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Multi-dimensional Electrical Resistivity Tomography (ERT) for the
mapping of the zones with (or without) cavities in Hofuf KSA

S.N. Abduljauwad
Civil and Environmental Engineering Department, King Fahd University of Petroleum and Minerals
(KFUPM) Dhahran, Saudi Arabia.

H.R. Ahmed, M.A. Shafiq & M. Abdul-Waheed
Department of Geophysical & Geotechnical, Riyadh Geotechnique & Foundations Co. Eastern Province, Al
Khobar, Saudi Arabia.

ABSTRACT: The Hofuf area in Eastern Saudi Arabia is featured by subsurface sinkholes, solution cavities,
voids, karst and caves. These features have resulted in hazards to the human safety and stability of the
structures founded in them. The development of the area involved the construction of flyover bridges in Hofuf
city. For these structures, several investigations were attempted including conventional geotechnical
investigations using boreholes and cavity probing, however, these did not provide necessary information to
visualize the subsurface zones with cavities. Finally, Electrical Resistivity Tomography (ERT) survey was
selected to map the shallow subsurface strata at proposed construction sites with the aims to detect and map
the subsurface cavities. ABEM Lund Imaging System consisting of Terrameter with Automatic Electrode
Selector was used to acquire apparent resistivity data during the survey. Cables with 2m to 5m electrode
spacing take-outs were used with a total of 84 to 400m surface spreads using Wenner-Schlumberger
configuration. Windows based software; RES2DINV and RES3DINV developed by Geotomo Software were
used for the inverse modeling of the acquired apparent resistivity data resulting in 2-D and 3-D absolute / true
resistivity models of the subsurface conditions. The results revealed several anomalous locations which were
subsequently verified by drilling boreholes. This study resulted in most feasible recommendations for the
design and construction of safe and economical foundation systems for the proposed structures.

1  INTRODUCTION taken up by Al-Hassa Municipality include the
construction of fly-over bridges at most of the

Hofuf area of the Eastern Province of Saudi Arabia  heavily trafficked intersections in the Hofuf city.
is part of the Shedgum Plateau positioned at the  Several efforts including geotechnical
eastern edge of the greater As Summan Plateau  Investigations using boreholes have yielded
(Hussain et. al., 2006). Hydrogeologic processes imprecise information that could mnot be
during the Miocene age of Hofuf formation and  successively wused for the safe design and
Quatemary period has resulted in the formation of construction of the structures in the area. This
large and continuous zones having cavities in the  entails the requirement of a precise 2-D and 3-D
shallow subsurface strata of the Hofuf area. The  mapping and delineation of the zones with
Shedgum Plateau, including the Hofuf area, is  cavities using geophysical technique(s).
marked with numerous karstic features including  Several geophysical techniques including
sinkholes, solution cavities and caves (Pint, 2000,  Electrical Resistivity Tomography (ERT), Seismic
2003). Edgell (1990a, 1990b) reported over 58 refraction / crosshole, Ground Penetrating Radar
caves in an area of 500 km? in the As Sulb area of ~ (GPR) and Gravity were considered to be used for
the Summan Plateau. Vicinity map of Hofuf is  the project. Owing to the limited applicability
shown in Figure 1 while typical surface karstic ~ of the other techniques to the specific site
features of the area are highlighted in Figure 2. and subsurface conditions, ERT was selected
The karstic zones in Al Hofuf area  as most feasible among its counterparts. This

have always been a hazard to the stability of the  paper explains the details of geophysical
structures founded in such type of strata. Recent  exploration of two proposed flyover sites
development projects using Electrical Resistivity Tomography
(ERT). Based on the results of the exploration,

most feasible and safe foundation
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system(s) have also been suggested for the proposed

structures.
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Figure 2. Typical Karstic Features of the Area
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2 STUDY AREA

The study area is situated in Hofuf City, Al Hassa
District Eastern Province Saudi Arabia. Two
proposed fly-over locations at Mobarraz interchange
and Al-Hassa three level interchange were selected
for the cavities exploration.

The project site is covered with sand and
underlain by flat lying sedimentary rocks of
continental origin, known collectively as the Hofuf
formation. The Hofuf formation in general, consists
of red to reddish brown, gray to rarely off-white
conglomerate, sandstone, sandy limestone, sandy
marl, and sandy shale.

The surface rock of the area is highly weathered, at
places, transformed to the residual soil. Underlying
the weathered rock surface, fresh-water hard sandy
LIMESTONE / LIMESTONE layers exist. Typical
of Hofuf formation, a calcareous duricrust caps the
surface rock of the rest of the area and provides
resistance to weathering of the underlying rock. The
depressions in the area are filled with eolian dune
sand and fine gravel-sized weathered rock particles.
Another notable feature of the area, in general,
is the innumerable dry valleys or wadis that traverse
the rocky strata. The steep slopes of wadis are
covered with dune sand. The wadis were cut by
ancient streams flowing during the humid climates.

3 RESEARCH METHODOLOGY

3.1 Electrical Resistivity Tomography

Electrical Resistivity Tomography (ERT) was
proposed to be carried out along the proposed pile
foundation grid at the abutment and pier foundation
locations. This paper presents details of ERT
investigations and provides the assessment and 2D-
3D mapping of the subsurface cavities at all the
proposed structure locations.

