SVIK is displayed
in Figures 6 and 7, respectively. As far as SVISP is concerned, the fundamental frequency fo was
identified at 1.35 Hz; a secondo peak (f7) was identified at 4.72 Hz, to be possibly ascribed to a
shallow impedance contrast between surficial sands and a gravelly layer below (see paragraph 4).
Regarding SVIK (Figure 7), only one peak, corresponding to fo, was identified at 1.07 (Hz).
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Figure 6 — Picking of resonance frequencies on the horizontal-to-vertical spectral ratios from the
microtremor recording closest to SVISP (center of passive array). Classical 1: Geopsy, Classical 2:
Fih et al., 2001; TFAI: wavelet-based time-frequency method as implemented in Geopsy software;
TFA3: time-frequency method, Poggi and Fih, 2010. Picked resonance frequencies are indicated by
red circles; the corresponding intervals are marked by red crosses. The picking is performed on the
TFA3 curve, in agreement with the standard practice of the SED site characterization database.
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Figure 7 - Picking of resonance frequencies on the horizontal-to-vertical spectral ratios from the
microtremor recording closest to SVIK (located 16 m south of the station). Classical 1: Geopsy,
Classical 2: Fihet al., 2001; TFAI: wavelet-based time-frequency method as implemented in Geopsy
software; TFA3: time-frequency method, Poggi and Fdih, 2010; Raydec: Hobiger et al., 2009. The
picking is performed on the TFA3 curve, in agreement with the standard practice of the SED site
characterization database.

To understand whether the difference in fo between SVISP and SVIK is part of a wider spatial pattern,
we map in Figure 8 the fundamental frequencies (picked from the H/V curves) from all single-station
measurements of the area. Overall, we observe a gradual increase of fo (from ~0.9 to 1.5 Hz) along
the south — north direction; the spatial pattern can be related to the fact that the Rhone valley bottom
is approximately elongated in the east — west direction (Figures 1 and 2), therefore the bedrock depth
becomes shallower as the northern valley edge becomes closer (see the contour lines of the estimated
bedrock depth in Figure 8).

11



%10° _ 0
1.2785 0 17
; .
1.278
1.2775 0
£
o
(e}
> 1277
I
@
m G
£ \D
£ 1.2765
(@]
zZ
1.276
1.2755

s T .Qj_, oo

e
= e e — n———_

6.3375 6.338 6.3385 6.339 6.3395 6.34
Easting CH1903 (m) «10°

Figure 8§ — Map of the fundamental resonance frequency as picked from the H/V curves obtained
applying the time-frequency method of Poggi and Fdh (2010). In the background, we report the
contour lines, at 5 m depth intervals, of the depth-to-bedrock as estimated by the geological model of
Swisstopo (2019).

3.1.3 Polarization analysis

We finally analyzed the microtremor recordings closest to SVISP and SVIK with the polarization tool of
Burjanek et al. (2010), to detect potential directionalities in the microtremor motion which may suggest
2D or 3D local resonance effects. In Figures 9 and 10 we display the produced polar strike graphs (as
defined in Burjanek et al., 2010). At the fundamental frequencies of resonance identified in the H/V curves
(1.35 for SVISP and 1.07 Hz for SVIK, respectively), we observe a moderate directionality in the NE-
SW direction for SVISP site (Fig. 9) and a moderate directionality in the N-S direction for SVIK (Fig.
10). Note that these directions approximately correspond to the cross-section of the valley sedimentary
infill along the direction of maximum slope of the underlying bedrock at SVISP and SVIK sites (Fig. 8),
making the features observed in Fig. 9 and 10 as indicating an in-plane shear mode of vibration (Bard and
Bouchon, 1985). This suggests the presence of 2D resonance effects. We infer, however, that the SVISP
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and SVIK sites are at the threshold between a fully 1D and a fully 2D resonance regime; we base our
inference on three pieces of information:

- in the area of SVISP and SVIK, the fundamental frequency of resonance shows a correlation with
the estimated depth to bedrock (Fig. 8), a fact indicating 1D resonance;

- the shape ratio (half-width /4 over maximum depth /, Bard and Bouchon 1985) of the sedimentary
basin cross-section below SVISP and SVIK is estimated — using the Swisstopo 2019 bedrock
depth model — as ~0.44 (Fig. 11); this is an intermediate value that for an expected velocity
contrast (ratio between Vs of sediments and bedrock) between 3 — 4 (Panzera et al., 2022) places
the sites of SVISP and SVIK at the transition between 1D and 2D resonance regimes (see Figure
12 in Bard and Bouchon 1985);

- in the strike-vs-frequency plots of Fig. 9 and 10, the features corresponding to the fundamental
frequency display only an intermediate frequency of occurrence.

Strike vs. frequency

VIS10,0

Relative frequency of occurence

Figure 9 — Graph representing the relative frequency of occurrence for the polar strike as a function
of frequency, for the microtremor recording closest to SVISP (center of passive array). The distance
from the circle center corresponds to the frequency axis (see labels in Hz in white squares). The color
scale portrays the relative frequency of occurrence of polar strike for a particular direction (azimuth
from North axis) and frequency (distance from circle center).
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Strike vs. frequency
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Figure 10— Graph representing the relative frequency of occurrence for the polar strike as a function
of frequency, for the microtremor recording closest to SVIK (16 m south of the station). The distance
from the circle center corresponds to the frequency axis (see labels in Hz in white squares). The color
scale portrays the relative frequency of occurrence of polar strike for a particular direction (azimuth
from North axis) and frequency (distance from circle center).
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Figure 11 — Cross-section of the Rhone valley bed sedimentary basin according to the bedrock-depth
model of Swisstopo (2019). In the lower panel, 1 indicates the half-width and h the maximum depth
of the sedimentary basin (see Bard and Bouchon, 1985).

3.2 Multichannel analysis of surface waves (MASW)

Before the installation of the SVISP borehole array, the selected site was investigated with surface
wave surveys (passive and active) aimed at retrieving a 1D velocity model at the station location.

The characterization of the shallow near-surface (depth range of approximately 2 -20 m) was achieved
thanks to a MASW (multichannel analysis of surface waves, Park et al., 1999) survey carried out in
2011 (Wallimann, 2011) prior to the installation of the SVISP borehole array of seismometers (see
location in Figure 4). We report here a short description of the MASW acquisition and processing as
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presented in Wallimann (2011), which we overall evaluated as reliable; for further details, we refer
the reader to the original report of Wallimann (2011).

3.2.1 Acquisition

The acquisition array consisted of 14 three-component 5s Lennartz seismometers, connected to
Quanterrra Q330 digitizers. The sensors were deployed along a straight line, at regular intervals of 2
m; they were partly buried in the ground by 20 cm circa to ensure good coupling and protect them
from wind (Figure 12, left panel). The chosen sampling interval was 0.005 s.

As active source, a weight drop device was used, able to freely release a weight of 120 kg from 2 m
height (Figure 12, right panel). The source was placed at offsets of 10.5, 24.4 and 50 meters from the
recording line; for each offset position, the source was operated 14 times.

Figure 12 — Visp, MASW survey at SVISP site. Left: recording array in place. Right: Weight-drop
source (from Wallimann, 2011).

3.2.2 Processing

The Rayleigh wave phase velocity dispersion curve was obtained from the processing of the vertical
component traces recorded by the receivers’ array. The seismogram was translated from time-offset
to frequency-wavenumber (f-k) domain via a 2D Fourier transform (Socco and Strobbia, 2004). The
energy maxima of the resulting f-k panel were picked, as they correspond to the Rayleigh wave phase
velocity dispersion curve. Figure 13 shows the obtained dispersion curve (cyan line); it is constituted
by the fundamental mode of Rayleigh waves, which extends continuously from 6 to 50 Hz with phase
velocities decreasing from ~ 220 m/s (at 6 Hz) to 130 m/s (at 50 Hz). We highlight the agreement
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between the active (from MASW, this paragraph) and the passive (from microtremor array, paragraph
3.3) Rayleigh wave dispersion curve in the overlapping frequency band.

3.3 Microtremor array

As anticipated, a microtremor array survey was carried out at the site of SVISP before its installation,
for the investigation of the soil properties in a deeper depth range (approximately 10-100 m depth),
with respect to the MASW measurement. The microtremor measurement was performed and
processed by Burjanek et al. (2011, SED site characterization database). The obtained results in terms
of surface wave dispersion curves were verified as reliable and are here shortly presented; for a more
complete description of the measurement, the reader is referred to Burjanek et al. (2011).

3.3.1 Acquisition

The passive measurements involved the deployment of a 2D array composed of 14 three-component
sensors, with inter-station distances between 9.6 and 93 m (Figure 4), recording ambient noise for 2
hours on 18.01.2011.