The measurement protocol used for the data
acquisition was a combination of Wenner-
Schlumberger configuration ensuring both vertical
and horizontal precision. Using the designed
electrode spacing of 2.0 to 5.0m and a spread of 160
to 400m, maximum depth of investigations achieved
was about 12 to 70m below the ground surface.
Based on the designed configuration, a total of 68

821

and 80 tests were conducted at Mobarraz and Al-
Hassa three level interchange locations respectively.

3.1.1 Investigation design & data acquisition

ABEM Lund Imaging System consisting of
Terrameter SAS 4000 and Automatic Electrode
Selector ES10-64C was utilized for the acquisition
of apparent resistivity data during the survey. Cables
with 2.0 to 5.0m electrode take-outs spacing was
used with a total of 160 to 400m spread layout in
both the directions.

Data acquisition process initiates with the
plugging of a total of 81 electrodes into the ground
at the selected spacing and connected to the multi-
core cables using the jumper cables. The multi-core
cables were in turn connected to the auto electrode
selector which is directly operated by the Terrameter
SAS4000. Terrameter generates current and records
the corresponding voltage across any set of
electrodes selected automatically via the electrode
selector. The data acquisition process was
completely controlled by the software that verifies
the connectivity and grounding of all the 81
electrodes before actual acquisition of the data was
started. As surface strata of the terrain exhibited
extremely dry conditions, proper grounding of the
electrodes was ensured using the saline water at the
contact points where needed. During the execution
of the designed protocol, data was being
automatically stored in the Terrameter.

3.1.2 Data Processing and Analysis

RES2DINV and RES3DINYV software developed by
GEOTOMO were used for the processing and
inverse modelling of the acquired apparent
resistivity data. True resistivity models were
interpreted by using 2.5D smoothness constrained
inversion, employing a quasi-Newton technique with
precision of the models was established through a
maximum RMS error of 5%. A typical processed 2-
D resistivity cross-section is shown in Figure-3.



0.0
ﬂ.ﬂ' i
10.0
20.0
30,0
40.0
50.0
60.0
T0.0
Inverse Model Resistivity Section
. . . . D . . . . D . . . Anomalous Location
1.00 124 1005 Mo 110 W 1157 EFLT]
Resistivity in Ohm.m Unit electrode spacing 5.0m
Figure-3. A typical 2-D Processed ERT Data
u19 u20 21 [TF>;
- - ] o
0.0 91.0 147.0 2030 i ‘m.
0.0 s -l
14.0.
268.0.
42.0.
36.0.
Inverse Model Resistivity Scetion
ENEENNNSFNNEEEEnEn.
100 arae T.0 105 138 173 xr FLY|

Resistivity in Ohm.m

Unit electrode spacing 3.50m

I oy S Marl / Clay Filled Cavitated Zone [ Mederately to Highly Weathered Limestone

—/ Moderately Shattered Limestone
I Highly Shattered Limestons:

B #oderotely Weathered Limestone (Massive Bodies)
I cxtremely Shattered / Cavitated Zone (Isoloted Zones)

Figure 4. A typical 2-D sampling

The processed ERT sections were then analysed for
the identification of various subsurface features and
anomalies. Background resistivity of the subsurface
strata encountered at site was assessed and used to
demarcate the anomalies at various horizons. An
anomaly in ERT testing campaign was assessed by
several indicators. These indicators were determined
for each specific site using the geologic knowledge
and subsurface strata information acquired through
the borehole drilling. Upon identification of such
anomalies, physical confirmation of these locations
was carried out as a next phase of the exploration
process. Processed and analysed 2-D ERT cross-
sections were drawn in the RES2DINV editor.

3.2 Data verification & calibration

Calibration of ERT data for these sites have been
carried out using the subsurface strata information
acquired generally through the geologic knowledge /
setting of the area and specifically through the
borehole drilling and sampling at the known
anomalous locations. This is accomplished through
the performance of probe / boreholes and the
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strata at the identified locations.

By associating the entire spectrum of the resistivity
from the ERT sections and the physical data
acquired from the boreholes and the knowledge of
the geology, electrical resistivity cross-sections were
transformed into interpreted subsurface strata cross-
sections. After assigning the specific resistivity
ranges, the interpreted sections consisted of the
details of the depth, lateral extent and nature of each
type of stratum and the associated engineering
characteristics. A typical interpreted ERT
cross-section is shown in Figure 4.

For the creation of 3-D modelling from this
ERT data, an algorithm was used to perform a
unified processing of the parallel 2-D lines data at a
particular location. 3-D sections were digitized in
RockWorks software by RockWare. The 3-D ERT
model is presented in Figure-5.
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4 CONCLUSIONS

Electrical Resistivity Tomography and borehole
drilling revealed that two distinct types of strata
exist in the subsurface i.e. Sandy / Silty / Clayey
Soil deposits overlying rocky strata as MARL /
Marly LIMESTONE / LIMESTONE with varying
degree of weathering. Generally, the site could be
divided into two different zones, namely “Zones
with cavities” and “Zones without cavities”.

These zones with (or without) cavities could be

further divided into different sub-zones, as described

below:
e C(Clay/ Marl

Clay Filled Zones with Cavities (Isolated

Zones)

Moderately to Highly Weathered Limestone

Moderately to Highly Shattered Limestone
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Extremely Shattered Limestone (Isolated
Zones)

The subsurface strata contain seams of clay material,
intercalated / filled in the cracks present in
Limestone rock. Based on the final conclusive
results, loose filled cavities / extremely shattered
zones have been encountered in a depth range of 18
to 25m, therefore it was suggested to design the pile
lengths to ensure proper pile tip socketing in the
strong bearing stratum to a minimum of 28m depth
as shown in Figure 6.
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ABSTRACT: A trial seismic dilatometer-Vp (SPDMT) has been recently developed to measure the compres-
sional wave velocity Vp, in addition to the shear wave velocity Vs and to the DMT geotechnical parameters.
The new SPDMT is the combination of the traditional mechanical flat dilatometer (DMT) with an appropriate
seismic module placed above the DMT blade. The SPDMT module consist in a probe outfitted with two re-
ceivers for measuring the P-wave velocity, along with two receivers for measuring the S-wave velocity. The
paper describes the SPDMT equipment, the test procedure and the interpretation of Vp and Vs measurements,
together with some considerations on the potential geotechnical applications which can benefit from the con-
temporary measurement of the two propagation velocities. Finally, the paper illustrates preliminary results of
P-wave and S-wave measurements by SPDMT compared to several cross-hole, down-hole and suspension
logging data at the Mirandola test site (Italy), a soft alluvial site which was investigated within the InterPA-
CIFIC (Intercomparison of methods for site parameter and velocity profile characterization) project.

1 INTRODUCTION

During the last decades, there has been a considerable
shift from laboratory testing to in situ testing at a point
that, today, in situ testing often represents the major
part of a geotechnical investigation. Therefore the in-
coming need of acquiring multiple parameters of the
soil stratigraphy with the use of the same investigation
tool. In this respect the addition of one or more seis-
mic receivers (geophones or accelerometers) to tradi-
tional CPT cone or DMT blade has become a standard
practice. These new testing procedures are addressed
as the seismic cone penetrometer test (SCPT - Robert-
son et al. 1986) or the seismic dilatometer test (SDMT
- Marchetti et al. 2008), respectively. These tests pro-
vide the measurement of the shear wave velocity Vs,
in addition to the usual CPT or DMT parameters, ex-
tending the scope of site characterization. Recommen-
dations given in recent State-of-the-Art papers (e.g.
Mayne et al. 2009) indicate that direct-push in situ
tests, such as SCPT and SDMT, are, at intermediate
investigation depths, fast and very convenient tests for
routine site investigations if compared to other inva-
sive seismic tests.

This paper introduces a trial seismic dilatometer-Vp
(SPDMT), recently developed to measure also the
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compressional wave velocity Vp, together with the
common DMT geotechnical parameters and shear
wave velocity Vs. The new equipment is the combina-
tion of the traditional mechanical flat dilatometer
(DMT) with a seismic module placed above the DMT
blade. Accurate in situ P-wave and S-wave velocity
profiles can give a significant support to the geotech-
nical characterization in both static and dynamic anal-
yses where the small strain elastic parameters are in-
put variables into the models (Finn 1984). Moreover,
porosity evaluation and liquefaction assessment can be
performed based on these data.

The InterPACIFIC (Intercomparison of methods
for site parameter and velocity profile characteriza-
tion) project provided a valuable case study to com-
pare SPDMT results to independent cross-hole (CH),
down-hole (DH) and suspension logging data at the
Mirandola test site (Italy) and to verify the reliability
of the new tool particularly concerning the P-wave ve-
locity measurement.



2 THE SEISMIC DILATOMETER WITH
COMPRESSION WAVE MEASUREMENTS
(SPDMT)

The trial seismic dilatometer-V» (SPDMT) is the com-
bination of the traditional mechanical flat dilatometer
(DMT) with a SPDMT seismic module placed above
the DMT blade (Figures la, 1b). The new system has
been recently developed in Italy and it is an upgrade
of the seismic dilatometer (SDMT) introduced by
Marchetti et al. (2008). The SPDMT module is a
probe outfitted with two uniaxial (vertical) geophones,
spaced 0.604 m, for measuring the P-wave velocity
Vp, along with two uniaxial (horizontal) geophones,
spaced 0.500 m, for measuring the S-wave velocity
Vs. Geophones have appropriate frequency and sensi-
tivity characteristics to determine the seismic wave
train arrival according to ASTM D7400-14 (2014).
Two different seismic sources are adopted: an impul-
sive source, such as a 8 kg-hammer, hits vertically a
steel squared base to produce identifiable compres-
sional waves; a pendulum hammer (= 10 kg) hits hori-
zontally a steel rectangular base pressed vertically
against the soil (by the weight of the truck) and orient-
ed with its long axis parallel to the axis of the receiv-
ers, in order to offer the highest sensitivity to the gen-
erated shear wave.

The P-wave and the S-wave seismic sources are
connected to two different external triggers to record
respectively the response of the P-wave geophones
and of the S-wave geophones. The signal is amplified
and digitized at depth. The recording system consists
of different channels, one for each geophone, having
identical phase characteristics and adjustable gain con-
trol.