3.3.2 Processing

The acquired data were processed through a 3 component high resolution f-k analysis (Poggi and Fih,
2010), estimating both Love and Rayleigh dispersion curves. As far as Love waves are concerned,
the obtained curve is constituted only by the fundamental mode, spanning the frequency band 2 — 12
Hz with phase velocities decreasing from 400 to 200 m/s (red line in Figure 13). Regarding Rayleigh
waves, the fundamental and first higher modes were extracted for both the radial and vertical
components, showing a good reciprocal agreement; the dispersion curve shown in Figure 13 (blue
lines) is the average over the results from the two components. We remark the good agreement
between the fundamental mode of Rayleigh waves from passive and active measurements.

The Rayleigh wave ellipticity was not estimated in the data processing of Burjanek et al. (2011).
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Figure 13 — Rayleigh and Love wave dispersion curves obtained from the passive and active surface
wave measurements. L0 indicate the fundamental mode of Love waves;, R0 and Rl indicate the
fundamental and first higher mode of Rayleigh waves, respectively.

3.4 Cone penetration tests (CPT)

Two cone penetration tests were performed in 2018 at two locations close to the stations of SVISP
and SVIK, respectively (CPT2 and CPTI, see Figure 4). The surveys were carried out in the
framework of the second phase of the SSMNet renewal project (Hobiger et al., 2021).

3.4.1 Acquisition and stratigraphic interpretation

We refer to the appended report by the drilling company Geoprofile GmbH for a detailed description
of data acquisition and stratigraphic interpretation.

In Figure 14 (left panels) we display the profiles of cone end resistance (gc) and sleeve friction (fs)
measured by CPT1 and CPT2; the interpreted stratigraphic logs (according to Robertson, 1990) are
shown in Figure 14, right panels. The stratigraphic profiles are quite similar. They both show a
surficial sandy layer with embedded clayey or silty lenses; below, a gravel layer is present, whose
upper interface is shallower (7.15 m depth) at CPT1 than at CPT2 (9.2 m depth). Further below (14.3
m depth), we find a sandy layer intertwined with thin silty lenses, resting on a gravel formation (whose
upper interface is at 23 m depth at CPT1, at 26 m depth at CPT2). The maximum investigation depth
is 23.5 m for CPT1 and 27.5 m for CPT2. From the observation of the acquired pore-water pressure
profiles (not shown here), we can locate the depth of the water table at ~2.5 m depth.
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Figure 14 — Left panels: cone end resistance (qc) and sleeve friction (fs) profiles measured by surveys
CPTI (blue line) and CPT2 (red line). Right panels: stratigraphic profiles derived from the
interpretation of CPT parameters for sites CPT1 and CPT2. Sand layers are represented in orange;
gravel layers in yellow; silt layers in brown, clay layers in dark green.

3.4.2 Assessment of liquefaction potential

As anticipated in the Introduction, the Rhone Valley is expected to be prone to liquefaction
phenomena, considering shallow water table, the nature of its shallow sediments (mostly sandy), and
its hazard exposure; evidence for the occurrence of soil liquefaction was reported at several sites in
the Rhone valley following the 1855 Visp event. CPT data collected near SVISP station (CPT2) and
near SVIK station (CPT1, Figures 4 and 14), were processed to assess the local liquefaction potential,
following a procedure developed at SED. The analysis follows closely the standard geotechnical
engineering practice (Robertson and Wride, 1998), although a final liquefaction estimate is computed
by taking into account the probabilities associated to specific empirical cyclic resistance ratio (CRR)
and peak ground acceleration (PGA) values. For the current site we consider PGA values predicted
by the ground motion prediction equation of Boore and Atkinson (2008) for an My 6.0 earthquake
located at 0, 5, 10, 20 or 40 km of distance. Results are summarized in Fig. 15: panels in the top row
refer to CPT2 (near SVISP station); panels in the bottom row to CPT1 (near SVIK station). The
leftmost subplots represent the soil behaviour index type (I., derived from CPT data; Robertsson,
2004) as a function of depth, classifying the soil profile as gravelly sand (Ic<1.31, light beige), sand
(Ic = 1.31-2.6, dark green), silt (I = 2.6-2.95, yellow) and clay (Ic>2.95, brown). Subplots from the
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second column and further to the right represent the liquefaction probability (color scale, ranging
from 0 to 1) as function of depth (vertical axis) and soil behavior type index (horizontal axis) for an
M,, 6.0 earthquake located at 0, 5, 10, 20 and 40 km of distance, respectively. The analysis evidences

similar probability of liquefaction at both sites. The probability of liquefaction reaches relatively high
values (0.7 — 0.85 for distance = 0 km) in the shallow sand formation (down to 8-10 m depth) at both
sites; the probability decreases in the intermediate gravel lens, then increases again in the deeper
sandy layer (probability = 0.5 for distance = 0 km down to approx. 20 m).
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Figure 15 — Estimate of liquefaction probability at CPT2 (near SVISP station, top row panels) and
CPTI (near SVIK station, bottom row panels). The leftmost subplots represent the soil behaviour
index type (I., derived from CPT data, Robertsson, 2004) as a function of depth, classifying the soil
profile as gravelly sand (1.<1.31, light beige), sand (I. = 1.31-2.6, dark green), silt (I. = 2.6-2.95,
yellow) and clay (1:>2.95, brown). Subplots from the 2nd column and further to the right represent
the liquefaction probability (color scale, ranging from 0 to 1) as function of depth (vertical axis) and
soil behavior type index (horizontal axis) for an Myy 6.0 earthquake located at 0, 5, 10, 20 and 40

km of distance, respectively.
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3.5 Seismic CPT (S-CPT)
3.5.1 Acquisition

The cone penetration test CPT1 (close to station SVIK) was accompanied by an invasive seismic
survey (S-CPT, Robertson et al., 1986) with the purpose of estimating the surficial Vs profile.

The drilling equipment was the same used for CPT; however, in this case the CPT cone was replaced
by a cone equipped with a triaxial geophone. The geophone was successively lowered in the ground
by steps of 1 m, from 1 to 23 m depth. At each deployment, a controlled seismic source signal was
generated at the soil surface, in proximity to the CPT borehole. The source consisted of a metal shear
beam coupled to the ground with spikes, hit with a sledgehammer on one of its end (so that the
excitation is parallel to one of the horizontal components of the geophone, labelled Y in this case).
The trace relevant to 2 m depth was not acquired. The chosen sampling interval was 3.32 107s, the
window length 0.47 s.

Figure 16 (left) shows the seismogram acquired by the geophone component oriented parallel to
direction of the sledgehammer blow (labelled Y), hence the component more suitable for recording
the generated SH-wave. The SH-wave first break arrivals are quite clear, and it is possible to
distinguish also the P-wave arrivals, at least for the shallowest depths. In Figure 16, right panel, the
normalized amplitude spectrum of the acquired traces is represented.
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Figure 16 — S-CPT data acquisition. Left: seismogram composed by the raw traces as acquired by
the geophones’ horizontal component parallel to the direction of hammer blow. Picked SH-wave first
break arrivals are marked by red arrows; P-wave arrivals are highlighted by the blue dashed line.
Right: normalized amplitude spectra of the traces displayed in the left panel.
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3.5.2 Interpretation

Considering the clarity of SH-wave arrivals, no pre-processing operation (e.g. filtering) was carried
out. Hence, first break arrival times were hand-picked on the raw traces section (Figure 16, left panel,
red crosses). As shown by the amplitude spectra (right panel), the generated seismic signal is
characterized by an energy content mostly bounded in the 30 -100 Hz frequency band.

The picked SH-wave arrival hodocrone was inverted for the Vs profile of the investigated subsurface.
Picked arrivals were inverted for the 1D Vs profile of the subsurface, modelled as a stack of 23
homogeneous layers, each 1 m thick. The inversion approach is a damped least-squares, including
(vertical) spatial regularization (Tarantola, 2005). The vector of the 23 unknown S-wave slownesses
§ is obtained solving the damped least-squares equation

§$= [GTG + k?DTD] 1G Tty (D

where G is the matrix of the seismic raypaths relating observed travel-times fo5s to slownesses, & is
the damping parameter (defined as = 1), and D is the smoothing matrix constraining each slowness s;
to its upper (si-7) and lower (si+7) neighbor. The obtained vector of slowness estimates § minimizes
the distance between modeled and observed travel-times, and at the same time the difference among
neighboring slowenesses. To take into account the fact that the seismic raypaths are not straight lines
but deviate according to Snell’s law (the source-borehole offset is nonzero), equation 1 is iteratively
solved. In the first attempt, matrix G is built assuming straight raypaths; then it is gradually corrected
using the vector of slownesses obtained from the previous iteration, until the estimated § are stable.
Figure 17 shows the obtained velocity profile (left panel), and the comparison between modeled and
observed travel-times (right panel).
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Figure 17 — Inversion of SH-wave travel times for Vs model. Left: obtained Vs profiles. Right:
comparison between picked (blue dots) and modelled (orange crosses) arrival times as obtained from
the Vs profile from the least-square inversion procedure (last iteration).