(a)

(®)

p wave --------,
s wave

. :
@

O

DMT

Figure 1. Trial seismic dilatometer-VP (SPDMT): (a) DMT blade
and SPDMT module; (b) SPDMT equipment.
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The interpretation of the seismic waves arrival
times can rely both on the direct method, considering
the whole set of travel-times at different depths or on
the true-interval considering for each realization of
the test the time delay between two receivers. In the
first case the arrival time at each receiver position dur-
ing penetration is determined by first break picking
(Tp). Then all the arrival times are corrected to ac-
count for the ray-path inclination:
Te=(>2) 1p ()

d

where SD is the source distance and d is the depth
for each receiver position. All the corrected arrival
times 7c are then plotted as a function of depth and
homogeneous velocity intervals are searched with in-
terpolation of linear branches of the travel time curve.
This first interpretation approach is commonly used in
the analysis of down-hole data (Auld 1977). This
method is convenient when subsoil layering has to be
determined. The interpretation reduces inaccuracy in
the travel time determinations by mediating among
several arrival times over homogeneous velocity lay-
ers. In the second case, seismic velocity is obtained as
the ratio between the difference in distance between
the source and the two receivers (SD»-SD;) and the de-
lay of the arrival of the impulse from the first to the
second receiver (Af). The true-interval test configura-
tion with two receivers avoids possible inaccuracy in
the determination of the "zero time" at the hammer
impact, sometimes observed in the direct method one-
receiver configuration. Moreover, the couple of seis-
mograms recorded by the two receivers at a given test
depth corresponds to the same hammer blow and not
to different blows in sequence, which are not neces-
sarily identical. Hence the repeatability of velocity
measurements is considerably improved. The determi-
nation of the delay in the seismograms can be based
both on the direct picking of the first arrival times in
the recorded traces or on the cross-correlation algo-
rithm. This second approach is generally better condi-
tioned being based on a wide portion of the two seis-
mograms — in particular the initial waves — rather than
on the first break or specific marker points in the
seismogram.

2.1 Potential geotechnical applications

The use of the SPDMT dilatometer allows the meas-
urement of the compressional wave velocity Ve, in ad-
dition to the shear wave velocity Vs and to the DMT
geotechnical parameters obtained using current DMT
correlations (Marchetti 1980, Marchetti et al. 2001),
by means of the material index Ip (soil type), the con-
strained modulus M, the undrained shear strength c,



and the horizontal stress index Kp (related to the over-
consolidation ratio). Beyond the usual geotechnical
applications provided by the seismic dilatometer
(SDMT), the seismic dilatometer-Vp (SPDMT) can the
potentially support site scale porosity evaluation and
the liquefaction assessment using Vp and Vs measure-
ments, commonly obtained from in situ geophysical
surveys, such as cross hole (CH) and down-hole (DH)
tests.

According to Foti et al. (2002) and Foti & Lancel-
lotta (2004) the theory of linear poroelasto-dynamics
in the low-frequency limit, developed by Biot (1956a,
1956b), can profitably be used for determining the po-
rosity n in fluid-saturated porous media from meas-
ured P-wave and S-wave velocities. The determination
of the porosity from CH, DH or SPDMT tests has par-
ticular relevance in coarse materials, which are diffi-
cult to sample. However this procedure gives a simple
but effective way to estimate the porosity in situ in fi-
ne and coarse soils.

Moreover in situ P-wave and S-wave velocities
have the potential to identify the degree of saturation
of soils, in terms of saturation ratio S, and pore pres-
sure coefficient B, and hence the liquefaction re-
sistance of a partially saturated sand. According to
Tsukamoto et al. (2002) Vp tends to increase from
about 500 m/s to about 1800 m/s when the B-value in-
creases from 0.00 to 0.95 corresponding, respectively,
to the saturation ratio S, of about 90 % and 100 %.
Results of cyclic loading tests on partially saturated
sands indicated the cyclic resistance ratio CRR tends
to increase significantly with a decrease in Vp, particu-
larly when P-wave velocity become less than 500 m/s
and where the B-value drops to less than 0.1 with a
saturation ratio S, of 90 %. Alternatively CRR begins
to increase sharply when the ratio Vp/Vs drops to a
value of about 3. Conventional liquefiability assess-
ment, carried out according to the "simplified proce-
dure" by Seed & Idriss (1971), is modified introducing
a partial saturation factor PSF inferred from compres-
sion wave velocity Vp or the ratio Vp/Vs, to correct the
cyclic resistance ratio CRR derived from SPDMT or
other in situ geotechnical or geophysical investiga-
tions. Examples can be found in EQC (2013) and Am-
oroso et al. (2015).
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3 MIRANDOLA TEST SITE (ITALY)
3.1 Interpacific project

The InterPACIFIC project (Garofalo et al. 2016) was
aimed at assessing the reliability, resolution, and vari-
ability of geophysical methods (invasive borehole
methods and non-invasive surface wave methods) in
estimating the shear wave velocity profile for seismic
ground response analyses. A series of blind tests has
been organized in which several participants per-
formed both invasive and non-invasive techniques at
each site without any a priori information about the
site. Three different subsoil conditions were selected
as test sites. The present study is focused on invasive
tests performed at the Mirandola test site by means of
DH, CH and suspension logging methods and is aimed
at comparing the results of SPDMT data within the
comparable depths.

Mirandola is located in the Po river plain. The Sec-
chia river, a stream of the Po river, flows north-south
on the west side of the test site. The area was affected
by a couple of strong earthquakes in May 2012 (Anzi-
dei et al. 2012). The station of the Italian Accelero-
metric Network placed in Mirandola provided strong-
motion records in the vicinity of the epicenter for both
shocks. For this reason, Emilia Romagna Region
planned a specific site investigation. In particular two
boreholes placed at 6.8 m from each other were drilled
to a depth of 125 m to reach the geological and seis-
mic bedrock, and DH and CH tests were performed by
different teams. A SPDMT sounding was also carried
out up to roughly 20 m depth in the nearby area. The
site is characterized mainly by alluvial deposits with
an alternating sequence of silty-clayey layers of allu-
vial plain and sandy horizons. Vs and Vp estimations
are generally in good agreement over the entire inves-
tigation depth. The geological substratum consists of
marine and transitional deposits of lower-middle
Pleistocene age. It was found at a depth of 118 m in
the borehole and it was consistently identified by
seismic borehole methods. The boreholes detected the
water table at a depth of approximately 4 m below the
ground surface as suggested also by P-wave velocity
values.
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Figure 2. Geotechnical parameters from SPDMT profiles at Mirandola test site.
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Figure 3. SPDMT recorded seismic traces at Mirandola test site for P-waves (left) and S-waves (rigth).

3.2 SPDMT survey

The profiles with depth of the DMT parameters at Mi-
randola test site are reported in Figure 2, in terms of
material index /p (indicating soil type), constrained
modulus M, undrained shear strength c,, and horizon-
tal stress index Kp (related to stress history/OCR), ob-
tained using common DMT interpretation formulae
(Marchetti 1980, Marchetti et al. 2001). The ground
water level was detected at 4.6 m depth by means of
the C-readings (see Marchetti et al. 2001). According
to the lithological classification based on Ip, the Mi-

randola test site is characterized by silty sand and
sandy silt (i.e. Ip > 1.2) in the upper 3.6 m depth, and
then a silty clayey and clayey silty layer with low
stiffness and strength parameters is encountered up to
7.7 m depth. A lens of silt and sandy silt is found be-
tween 7.7 m and 9.1 m depth before entering in a suc-
cession of silty sand and sandy silt characterized by
high geotechnical properties. These lithologies partial-
ly correspond to the geological borehole log, consider-
ing that Ip is not a grain size distribution index but it
infers the mechanical soil behaviour.

For seismic wave velocity determination the S-
wave pendulum hammer was 0.8 m far from the rods,
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while the P-wave impulsive source was located at 1.5
m from SDMT axis. The data recording equipment
was able to record 700 samples at a sampling time of
50 us and 200 ps respectively for P-wave and S-wave,
using two different external triggers. Recorded seis-
mic traces for all the sensors and for both methods are
reported in Figure 3 together with the first break pick-
ing used in the determination of velocities. For both
seismic waves, a high quality of the traces has been
obtained after appropriate filtering of the raw data.
Nevertheless travel time determination for P-waves
resulted difficult due to the time resolution required
for a correct determination and due to the oscillating
nature of the arrival times in some portion of the stra-
tigraphy (particularly for the first 5 m from the ground
surface).

3.1 Comparisons of the results

At Mirandola test site Vs and Vp values from SPDMT
are compared to the DH, CH and suspension logging
profiles provided by the InterPACIFIC teams as
shown in Figure 4. Shear wave velocity data estimated

from the trial SPDMT are in very good agreement
with the other invasive results with all the interpreta-
tion methods considered. The true-interval velocity
analysis by means of the cross-correlation of seismic
traces provided more stable results with respect to the
first break picking. Instead, compression wave values
from SPDMT are only in broad accordance with the
InterPACIFIC interpretations. An higher variability in
the true-interval velocity can be observed in the data
reflecting the lower resolution in time delay determi-
nation due to the higher velocity of P-waves. Particu-
larly in the first 5 m investigation depth cross-
correlation of seismic traces provided very coarse re-
sult not reported in the figure. Conversely the direct
method interpretation, mediating the inaccuracies over
wide intervals is able to provide a reference profile
which is more in agreement with other available data.
Results can be therefore considered acceptable con-
sidering also the seasonal fluctuations of the ground
water table that can create some variability in the par-
tial/full saturation of the upper portion of the soil de-
posit (5.0-7.5m).
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4 CONCLUSIONS

This article reports on the first application a trial seis-
mic dilatometer-Vp (SPDMT) recently developed to
measure the compressional wave velocity Vp, in addi-
tion to the shear wave velocity Vs and to the DMT ge-
otechnical parameters. Results have confirmed the
high reliability of Vs determination from the SDMT
test and an acceptable agreement in terms of Vp.
Further tests are required to improve the quality of
acquired P-wave traces by improving the sensors re-
sponse in order to increase reliability also of true in-
terval determinations. Trials are ongoing to reduce
eventual presence of tube waves by mechanically dis-
connecting the SPDMT seismic module from the rods.
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ABSTRACT: Quick clay is a highly sensitive, post-glacial marine clay characterized by a remolded shear
strength of less than 0.5 kPa. Such deposits pose a serious geohazard in Scandinavia and North America and
need to be delineated in detail. Therefore, there has recently been a considerable amount of work published on
the use of geophysical methods for their mapping. Two of them, especially electrical resistivity but also seis-
mic measurements are tested for their consistency. In situ and laboratory measurements of resistivity and
shear wave velocity (Vs) were acquired to characterise two clay sites in Norway. At the first site, resistivity
changes are monitored while salt is artificially diffused in a quick clay deposit. Three successive ERT (elec-
trical resistivity tomography) surveys and R-CPTu (resistivity CPTu) were acquired around the diffusion
wells to monitor the salt plume over time as resistivity is closely related to pore water chemistry. At the sec-
ond site, an ERT and seismic survey were carried out to characterise a non-sensitive clay deposit. In addition,
resistivity and Vs were measured on high quality block samples. These laboratory data combined with the
field data enable a study of how resistivity and Vi correlate to salt content in clay. The primary aim is to better
employ geophysical methods for quick clay site characterisation.