The obtained Vs model includes a surficial layer reaching almost 200 m/s of S-wave velocity,
followed by 4 meters (1 — 5 m depth) of softer material (Vs= 130 m/s). Then S-wave velocity sharply
increases in the depth range 5 — 10 m, reaching 300 m/s. At larger depths (10 —23 m), S-wave velocity
maintains values around 250 m/s, with two low-velocity intervals at 17 and 23 m.

This velocity model correlates quite well with the CPT1 data (sleeve friction and cone end resistance,
Figure 14, left panels) and with the derived stratigraphic profile (Figure 14, second panel from the
right). The higher Vs values correspond to sand and particularly gravel layers (depths 7-14 m in the

stratigraphic log); the low-velocity (~130 m/s) surficial interval appears to be constituted mostly by
silt.
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4.

Surface wave data inversion

The S-wave velocity profile at the site of SVISP was estimated by inverting the surface wave data

obtained from the passive array and from the MASW survey.

4.1 Target

The inverted experimental curves (displayed in Figure 18) include:

550

500 [

450 -

Phase velocity (m/s)

The Love wave fundamental mode dispersion curve obtained from the passive array
(paragraph 3.3)

The Rayleigh wave fundamental and first higher mode phase velocity curve, obtained from
both the passive array (paragraph 3.3) and the MASW survey (paragraph 3.2). In the
frequency band of overlap, the fundamental mode from passive and active survey were
combined computing the mean phase velocity;

The Rayleigh wave fundamental mode ellipticity curve was extracted from the single-station
microtremor recording of the station at the center of the array. Noise data were processed with
Raydec (Hobiger et al. 2009), an algorithm designed to extract the Rayleigh wave ellipticity.
The ellipticity curve in the range of the main peak (0.5 — 3 Hz) was selected and reasonably
assigned to the fundamental mode (Fig. 18b). The values in the neighborhood of the peak
(1.35 Hz) were removed to allow for the possible presence of a singularity (Hobiger et al.,
2013). Note that we allow the use of Rayleigh wave ellipticity in the inversion since we
considered SVISP a site not fully characterized by 2D response amplification (Michel et al.,
2014).
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Figure 18 — Inverted surface wave curves. a) Phase velocity dispersion curves. b) Rayleigh wave

ellipticity curve.

4.2 Inversion

Two concurring inversion approaches were employed

A Monte Carlo inversion with a 6-layer-over-halfspace subsurface parameterization;
Joint transdimensional Bayesian inversion, performed with Neopsy code (Hallo et al., 2021)
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4.2.1 Monte Carlo inversion

The first inversion strategy is a pure Monte Carlo procedure, implemented in Matlab ® and resorting
to the codes of Hermann (2013) for the solution of the forward modelling (see a more extensive
description of the inversion procedure in Bergamo et al., 2022). The subsurface was modelled as a
stack of 6 homogeneous layers overlying the halfspace. Thickness and S-wave velocity values are
attributed to each layer with a random selection among pre-defined boundaries; the same applies to
P-wave velocity values, provided that these are consistent with a realistic Poisson’s ratio (v) interval.
A constrain for increasing Vs with depth was enforced only at the upper interface of the halfspace
(i.e. the Vs of the halfspace is forced to be higher than the one of the layer immediately above);
velocity inversions are allowed for the first 6 layers. Based on the available a-priori information (see
paragraph 3.4), indicating a water table depth at ~2.5 m, we imposed a v interval between 0.2 — 0.4
to the shallowest layer, a v interval between 0.2 — 0.49 for the 5 layers below and a v interval between
0.2 — 0.33 for halfspace. The soil density values were assigned a priori to the various formations,
increasing from 1800 kg/m? for the shallowest layer to 2200 kg/m? for the halfspace. We simulated a
total of 500000 different models.

In Figure 19 and 20 we represent the theoretical curves and the Vs, Vp profiles of the 30 best
performing models, which display a root-mean-square error (RMSe) comprised between 2.05 and
2.54. The fit of the experimental data is relatively good - with the exception of the left-hand flank of
the ellipticity peak (Figure 19), possibly because this flank is related to deeper structures which are
not modelled by the adopted parameterization.
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Figure 19 — Monte Carlo inversion: comparison between inverted experimental curves (blue) and the
corresponding theoretical curves (colored lines) of the 30 best-fitting velocity models. An uncertainty
interval of 5% of phase velocity was adopted for the Rayleigh and Love velocity curves
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Figure 20 — Velocity profiles of the 30 best-fitting models from the Monte Carlo inversion. Note that
the maximum depth constrained by the phase velocity curve inversion is about 85 m; at larger depths
the inversion is constrained only by the Rayleigh wave ellipticity curve, hence the velocity estimation
is less reliable.

4.2.2 Joint transdimensional Bayesian inversion

We additionally used a novel Bayesian inversion approach based on a Multizonal Transdimensional
Inversion (MTI) implemented in the Neopsy code by Hallo et al. (2021). The inversion method is
based on a joint inversion of multimodal Rayleigh- and Love-wave dispersion curves along with
Rayleigh-wave ellipticity. The key advantages of MTI are that the number of layers is determined
self-adaptively from the measured data, and model uncertainties can be assessed quantitatively.
Moreover, the solution of the Bayesian inversion is the posterior Probability Density Function (PDF)
that results from the prior expectations and the observed data supplemented by an expected
distribution of data errors. In fact, the output from MTI is an ensemble of layered velocity models
that represents a discrete approximation of the posterior probability density function (PDF). Three
significant Vs profiles are extracted from such an ensemble:

- the marginal posterior average profile (AM of PDF) accompanied by its uncertainty (AM=o)
is determined by taking the arithmetic mean and the standard deviation of the inverse of
velocity, at each discrete depth across the ensemble of solutions.

- The Maximum Likelihood (ML) model is defined as the one with the lowest misfit between
the observed and modeled data.

- The Maximum a Posteriori (MAP) model is estimated by minimizing the misfit between the
MAX of PDF of the velocity and the ensemble of models.
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For our inversion, we have used a single-zone transdimensional model space with homogeneous prior
assumptions on models, i.e. without additional constraints based on existing geological information
(so-called multizonal inversion). We have therefore adopted a Vs range of 100 — 3000 m/s, a Vp range
of 200 — 5000 m/s, a Poisson’s ratio range of 0.2 — 0.49 and a density range of 1800 — 2200 kg/m?
along the whole investigated depth interval (0 — 400 m). In total, 600000 velocity models were
simulated.

Attempts to introduce a velocity inversion in the shallow near-surface (as indicated by CPT data, see
section 3.4) had to be abandoned as they produced unrealistic results; therefore, a constraint for an
increasing Vs with depth was enforced along all the investigation depth. After several trial inversions,
the Rayleigh wave ellipticity data points at the ~1.35 Hz peak had to be kept in the inversion target
to constrain realistic inversion results (i.e. to avoid unrealistic ellipticity peaks to be simulated at
frequencies higher or lower than 1.35 Hz).

The comparison between inverted and best-fitting theoretical curves is displayed in Figure 21. The
match with experimental data is similar to Figure 21 (Monte Carlo inversion), although no ellipticity
singularity at 1.35 Hz is simulated. The obtained posterior marginal probability density functions for
Vs and layers’ interfaces are shown in Figure 22.

We highlight the overall consistency — with the obvious exception of velocity inversions — between
the S-wave velocity profiles obtained from transdimensional Bayesian and Monte Carlo inversions
(Figure 23), at least in the depth range constrained by both ellipticity and phase velocity data
(approximately 0 — 85 m depth). The lower velocities displayed by the transdimensional Bayesian
inversion results at depths > 100 m can be explained with the fact that, in the latter case, no ellipticity
singularity is simulated.
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Figure 21 — Transdimensional Bayesian inversion: comparison between inverted experimental curves
(black lines) and the corresponding theoretical curves (gray lines) of the best-fitting velocity models.
In blue and magenta, we represent the theoretical curves for the maximum likelihood (ML) and

maximum a-posteriori (MAP) models, respectively.
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Figure 22 - Transdimensional Bayesian inversion: posterior marginal probability density function
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maximum likelihood (ML) maximum a-posteriori (MAP) and average (AM) models, respectively.