1 INTRODUCTION - leached, possibly quick clay: 10-80/100 Qm
- dry crust clay, slide deposits, coarser material like
The Scandinavian post-glacial marine clays are depos- sand and gravel and bedrock: >100 Qm

ited in marine environment during and after the last ~ However, increasing numbers of case studies reveal
ice age, entrapping pore water of high salt content  that this resistivity range is often influenced by local
(~30-35 g/1) in the voids. Leaching of the pore water  conditions. ERT is however considered as a useful
by meteoric groundwater flow has diluted the pore wa- ~ mapping tool for landslide risk assessment at compa-
ter salinity in some clays to less than 5 g/l. At low salt  rably lower costs than extensive drilling (e.g. Pfafthu-
content the repulsive forces between the clay particles ~ ber et al. 2013, Bazin et al. 2014). Here, the limita-
increase, and the structure easily collapses and the clay ~ tions of the technique is considered by comparing
minerals float in their own pore water. The salt con-  resistivity values obtained with ERT, borehole logging
tent in quick clays is often less than 2 g/l (Torrance  and laboratory measurements. Furthermore, MASW
1979). The most reliable method to confirm quick clay ~ (multichannel analysis of seismic waves) has also
is sampling and index testing in the laboratory to  been used successfully to characterise Norwegian
measure the remolded shear strength and sensitivity.  clays (e.g. Long & Donohue 2010). Since the Vs is di-
However these tests are costly for systematic quick  rectly connected to the small-strain shear stiffness
clay hazard zonation. As resistivity is closely correlat-  Gmax (Gmax=pVs’, where p is the density in kg/m?), it
ed to the pore water salinity in clays, and quick clay is  seems reasonable to investigate the effect of quick
indicated by higher resistivity than low-sensitive clay,  clay on V. The velocity change due to the removal of
ERT is a suitable approach. Indeed, its use for quick  the salt content is expected to be weak and possibly

clay mapping has increased during the last decade, al-  within the measurement error (Donohue et al. 2012,
so thanks to recent advances in the data acquisition  Sauvin et al. 2014). Here, the measurement accuracy is
(protocols and instruments) and processing tools. considered by comparing Vs measurements obtained
Based on 2D ERT models Solberg et al. (2012) pro-  with MASW, borehole logging and laboratory tests.

posed the following ranges of resistivity for Norwe- The two marine clays included in this paper were
gian clays: deposited after the last glaciation about 10.000 years

- unleached marine clay: 1-10 Qm ago, and they are in the Trondheim (Dragvoll site) and
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Oslo (Onsgy site) areas. These two sites have been in-
vestigated in connection with research projects and are
well characterized. However the three types of meas-
urements (ground-based geophysics, borehole logging,
and laboratory) do not all exist for the two sites.
Dragvoll clay is low saline, with a remolded shear
strength of less than 0.1 kPa, while Onsey clay has a
high salt content and a remolded shear strength from 2
to 6 kPa.

2 QUICK CLAY SITE: DRAGVOLL, NORWAY

2.1 Research site

The NTNU research site at Dragvoll is located 156 m
above current sea level and the clay deposit is up to 40
m thick (Fig. 1 upper). To investigate the effect of po-
tassium chloride (KCI) on geotechnical properties, six
salt wells filled with KCl were installed in January
2013 (Helle et al. 2015). Vertical 63 mm diameter
pipes allow the salt to diffuse into the quick clay layer
from 4 to 8 m depth. They are regularly refilled with
granular KCI to maintain a high concentration (~4
mol/kgw). R-CPTu around one of the salt wells and
ERT surveys were carried out to inspect the migration
of the salt plume.

<:~"“'."‘m .
NS e

Trondheim

thin clay layer

v

Figure 1. Upper: Dragvoll site. Lower: The ERT survey before
salt-well installation is illustrated in thick red lines while the two
later surveys are in thin black lines. The salt wells are numbered
in green (1, 2, 3, 6, 7, and 8).

2.2 ERT surveys

2.2.1 Monitoring surveys

Six ERT profiles with varying electrode spacings
(0.25, 0.5 or 1 m spacing) and varying lengths (20, 40
or 80 m long) were acquired once before installing the
salt wells, and twice after (Fig. 1 lower) to monitor re-
sistivity changes over time (time-lapse). The surveys
were performed with a 12-channel Terrameter LS re-
cording unit (ABEM 2010). The multiple gradient ar-
ray was chosen for the acquisition protocol, it has been
designed for use in multichannel systems (Dahlin &
Zhou 2006) and is optimal for this instrument. The
penetration depth was 3.8, 7.2 and 15.6 m depending
on the electrode spacing. Datasets acquired with dif-
ferent electrode spacings but along the same line were
concatenated to improve the model resolution. The
raw data were inverted with software RES2DINV
(Loke 2016) to obtain the model resistivity distribu-
tion. The following options were chosen for the inver-
sion: half unit cell spacing, manual removal of noisy
data points, smooth inversion with reduced side-block
effects, and time-lapse resistivity inversion between
consecutive surveys.