4.3 Inversion results
4.3.1 Interpretation of the velocity profiles

The obtained velocity profiles (Figure 23) are constrained down to a depth of about 85 m (=Amax/2)
by the joint inversion of Rayleigh, Love phase velocity curves and of the Rayleigh wave ellipticity
curve; at larger depths the inversion is constrained only by the Rayleigh wave ellipticity curve, hence
the velocity estimation is less reliable. We remark the overall consistency between the results of the
Monte Carlo inversion and of the transdimensional Bayesian inversion (see collation of S-wave
velocity profiles in Figures 23 and 24), at least in the depth range constrained by both ellipticity and
phase velocity data.

In the shallow near-surface (Figure 24) we observe two S-wave velocity inversions in the Monte
Carlo inversion results, with low-velocity layers between 2 — 6 m and 14 — 25 m. These layers display
Vs of about 115 and 230 m/s, respectively, and correspond well with the silty/clayey sand and the
sand formation appearing in the same depth range of the CPT log (see CPT2 in Figure 24; see also
the stratigraphic profile obtained while drilling the boreholes for the installation of the seismometers
at depth, Figure 23, left plot). Between 6 — 14 we find stiffer material with Vs of ~300 m/s (possibly
sandy gravel, again in agreement with CPT2 data of Figure 24; see also the stratigraphic profile of
Figure 23, left plot). The depth range 25 — 50 m displays Vs between 360 — 480 m/s; in approximately
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the same depth interval the stratigraphic log indicates the presence of silty sand and silty-sandy gravel
formations (Figure 23). Further below (depths 50 — 110 m) Vs increases significantly, to about 650 —
1000 m/s; this increment of Vs corresponds with a layer of silt, sand and gravel on the stratigraphic
profile. At about 110 m an additional interface is located, which roughly matches with the transition
to a sand-and-gravel layer in the stratigraphic profile; the Vs of this layer is loosely estimated between
1100 — 1900 m/s. The Neopsy inversion identifies a further interface at ~ 275 m depth, which matches
relatively well with the depth-to-bedrock as estimated by the Swisstopo (2019) bedrock elevation
model (about 245 m; see Figures 8 and 11, lower panel).

As highlighted in Figure 24, the near-surface portion of the inverted velocity profiles, located at
station SVISP, and the Vs model obtained from the SCPT1 at SVIK station, are quite similar,
confirming the absence of significant lateral variations between the two sites (see also paragraph
3.1.2). Hence, we assign the Vs30 value obtained from surface-wave data inversion (240+/-7 m/s,
from the transdimensional Bayesian inversion) to both station SVISP and SVIK.
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Figure 23 — Left: stratigraphic profiles from the borehole log obtained during the installation of the
seismometer array at SVISP; the red triangles indicate the location of the various sensors
(SF=surface, M1, M2 = intermediate sensors, BT = borehole sensor). Right: S-wave velocity profiles
of the 30 best-fitting models from the Monte Carlo inversion (lines from black to yellow) and of the

MAP (magenta line), ML (blue line) and AM+/-c (green lines) models from the transdimensional
Bayesian inversion.
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Figure 24 — Left plot: zoom of Figure 23 in the near-surface; we additionally report the Vs profile
obtained from the seismic CPT at SVIK site (see paragraph 3.5). Central plots: cone end resistance
(qc) and sleeve friction (fs) profiles measured by surveys CPTI (blue line) and CPT2 (red line). Right
panels: stratigraphic profiles derived from the interpretation of CPT parameters for sites CPT1 and
CPT2 (same as Figure 14).

4.3.2 Quarter-wavelength representation

The quarter-wavelength velocity representation (Vs®WE; Joyner et al.,, 1981) attributes to each
frequency the average velocity at a depth equal to % of the corresponding wavelength. The derived
quarter-wavelength impedance contrast (IcC?VY; Poggi et al., 2012) is the ratio between two quarter-
wavelength average velocities, from the top and bottom part of the velocity profile respectively, at a
given frequency; it is a powerful tool to assess the influence of resonance phenomena in soft sediment
sites.

Figure 25 shows the posterior marginal probability density function for the quarter-wavelength depth
(upper left plot), velocity (upper middle plot) and impedance contrast (upper right plot)
representations of the transdimensional Bayesian inversion.

The lower plot in Figure 25 shows the posterior marginal distribution for Vs3o for the transdimensional
Bayesian inversion. We assume as final Vs3o result the one derived from the marginal posterior
average profile (Vs30™™) and its standard deviation: 240 +/- 7 m/s. The corresponding soil class is
therefore D for both the STA261 (2020) and Eurocode 8 (2004) building codes.
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Figure 25 — Top plots: posterior marginal probability density function for the quarter-wavelength
depth (left), velocity (center) and impedance contrast (right) representations of the transdimensional
Bayesian inversion results. Lower plot: posterior marginal distribution for Vsso for the
transdimensional Bayesian inversion

4.3.3 SH-wave transfer function

We computed the theoretical SH-wave transfer function for vertical propagation (Roesset, 1970) for
the 30 best-performing models of the Monte Carlo inversion as well as for the maximum-likelihood
(ML), maximum a-posteriori (MAP) model and average (AM) models of the transdimensional
Bayesian inversion (Figure 26). The transfer functions were also corrected for the Swiss reference
rock model (Poggi et al., 2011). These are compared with the empirical amplification function
obtained processing the events recorded by SVISP (surface seismometer) by means of empirical
spectral modeling (ESM; Edwards et al., 2013). At the time of writing of this report (October 2023),
the empirical amplification function for SVIK (surface seismometer) is not yet available due to the
insufficient number of recorded events. The simulated SH-transfer functions, in particular those
derived from the Monte Carlo inversion, are able to reproduce the fundamental peak of the SVISP
empirical amplification function at ~1.4 Hz as well as its general trend until a frequency of about 9
Hz. At higher frequencies (> 9 Hz) the match is lost, as amplification features in this frequency band
are related to near-surface structures, which may display some degree of lateral variability between
measurement and station site; alternatively, these near-surface structures may not be sufficiently
resolved by the wavelength range of the inverted surface wave data.
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The overall agreement between modeled SH-transfer functions and SVISP empirical amplification
function suggest that the site is not characterized by a fully 2D resonance behaviour; in other words,
the SH-transfer functions of the retrieved 1D velocity profiles can explain reasonably well the
observed site amplification function.
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Figure 26 — SH transfer functions of the 30 best-fitting models from the Monte Carlo inversion (lines
from black to yellow) and of the MAP (magenta line), ML (blue line) and AM~+/-o (green lines) models
from the transdimensional Bayesian inversion. In gray we respresent the amplification function
estimated for SVISP (surface seismometer) with empirical spectral modeling technique (ESM,

Edwards et al., 2013)

5. Conclusions

This report illustrates the site characterization of the location hosting the vertical arrays of
seismometers SVISP (active between 2015 —2020) and SVIK (operative from August 2023 onwards);
SVISP and SVIK are 230 m apart and they are located north-west of the city of Visp (VS), on the
bottom of the upper Rhone valley. The surficial geology is constituted by alluvial sediments. We
assessed the reliability of a number of geophysical and geotechnical surveys performed in the past at
both SVISP and SVIK stations, specifically:
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- amicrotremor (passive) array measurement performed at the location of SVISP station;

- an active linear array (MASW) carried out at the location of SVISP station;

- two CPT measurements, one performed close to SVISP station and one close to SVIK station

- one seismic-CPT measurement carried out at SVIK station;

- aset of 23 additional single-station noise measurements performed in the area surrounding

SVIK and SVISP.