One selected resistivity profile is presented in Fig-
ure 2. The data fit is very good (RMS = 0.96% at itera-
tion 4). The top is marked by a ~1 m thick dry crust
layer. The clay is very homogeneous and typical of
leached clay (p ~ 50 Qm). The clay thickness is great-
er than the penetration depth (15 m). One selected
time-lapse resistivity change, almost 3 years after salt-
well installation, is presented in Figure 3. The ERT
monitoring is not able to detect any conductive
anomalies near the salt wells. Only a strong elongated
anomaly is observed in the first 1.5 m, due to the sea-
sonal water table fluctuations (Fig. 3 inset).

2.2.2 Resolution tests

To illustrate the resolution of the ERT survey, a syn-
thetic test was carried out. The synthetic model is dis-
played in Figure 4 and contains several geological
units with three different resistivities: a 1 m thick re-
sistive dry crust (p = 150 Qm), a background typical
of leached clay (p = 50 Qm), three conductive salt
wells between 4 to 8 m depth (p = 0.3 Qm). A synthet-
ic data set is obtained by perturbing the theoretical so-
lution of the forward problem with 5 % Gaussian
noise using RES2DMOD package (Loke 2002). It is
computed assuming a multiple gradient array with 81
electrodes at 1 m spacing, which is the geometry of a
real survey.
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Figure 1. Resolution test: the synthetic model is shown at the top
while the recovered resistivity model is shown at the bottom.

This synthetic data set is then inverted with
RES2DINV using similar parameters as for the real
datasets. The data fit is already good (RMS = 1.5 %)
after 3 iterations. The synthetic response shows that
dry crust layer and the average resistivity are well re-
trieved. However the narrow salt wells are not detect-
ed and instead the inverted model images a 20 m wide
conductive anomaly. This illustrates the low resolution
at depth of the surface-based ERT method and its ina-
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dequacy to detect slim salt plumes below 4 m depth.
Cross boreholes surveys would be recommended for
such a target.

2.3 R-CPTu survey

A resistivity module is attached to a conventional
CPTu: the probe is 80 cm long with 4.4 cm diameter
and holds four ring electrodes. Two outer rings, 20 cm



apart, inject a current while two inner rings measure
the voltage (Fig. 5 right). R-CPTu readings are there-
fore small-scale compared to ground-based geophys-
ics. Several R-CPTu logs acquired in October 2015 (2
years and 9 months after wells installation) around one
of the salt wells (from 50 cm to 1.5 m away) clearly il-
lustrate how far and in which direction the salt plume
has migrated (Fig. 5 left). The maximum resistivity
reduction due to the increased salt content goes from
50 to 8 Qm. Further analysis of the R-CPTu profiles
are presented in Helle et al. (2016). The resistivity
depth profiles extracted from the two perpendicular
ERT profiles (P3 and P4) are also shown for compari-
son. They are in very good agreement with the resis-
tivity values obtained with the R-CPTu. However,
they fail to detect the resistivity reduction near the salt
well, as already noticed in Figure 3.

Resistivity [(m]

Depth (m)

Figure 2. Left: R-CPTu and ERT depth profiles around well 8
during the salt diffusion test in Dragvoll. Right: R-CPTu tool.

3 LOW-SENSITIVE CLAY SITE:

NORWAY

ONSOY,

3.1 Research site

Onsgy is located within the marine clay deposits in SE
Norway close to the town of Fredrikstad (Fig. 6). The
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area is near present sea level. NGI has been using this
site for research testing for several decades because of
the high thickness (up to 44 m) of the clay deposit and
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Figure 6. Onsgy site, Norway.

3.2 Seismic survey

Six MASW profiles were carried out in 2005 using a
RAS-24 seismograph and Seistronix software. A
sledgehammer was used as a source and 4.5 and 10 Hz
vertical geophones were planted every 1 or 2 m. Data
processing was performed by selecting dispersion
curves from a phase velocity-frequency spectra, gener-
ated using a wavefield transformation method (Park et
al. 1999). Vs models were inverted with the software
Surfseis using the least squares approach of Xia et al.
(2003). In addition, three Vs borehole logs were ac-
quired in 1984 using the Univ. of British Columbia S-
CPTu (Eidsmoen et al. 1985, Lunne et al. 2003) and in
2004 by the Univ. of Massachusetts (Landon 2007).
The Vi depth profiles are depicted in Figure 7.

3.3 ERT survey

A 80 m ERT profile with 1 m electrode spacing was
acquired in 2016. The profile was positioned as close
as possible to where the block samples were collected
for direct comparison with laboratory data. The survey
was performed with the same instrument and same da-
ta processing work flow as in Dragvoll. The resistivity
profile is presented in Figure 8. The data fit is very
good for (RMS = 2.5 % at iteration 4). The top is
marked by a ~1 m thick dry crust layer. The clay ap-
pears very homogeneous and extremely conductive (p
~ 1Qm). The clay thickness (44 m) is much greater
than the penetration depth (15 m).
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Figure 7. V, depth profiles in Onsgy.