The active and passive surface wave surveys at SVISP were jointly re-interpreted inverting the
Rayleigh and Love wave data for the S-wave velocity profile of the subsurface. The seismic-CPT at
SVIK was interpreted to derive the local shallow Vs profile (0 — 23 m depth). The single-station
noise measurements were interpreted with H/V method to determine the fundamental resonance
frequency of the soil and track its spatial variability; they were also processed to characterize possible
2D resonance effects.
The obtained results show that no significant lateral variations occur between the SVISP and SVIK
sites. We assign to both stations the same Vs30 of 240 m/s; the soil class is therefore D according to
both STA 261 (2020) and Eurocode 8 (2004) building codes. The fundamental frequency of soil
resonance fo is 1.35 Hz for SVISP and 1.07 Hz for SVIK.
The estimated S-wave velocity profile is characterized — in its shallower portion (0 — 45 m) — by sand
layers alternated with relatively stiffer sand-gravel layers, displaying Vs between 115 — 425 m/s. At
about 50 and 110 m depth the S-wave velocity increases to ~750 and to ~1500 m/s, respectively, with
the transition to more compact sedimentary material. According to geological information, the
bedrock is located at a depth of approximately 245 m.
The tests assessing the potential for liquefaction based on CPT data have yielded high (> 50%)
probability of liquefaction for the sand formations at depths 1 — 7 m and 15 — 22 m, for a scenario
Mw=6.0 at 0 km distance; the probability remains > 50% for the shallower layer also for a scenario
Mw=6.0 at 5 km distance. These results apply to both SVISP and SVIK sites.
From the interpretation of geophysical data and morphometric parameters, we conclude that the
location hosting SVISP and SVIK is possibly at the threshold between a 1D and a 2D resonance
regime. The geophysical measurements do not show significant 2D effects.
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AUSFUHRUNGSPRAXIS DER ELEKTRISCHEN DRUCKSONDIERUNG GEO

TESTSTEUERUNG - PENETRATION

Generelle Testablauf: Siehe Anhang 1, “elektrische Drucksondierung (CPT)”
(GEO/APP/001)
Vorbereitungsphase: — Bestimmung der Sondierstandorte durch Auftraggeber

— Auswahl der Messsonde durch Geoprofile GmbH

— Vorherige Sattigung des Filter-Elementes durch Vakuum-
Lagerung in Sonnenblumen-Ol wahrend 24 Stunden

— Nachsattigung vor Ort vor jeder Prifung

Einmessen und Nivellement: — Einmessen der Sondierstandorte durch Auftraggeber
— Nivellement durch Auftraggeber

Testphase: Keine projektspezifischen Vorkehrungen
Testabbruch: Siehe Anhang 1, “elektrische Drucksondierung (CPT)”
(GEO/APP/001)

Zusatzliche Messungen: Keine
Vorbohren: nein

SONDIERGERAT

Schubvorrichtung: Hydraulische Schubeinheit mit einem maximalen Druck von
150 kN und einem Hub von 1 m

Aufbau der Schubvorrichtung: Allein stehend
Reaktionsmasse: Sondierlastwagen 18t
Schubgesténge: 36 mm A.D.
Schutzverrohrung: Nicht zutreffend
Reibungsminderer: Integriert in der Messsonde
Penetrometer: — Typ S15CFIIP15

— Unabhangige Messung des Spitzenwiderstands qc, lokale
Mantelreibung fs, Porenwasseruberdruck uz, Abweichung von
der Vertikale in X- und Y-Richtung (ix und iy)

— Spitzenquerschnitt 15 cm?
— Oberflache des Reibungsmantels 225 cm?

— Netto Flachenverhéltnis a: 0.85

DATENAUFZEICHNUNG UND -BEARBEITUNG
Datenaufzeichnung: Digitale Aufzeichnung, 1 Messung pro cm Eindringung

Tiefenkorrektur: Korrektur der Sondiertiefe fuir der Abweichung von der Vertikale
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ELEKTRISCHE DRUCKSONDIERUNG (CPT) GEO

ALLGEMEINES

Die Drucksondierung (CPT) ist ein Verfahren, das haufig zur Untersuchung des Baugrunds verwendet wird.
Hierbei wird der Widerstand des Baugrunds bei konstantem und kontinuierlichem Eindringen mit einem
zylindrischen und mit internen Sensoren ausgestatteten Penetrometer bestimmt. Gemessen werden
Eindringtiefe (z), Spitzenwiderstand (qc), lokale Mantelreibung (fs) und ggf. Porenwasserdruck (uz) und der
vertikale Neigungswinkel (ix bzw. iy). Die Ergebnisse ermdglichen eindeutige Ruckschlisse auf die

Beschaffenheit des Baugrunds.
Die von Geoprofile fiir die Drucksondierung angewandten Verfahren und verwendeten Gerate richten sich
nach 1ISO EN 22476-1 und den Regelungen der Veréffentlichung “International Reference Test Procedure”

der internationalen Gesellschaft fur Grundbau und Bodenmechanik (ISSMGE, 1999).

Wenn nicht anders vereinbart, gelten die folgenden Kriterien fir die Beendigung des Versuchs:

das Erreichen der gewiinschten Eindringtiefe,

die Abweichung von der Vertikale ist grosser als 15°,

die Abweichung von der Vertikale vergréssert sich plotzlich,

das Erreichen der Hochstleistung des Druckgerates, der Auflagevorrichtung, der Schubstangen und/oder

der Messsensoren,

Umstande im Ermessen des Sondiermeisters, wie z.B. das Risiko von Sach- oder Personenschaden.

ERGEBNISSE

Die Darstellung der Ergebnisse der Drucksondierungen umfasst:
— die Parameter qc, fs und Rf sowie uz in Abhangigkeit der Tiefe unter der Erdoberflache,
— fakultativ die Parameter qt, gn und Bq bei Versuchen mit Porendruckmessungen,

— fakultativ den Neigungswinkel i bei Versuchen mit Winkelmessungen.

Als Bezugswert der Versuche gilt die Erdoberflache. Die Definition der einzelnen Parameter ist wie folgt:

z = Eindringtiefe in die Erdoberflache, bezlglich des vertikalen Neigungswinkels (i) korrigiert:
|
= j cosi.dl
0
dabei ist:

z =Eindringtiefe
| =Eindringlange

i =vertikaler Neigungswinkel

Copyright Geoprofile GmbH
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Qe =

fs

Ry

uz2

q =

Bq:

Spitzenwiderstand beziglich der Referenzwerte des Versuchs.

lokale Mantelreibung. Die Tiefe wird so korrigiert, dass die (hinter der Spitze gemessene)

Mantelreibung sich auf die Tiefe der Sondierspitze bezieht.

Verhaltnis der Mantelreibung zum Spitzenwiderstand (fs/qc).

Porendruck direkt hinter der Sondierspitze (Position 2). Die Tiefe wird so korrigiert, dass der

gemessene Porenwasserdruck sich auf die Tiefe der Sondierspitze bezieht.

Wahrend der Versuchsdurchfilhrung kann es u.U. zu einem Séattigungsverlust des Filterelementes

kommen (Lunne et al., 1997). Zu den mdéglichen Griinden zéhlen:

- Eindringen in einen teilweise gesattigten Boden;

- Das Auftreten von negativem Porenwasserdruck, so dass es zu Kavitation kommt. Dies kann
zum Beispiel beim Eindringen in einen dicht gelagerten Sand oder einen tberkonsolidierten Ton
auftreten.

Ein Sattigungsverlust fihrt normalerweise zu einem geringeren Porendruck beim Eindringen in den

Boden unterhalb dieser Zone.

Totaler Spitzenwiderstand. Diese Kenngrésse beinhaltet Korrekturen fir den hydrostatischen und
den transienten Porendruck sowie fur die Konstruktion der Sondierspitze:

gt = get(l-a)uz

Dabei gilt:
a = Netto-Flachenverhéltnis des Querschnitts der Stahlflache in der Offnung zwischen der
Sondierspitze und der Reibungshulse. Dieses Verhaltnis ist von der Art des Penetrometers

abhéngig.

gi-ovo = Netto-Spitzenwiderstand. Diese Kenngrésse beinhaltet Korrekturen fur den hydrostatischen
und den transienten Porendruck sowie fur die Konstruktion der Sondierspitze und die In-Situ
Spannung im Untergrund. Dabei gilt:

ow = totale vertikale In-Situ Spannung im Bereich der Sondierspitze. Dieser Wert ist berechnet.
Porendruckverhéltnis:

By =  (U2-Uo)/gn mit
Uo = hydrostatischer Porenwasserdruck im Bereich der Sondierspitze. Es handelt sich um einen

Copyright Geoprofile GmbH
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berechneten Wert.

WEITERE MESSUNGEN

Mit der elektrischen Drucksondierung kdnnen weitere Messungen vorgenommen werden:

— Messung des hydrostatischen Wasserdrucks in einer bestimmten Tiefe;

— Dissipations-Test. Hierbei wird die Verringerung des transienten Porenwasserdrucks als Funktion der Zeit
gemessen. Die Resultate erlauben Ruckschliisse auf die horizontale Durchlassigkeit von feinkdrnigen
Schichten und somit auf die bendtigte Zeit bis zum Abklingen der priméren Setzungen.

— Prufung des Reibungs-Aufbaus. Hierbei wird die Zunahme der lokalen Mantelreibung nach einer
Unterbrechung des Sondiervorgangs gemessen. Die Resultate erlauben Rickschlisse auf die zeitlichen

Entwicklung der Mantelreibung entlang eines Pfahlschafts.

Fir die Durchfuihrung dieser zusétzlichen Messungen muss der Sondiervorgang angehalten werden.

LITERATURANGABEN

CEN (2005), “Geotechnische Erkundung und Untersuchung - Felduntersuchungen - Teil 1:
Drucksondierungen mit elektrischen  Messwertaufnehmern und  Messeinrichtungen fir den
Porenwasserdruck (ISO EN 22476-1:2005)

ISSMGE International Society of Soil Mechanics and Geotechnical Engineering (1999), “International
Reference Test Procedure for the Cone Penetration Test (CPT) and the Cone Penetration Test with Pore
Pressure (CPTU)”, Bericht vom ISSMGE Technical Committee 16 bzgl. der Bestimmung von
Baugrundeigenschaften mittels in-situ Prufverfahren, Proceedings of the Twelfth European Conference on

Soil Mechanics and Geotechnical Engineering, Amsterdam, editiert Barends et al., Vol. 3, pp. 2195-2222.
Lunne, T. (1999), “Special Workshop — Investigation Methods”, Proceedings of the Twelfth European

Conference on Soil Mechanics and Geotechnical Engineering, Amsterdam, editiert Barends et al., Additional
Volume, pp. 51-52.
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EINLEITUNG

Das vorliegende Dokument gibt einen Uberblick der verwendeten Auswertungsmethoden fur die
Testergebnisse von Drucksondierungen. Die Eignung der einzelnen Methoden hangt unter anderem von den

Anforderungen des jeweiligen Projektes ab und muss durch einen Geotechnik-Ingenieur beurteilt werden.

Die Auswertung von Drucksondierungsversuchsergebnissen hilft bei der Festlegung von Parametern fir
geotechnische Modelle. Die konventionellen Modelle stiitzen sich normalerweise auf die Plastizitatstheorie
fir den Grenzzustand der Tragfahigkeit und auf die Elastizitats- und Konsolidierungstheorie fiir den

Grenzzustand der Gebrauchstauglichkeit (CEN, 1994). Merkmale fir solche geotechnischen Modelle sind:

— eine Analyse des Verhaltens in drainiertem oder undrainiertem Zustand fur Plastizititsmodelle
— die Analyse fir den Grenzzustand der Tragfahigkeit unterscheidet sich von der fiir den Grenzzustand der

Gebrauchstauglichkeit.

Die Auswertungsmethoden fir Drucksondierungen basieren meist auf empirischen Korrelationen mit
theoretischem Hintergrund. Die Datenintegration mit anderen, zusétzlichen Untersuchungstechniken wie
Bohrungen und Laborversuchen erhoht den Grad der Zuverlassigkeit. Lunne et al. (1997) geben einen

Uberblick tiber verschiedene Auswertungsmethoden.

Die unten erlauterten Bewertungsmethoden unterliegen einigen Einschrankungen:

— Empirische Kaorrelationen beziehen sich auf Referenzparameter, welche in einem festgelegten
Referenzverfahren gemessen wurden. So bezieht sich die mit einem Nkr-Faktor von Sondierergebnissen
abgeleitete undrainierte Scherfestigkeit auf denen, welche in einem einstufigen, isotrop konsolidierten,
undrainierten Triaxialversuch (CIU) an einer ungestdrten Bodenprobe im Labor ermittelt wurde. Der
Bezugsparameter ist nicht unbedingt dem gewéhlten geotechnischen Modell angemessen, so dass eine
Anpassung erforderlich sein kdnnte.

— Die meisten Bewertungsmethoden gelten meistens fur einen Sand oder einen Ton. Bei Silt,
Ton/Sand/Kies Mischungen, sehr diunn geschichteten Bodden, zementierten Schichten und/oder
Verwitterungsboden kann es zu Abweichungen kommen. Im Falle von solchen Schichten muss spezifisch
vorgegangen werden (Peuchen et al., 1996; Lunne et al., 1995).

— Die Auswertungen beziehen sich auf die Bedingungen zu Beginn der geotechnischen Untersuchungen.
Geologische und umwelttechnische Faktoren sowie Bauarbeiten konnen die vorgefundenen
Baugrundverhaltnisse verandern.

— Die Drucksondierung gibt nur bedingt direkte Information {Uber den Grenzzustand der
Gebrauchstauglichkeit (Verformungen), da beim Eindringen der umliegende Boden stark deformiert wird.

Im Vergleich zum Grenzzustand der Tragféahigkeit kbnnen genauere zuséatzliche Daten erforderlich sein.
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— Drainiertes oder undrainiertes Verhalten fiir die geotechnische Analyse kann dem jeweiligen drainierten
oder undrainierten Verhalten wahrend dem Sondiervorgang entsprechen, muss dies aber nicht. Es ist
Aufgabe des Geotechnik-Ingenieurs zu beurteilen, welches Verhalten fur die geotechnische Fragestellung

relevant ist.

EINDRINGVERHALTEN

Wahrend des Sondiervorgangs treten grossere Deformationen in unmittelbarer Nahe, und kleinere elastische
Deformationen in grosserem Abstand des Penetrometers auf. Die Zusammensetzung der einzelnen
Schichten, die Lagerungsdichte, die Struktur und die In-Situ Spannungsverhltnisse beeinflussen die

Messgrossen.

Der gemessene Spitzenwiderstand gc wird unter anderem durch den Porenwasserdruck beeinflusst. Da das
Verhéltnis effektiver Spannung zum Porendruck in grobkérnigen Schichten hoch ist, kann dieser Einfluss
normalerweise vernachlassigt werden. Beim Eindringen in Ton ist dasselbe Verhaltnis jedoch niedrig. Es
kann somit wichtig sein zu wissen, wie hoch der Porendruck um das Penetrometer herum ist. Zu den
Parametern, die die Auswirkungen des Porendrucks beriicksichtigen, zéhlen der Gesamtspitzenwiderstand
qt, der Netto-Spitzenwiderstand gn und das Porendruckverhdltnis Bq. Diese Parameter kdnnen berechnet
werden, wenn Daten beziiglich des Porenwasserdrucks vorliegen. Die Auswirkungen des Porendrucks auf
die Mantelreibung fs sind sehr gering und werden Ublicherweise ignoriert. Die Berechnung des
Reibungsverhéltnisses Rr (definiert als fs/qc) lasst keine Rickschlusse auf die Auswirkungen des

Porendrucks zu.

Die Eindringgeschwindigkeit in Bezug auf die Durchlassigkeit des Bodens bestimmt, ob das Bodenverhalten
in erster Linie undrainiert, drainiert oder teilweise drainiert ist. Normalerweise ist das Bodenverhalten bei
Drucksondierungen in Sand und Kies drainiert (es gibt keinen messbaren, aufgrund des Sondiervorgangs
hervorgerufenen Porenwasseriiberdruck) und in Ton undrainiert (bedeutende Anderung des
Porenwasserdrucks). Teilweise drainiert ist es bei Boden mit mittlerer Durchléssigkeit, wie z. B. bei Silt. Die
folgenden Abschnitte gehen naher auf die Ermittlung von geotechnischen Parametern aufgrund von

elektrischen Drucksondierungen ein.

KLASSIFIZIERUNG
Die Klassifizierung der verschiedenen Schichten in Bezug auf das allgemeine Bodenverhalten (und in

eingeschrankterem Masse die Bodenart) ist, im Vergleich mit anderen Ermittlungstechniken, ein wichtiger

Teil der Drucksondierung.
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Die Klassifizierung des Bodenverhaltens steht im Einklang mit der von Robertson (1990) beschriebenen
Vorgehensweise. Diese betrachtet eine normalisierte Klassifizierung des Bodenverhaltens, die eine
allgemeine Leitlinie zur Bestimmung der wahrscheinlichen Bodenart (z. B. Sand, siltig) gibt. Hierzu sind
Daten einer Porenwasserdrucksondierung nétig. Es besteht eine vereinfachte Vorgehensweise fir

Ergebnisse ohne Messung des Porenwasserdrucks (Robertson et al., 1986).

IN-SITU SPANNUNGSVERHALTNISSE

Die Spannungsverhéltnisse im Baugrund mussen bekannt sein, damit Parameter wie die bezogene
Lagerungsdichte Io und der innere Reibungswinkel ¢' ermittelt werden konnen. Die effektive vertikale
Spannung o'v kann berechnet werden, jedoch ist die effektive horizontale Spannung c'no = Koc'vo meist
unbekannt und hangt primar vom Uberkonsolidierungsgrad OCR [-] und dem effektiven inneren
Reibungswinkel @’ [°] ab:

K, = (1-sin ¢).-0CR ™" [1]

0

Fur eine Erklarung der verwendeten Symbole siehe Anhang ,elektrische Drucksondierung (CPT)“, insofern
nicht anders erwahnt. Der Zusammenhang basiert auf mechanischer Uberkonsolidierung von
rekonstituierten Probekérpern im Labor. Uberkonsolidierung kann in der Natur durch geologische Faktoren
wie z.B. glaziale Vorbelastung und Erosion, aber auch durch Grundwasserschwankungen und das Altern der
Ablagerungen (,ageing®“) hervorgerufen werden. Normalerweise bewegen sich In-Situ Werte fiir Ko fur Tiefen
bis zu 50 m zwischen 0.4 und 2.0. In grdsseren Tiefen (> 50 m) betragt dieser Ruhedruckkoeffizient

Ublicherweise weniger als 1.

Der maximale passive Erddruck stellt eine Obergrenze fir die effektive horizontale Spannung dar. Der

Koeffizient des passiven Erddrucks richtet sich unter Vernachlassigung einer allfalligen Kohasion nach:

1+sin ¢'
K — —(/7 [2]
1-sin ¢'

Wenn die effektive horizontale Spannung das Niveau des passiven Erddrucks erreicht, kdnnen Risse im
Erdreich entstehen. In ausgetrockneten Tonen kann auch friher Rissbildung auftreten. In verkitteten
Schichten kann aufgrund der vorhandenen Kohdasion ein horizontaler Erddruck vorhanden sein, welcher
grosser ist als oben beschrieben. Die Kombination der Beziehung fir Ko und Kp ergibt eine Obergrenze fir

die Uberkonsolidierung:
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1

[ 1+ sin Q' TW
OCR max :|—2‘ [3]
| (1-sin @) |

Fiir einen Ton kann der maximale Uberkonsolidierungsgrad OCRmax somit weniger als 4, fiir einen Sand

jedoch mehr als 50 betragen.

Der Uberkonsolidierungsgrad von feinkérnigen Sedimenten kann direkt aus den Sondierergebnissen

abgeleitet werden (Kulhawy und Mayne, 1990):
OCR = a-(q, -0,) (4]

Kulhawy und Mayne schlagen einen a-Wert von 0.3 [-] vor. Die Korrelation von elektrischen
Drucksondierungen mit ausgewerteten Oedometer-Versuchen fir Tone und Silte in der Schweiz suggeriert,
dass ein Wert von 0.25 den Schweizer Verhéltnissen besser angemessen sein dirfte. Geoprofile GmbH legt
der Abschatzung des Uberkonsolidierungsgrades (OCR) einen a-Wert von 0.25 zugrunde, was im Vergleich

zu Kulhawy und Mayne zu einem etwas tieferen Uberkonsolidierungsgrad fiihrt.
Fiir Sande und Kiessande kann der Uberkonsolidierungsgrad wie folgt abgeschétzt werden:

1

[ 0.192 '(qt / P )0‘22 Tsin 0'-0.27

OCR =

0.31 |

| :
|_(1—S|n o' )o', ! Pan) ]
wobei pam den atmosphéarischen Druck bezeichnet.

Der maximale Vorkonsolidierungsdruck o’p ergibt sich aus der Multiplikation mit der effektiven vertikalen
Spannung In-Situ:
o' = o' -OCR (5]

p Vo

Wird zudem der effektive innere Reibungswinkel ¢’ ermittelt, ist geméass [1] auch der horizontale
Erdruhedruck bekannt.
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EFFEKTIVE SCHEREIGENSCHAFTEN

Der effektive innere Reibungswinkel ¢' ist keine Konstante. Er héngt neben der Zusammensetzung
(Mineralogie, Kornform und -rauheit) und der Lagerungsdichte zudem von den Spannungsverhaltnissen im
Erdreich und dem Abschermodus ab. Es gibt Hinweise dafiir, dass Faktoren wie der Sedimentationsmodus

oder die In-Situ Spannungsanisotropie weniger von Bedeutung sind.

Die ermittelten Werte der effektiven Reibungswinkel beziehen sich auf das In-Situ Spannungsniveau
wahrend der Sondierung. Dies dirfte z.B. fiir die Berechnung der Stabilitéat einer Béschung angemessen
sein. Im Falle einer signifikanten Erhdhung der Spannungsverhaltnisse, wie z.B. bei einer Aufschittung oder
einer Pfahlgrindung, muss der effektive Reibungswinkel fur Sand und Kiessand den neuen Verhéltnissen
angepasst werden, was meistens eine Verringerung der Scherparameter bedeutet. Das Verfahren nach
Bolton (1986, 1987) stellt dazu eine breit akzeptierte Methode dar. Da der kritische Reibungswinkel @’wit im
Falle von feinkdrnigen Bbdden bereits bei einem geringen Spannungshiveau erreicht wird, ist die Abstufung

von effektiven Scherparametern fiir Ton und Silt weniger Ublich.

Das Verhéltnis des inneren Reibungswinkels ¢' zum Spitzenwiderstand gc kann auf mehr oder weniger
aufwendige Art und Weise ermittelt werden. Einfache Vorgehensweisen stiitzen sich auf eine konservative
Klassifizierung des Bodenverhaltens. Eine aufwendigere empirische Untersuchung berlcksichtigt zudem die
In-Situ Spannungsverhéltnisse c'vo Und c'no (siehe Abschnitt ,In-Situ Spannungsverhaltnisse®). Zudem kann
die Lagerungsdichte explizit miteinbezogen werden. Neuere Ansatze verzichten jedoch darauf und
berlicksichtigen die Lagerungsdichte mit dem Einbezug von gc nur implizit, da bei der Abschéatzung der

Lagerungsdichte zusatzliche Unsicherheiten eingebracht werden.

Eine Uberpriifung der Ergebnisse von Drucksondierungen in mit Sand gefiillten Kalibrationskammern erlaubt

die Abschatzung des effektiven inneren Reibungswinkels @’ fir dieses Material (Kulhawy und Mayne, 1990):

¢ = 17.6 + 11-log(qu) (6]

/
q, = A Pam [pam = atmosphéarischer Druck = 100 kPa] [7]

VO-IVO / patm

Als Referenzverfahren gelten axial belastete Triaxialprifungen von isotrop und anisotrop konsolidierten
Sandproben (CID unf CAD). Die Korrelation enthalt im Vergleich zu friiheren Gleichungen (z.B. Robertson
und Campanella, 1983) eine Korrektur fir die Grosse der Kalibrationskammer im Vergleich zur

Sondierspitze.
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Die Abschatzung der effektiven Scherparameter fir fein- und gemischtkdrnige Ablagerungen beruht auf

einer Form der Tragfahigkeitsformel (Senneset et al., 1988, 1989):

qn = Nm(U'VOJ’_a) [9]
wobei:
N, -1 (10]

N — -

" 1+ N B,

2 f (7—-2p)tan @'
N, = tan (45 +1¢)e e (11]
= b6tne'(l-¢

N, 6 '1-9") (12]
B =Plastifizierungswinkel
a =Anziehung

Dazu muss der Plastifizierungswinkel und die Anziehung (,attraction“) abgeschatzt werden. Senneset et al.
geben Richtwerte fur verschiedenen Materialen als Funktion der Konsistenz bzw. der Lagerungsdichte. Die
Abschatzung des effektiven inneren Reibungswinkels ist relativ unabhéngig von den gewéhlten Werten fur 8
und a. Die von Geoprofile gewahlte Vorgehensweise basiert auf einer vorsichtigen Schatzung der beiden
Parameter.

Die Abschéatzung der effektiven Kohésion fur feinkdrnige Schichten richtet sich nach dem maximalen
Vorkonsolidierungsdruck o’p (Mesri und El-Ghaffar, 1993):

¢’ = 0.024 o', [13]

Fur die Bestimmung des maximalen Vorkonsolidierungsdrucks o’p siehe den Abschnitt ,In-Situ
Spannungsverhaltnisse®. Die Integration von weiteren geotechnischen Datensétzen fur die Ermittlung der
effektiven Kohdasion ist empfehlenswert. Ob die Anwendung einer effektiven Kohésion hinsichtlich der
geotechnischen Fragestellung und dem nicht-linearen Verlauf der Einhillende sinnvoll ist, muss durch einen
Geotechnik-Ingenieur beurteilt werden. Flr Langzeit-Analysen kann es angebracht sein, die effektive

Kohasion vollstandig zu vernachlassigen.
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BEZOGENE LAGERUNGSDICHTE

Die Bestimmung des minimalen und des maximalen Porenraums der Sandproben im Labor (eémin Und €max)
bildet die Grundlage fir den Begriff der bezogenen Lagerungsdichte. Es ist unwahrscheinlich, dass bei den
Laborversuchen tatsachlich der niedrigsten oder der hochsten Wert fir den Porenraum emax bzw. emin

ermittelt wird. Das In-Situ Raumgewicht kann somit den im Labor erfassten Wert tibertreffen.

Ubliche Zusammenhange zwischen qc und der bezogenen Lagerungsdichte Io basieren auf
Drucksondierungen in einer mit Sand gefillten Kalibrationskammer. Derartige Versuche sind Teil von

allgemeinen geotechnischen Forschungsprojekten und unterliegen einigen Beschréankungen, wie z. B.:

Abhangigkeit von der Bodenart

Ungenauigkeiten bei der Bestimmung von Ip im Labor

begrenzte Bandbreite an Spannungshdhen und Ko Werten

Vereinfachungen bei der Probenvorbereitung und den Aufzeichnungen zur Bodenspannung

Folgende Schritte dienen zur Bestimmung der Lagerungsdichte (locker, dicht, etc.) vor Ort:
(a) Schatzung der In-Situ Spannungsverhéltnisse c'vo Und G'ho

(b) Empirische Korrelation der bezogenen Lagerungsdichte Ip mit gc, 6'vo Und G'ho

Die Abschatzung der In-Situ Spannungsverhaltnisse wurde oben erlautert. Sind zudem allgemeine Angaben
zur Kompressibilitdét des Sands vorhanden, sollten diese in die Beurteilung der bezogenen Lagerungsdichte
miteinbezogen werden. Die Kompressibilitat eines Sands nimmt tendenziell zu mit zunehmender Uniformitét

der Korngrosseverteilung, mit der Eckigkeit der einzelnen Kérner und mit zunehmendem Feinanteil.

Die Abschatzung der bezogenen Lagerungsdichte richtet sich nach Kulhawy und Mayne (1990):

2 q
" = N [14]
305 Qc 'QOCR Q,
wobei qu sich nach [7] richtet und die Faktoren Qc, Qocr und Qa wie folgt berechnet werden:
Qc = Kompressibilitatsfaktor
0.91<Qc<1.09 (Tiefer Wert fur geringe Kompressibilitat)
Qocr = Uberkonsolidierungsfaktor
OCR©2
Qa = Faktor, welche die Zunahme des Spitzenwiderstands mit der Zeit berticksichtigt
1.2 + 0.05-log(t/100) (tin Jahren)

=~ 1.3 fur Sande, welche nach der letzten Eiszeit abgelagert wurden
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ZUSAMMENDRUCKUNGSMODUL BEI ERSTBELASTUNG

Zusammenhdnge zwischen den Resultaten von Drucksondierungen und dem eindimensionalen
Zusammendriickungsmodul bei Erstbelastung Mex sind indikativ. Fur eine genaue Bestimmung des Last-

Deformationsverhaltens sind zuséatzliche Daten (z. B. Plattendilatometer, Oedometerpriifung) unumganglich.

Normalerweise wird die Elastizitéatstheorie fur die Analyse des Verformungsverhaltens von drainierten Béden
angewandt. Lunne und Christophersen (1983) schlagen aufgrund einer Uberpriifung der Ergebnisse von
Drucksondierungen in mit Sand gefillten Kalibrationskammern die folgende Beziehung zur Abschéatzung des

Zusammendriickungsmoduls bei Erstbelastung vor:

Me1 = 4Qc gc < 10 MPa [15]
2:0c + 20 10 < gc <50 MPa
120 gc > 50 MPa

Die Abschéatzung des eindimensionalen Zusammendriickungsmoduls bei Erstbelastung fiir feinkornige

Schichten richtet sich meistens nach:

Me1 = Oc'Qc [16]

Oder, korrigiert fir den transienten Porenwasserdruck und den Bau der Messsonde:

Me1 = an*gn [17]

Dabei stellt a einen Korrelationskoeffizient dar, welcher unter anderem von der Plastizitat, Korngrésse,
Mineralogie und Spannungsgeschichte abhangt. Mitchell und Gardner (1975) geben Richtwerte fir ac,
welche sich je nach Zusammensetzung, Plastizitdt und Scherfestigkeit zwischen 1 und 8 bewegen. Neuere
Studien aufgrund des netto Spitzenwiderstands qn empfehlen einen Wert flr an zwischen 4 und 8 (Senneset
et al, 1989). Die von Geoprofile gewahlte Methode betrachtet einen pauschalen Wert flir an von 5 als

praktikabel.

Der hier abgeleitete Zusammendriickungsmodul ist einen oedometrischen Modul, welche sich auf die
effektiven in-situ Spannungsverhdltnisse in einer bestimmten Tiefe bezieht. Bei der Bestimmung eines
Zusammendrickungsmoduls beim Oedometerversuch gilt, dass die vertikalen Dehnungen sehr gross sind
und meistens zwischen 1 und 10 Prozent variieren. Solche Dehnungen sind unter einem Bauwerk kaum
realistisch. Es liegt in der Verantwortung des Anwenders, die effektiv auftretenden Dehnungen bei der Wahl
eines geeigneten Me-Wertes gebuhrend zu berlcksichtigen. Dies kann durchaus zu einem héheren Wert
fuhren. Die Verwendung eines konstanten, oedometrischen Zusammendrickungsmoduls fihrt bei

Setzungsberechnungen in der Regel zu einer Uberschatzung der zu erwartenden Setzungen.

Copyright Geoprofile GmbH

GEO/APP/002 ISSUE 02



D GEO
INTERPRETATION DER ELEKTRISCHEN DRUCKSONDIERUNG

Zur Beriicksichtigung einer grosseren Steifigkeit des Baugrundes bei geringeren Dehnungen sollte
vorzugsweise auf komplexeren Materialmodellen zurlickgegriffen werden (z.B. das hardening soil small
strain Modell (HSS)).

Die Abschatzung der maximalen Vorkonsolidierungsspannung @’y richtet sich nach [5].

UNDRAINIERTE SCHERFESTIGKEIT

Die undrainierte Scherfestigkeit sy ist keine Konstante. Sie hangt von Faktoren wie dem Abschermodus und
der -richtung, der Spannungshistorie und -anisotropie sowie der Abschergeschwindigkeit und der
Temperatur ab.

Es gibt verschiedene theoretische und empirische Vorgehensweisen, um den Spitzenwiderstand gc mit der
undrainierten  Scherfestigkeit su zu korrelieren. Theoretische Ansatze stitzen sich auf die
Tragfahigkeitstheorie oder die Bodenmechanik des kritischen effektiven Zustands (critical state soil

mechanics, CSSM). So kann der einfache Abschermodus wie folgt beschrieben werden (Wroth 1984):

s,/0", s = Ysin ¢ OCR " [18]
wobei A = 1-Cs/Cc das plastische volumetrische Dehnungspotential, und Cc und Cs den

Zusammendrickungsindex bei Erstbelastung bzw. bei Entlastung bezeichnen. Fir Tone mit einer geringen
bis mittleren Sensitivitat liegt A meistens zwischen 0.7 und 0.8, fUr sensitive Tone eher um 0.9. Die bekannte
Beziehung (Jamiolkowski et al., 1985; Ladd, 1991; Ladd and DeGroot 2003):

s lo' = 0.22 -OCR °° [19]

u vo DDS

welche im Erdbaulabor des MIT entwickelt wurde, ist dabei ein Subsatz von [18] mit ¢’ = 26° und A = 0.8.
Die von Geoprofile gewahlte Methode nutzt den aus den Sondierdaten abgeleiteten Wert fir den effektiven

inneren Reibungswinkel @’ und einem A von 0.8.

Empirische Anséatze beruhen meistens auf einer direkten Korrelation des netto Spitzenwiderstands gn mit der

undrainierten Scherfestigkeit (Rad und Lunne, 1988):

q
S, = 2 = [20]
N

Der Faktor Nk liegt Ublicherweise zwischen 15 und 25, héngt aber unter anderem von der Plastizitat und
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dem Uberkonsolidierungsgrad ab. Das Referenzverfahren fiir die oben genannte Beziehung ist der
konsolidierte, undrainierte, triaxiale Zusammendriickungstest (CU). Die von Geoprofile gewahlte
Vorgehensweise bezieht sich auf eine undrainierte Scherfestigkeit mit einem Faktor N« von 18, welche aber
nur zur Kontrolle von der mit [18] abgeleiteten undrainierte Scherfestigkeit (und damit indirekt auch von ¢’)

herangezogen wird.

Die Sensitivitat eines Tons ist das Verhdltnis zwischen der maximalen und der gestdrten undrainierten

Scherfestigkeit:

St = Su,max / Surest [21]

Da die gemessene lokale Mantelreibung fs in Ton primér von der gestérten undrainierten Scherfestigkeit

abhéangt, kann die Sensitivitat wie folgt abgeleitet werden Rad und Lunne, 1986):

S — S [2 2]

wobei Rt das Reibungsverhéltnis bezeichnet und Ns Ublicherweise zwischen 6 und 9 liegt. Bei der von
Geoprofile gewahlten Vorgehensweise liegt der Abschatzung der Sensitivitdt ein Wert fir Ns von 7.5

zugrunde.
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