3.4 Laboratory tests

A major difficulty in soil geotechnics is to retrieve un-
disturbed samples that maintain the clay structure.
NGI has been using a specially designed block sam-
pler from the Univ. of Sherbrooke Québec (Lefebvre
& Poulin 1979) since 1982. Tests on block samples
show that they are of high quality (Karlsrud & Mar-
tinez 2013). Specimens from Onsey block samples,
with a diameter equal to 71 mm and height ~70 mm,
were mounted into specially modified triaxial cell,
then incrementally and anisotropically consolidated to
their in-situ stress. Three resistivity and seven Vi
measurements were acquired longitudinally. Laborato-
ry data points are compared with the Vs and the resis-
tivity depth profiles in Figure 7 and in Figure 9. The
agreement with ground-based geophysics is very good,
probably thanks to the homogeneity and isotropy of
the clay layer.

Resistivity (Qm])

01 1 10 100
L .
_—-—'—_"ﬂ_
—
2 —~
4
[
E
= & 1
)
=%
[T —
D 2
12
—ERT
14 Laboratory
16

Figure 9. Resistivity depth profile in Onsay.
4 CONCLUSIONS

As all geophysical techniques, ERT depth sections
suffer from some methodical limitations. The weak-
ness illustrated at Dragvoll is the lack of resolution at
depth. Nonetheless, the comparison between ERT, R-
CPTu and laboratory data confirms the good agree-
ment between 2D profile, borehole and sample resis-
tivity data. Hence, the ERT method is satisfactory in
accuracy (property to measure the right resistivity). It
is however weak in resolution (property to detect
small-scale anomalies) at depth and synthetic model-
ing is for that reason advisable to design an effective
survey geometry.

MASW models suffer from similar weaknesses.
Nonetheless, the comparison between MASW, S-
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Figure 8. ERT depth section in Onsgy.
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CPTu and laboratory data confirms also a good



agreement between seismic profiling, borehole and la-
boratory bender element measurements. Hence the Vs
method is also satisfactory in accuracy (property to
measure the right velocity) thanks to the clay homoge-
neity and isotropy. Further work is however necessary
in order to quantify the velocity change due to leach-
ing for quick clay applications (Gribben et al. 2016).
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Near-surface geophysical scanning for exemplar landslide projects

in Poland

Z. Bednarczyk

Poltegor-Institute Institute of Opencast Mining, Wroclaw, Poland

ABSTRACT: The paper present usage of shallow geophysics in landslide investigations. The GPR method
carefully scaled by others geotechnical engineering tests were useful for recognition of landslides and its inter-
nal structure to the depths from few to even 18 m. Totally over 27 km of scanning was performed on 24 land-
slides. The investigations were conducted for protection of public roads and infrastructure. The depth of scan-
ning was depended on types of equipment used and local soil conditions. The best scanning results were
obtained with 100 MHz antennas. Caution was paid to proper calibration of GPR results because in this method
detected stratification is interpretation result. Therefore the GPR was carefully calibrated by the boreholes. In
the paper conclusion from usage of this method is presented. Near-surface geophysical scanning was very effec-
tive, low cost and fast method of investigations. However, due to same limitations, caution should be paid in
geotechnical interpretation of the results, its careful calibration by monitoring measurements.

1 INTRODUCTION

Landslides became a serious problem in southern Po-
land. Its density is there the highest in the country.
According to the newest data of Polish Geological
Survey (PGI), 60 000 of landslides were registered in
Polish Carpathians (Chowaniec et al. 2015). High
economic losses, damaged roads together with dif-
ferent types of infrastructure and private buildings
are reported in Poland every year. In May-June 2010
after the flood its costs reached 2.9 bln EUR.
(Chowaniec et al. 2015). Author of the paper had
opportunity to perform same of these landslide in-
vestigations and counteraction projects for public
roads and local authorities. These works financed by
Polish State budget and loan from the European In-
vestment Bank were conducted in years 2006-2015.
The main objective of the research was to define
possibilities and methods of landslide remediation.
Landslides built from soil-rock type flysch deposits,
were difficult for in-situ and laboratory tests. Com-
plex and effective techniques of investigations were
required. Some types of in-situ tests proper for soils
were not always useful. The site investigations re-
quired core impregnated boreholes. These were very
important but time consuming, costly not always an-
swering all the geotechnical questions. The near-
surface geophysical and geotechnical methods deliv-
ered valuable data for slope stability analysis. The
Ground Penetration Radar scanning were found to be
a one of very useful methods in conjunction with
other in-situ and laboratory geotechnical tests. It was
very effective, low cost and fast method of investiga-

tions. However, it had also same limitations connect-
ed with forest areas, powers supply lines and specific
soil conditions. Caution was paid in geotechnical in-
terpretation of the GPR results, its careful calibration
by boreholes and in-situ monitoring.

2 LANDSLIDE CHARACTERIZATION

Investigated 24 landslides were localized in three re-
gions located in Beskid Niski Mts. (No 1-20), Beskid
Sredni Mts. (No 21-23) and Carpathian Foreland (No
24). Exemplar landslides are presented on the map
(Fig. 1). List of investigated landslides and its parame-
ters are presented in Table 1.
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Figure 1. Investigated landslide localization
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Table 1. Landslide parameters and GPR scanning length

Location Inclin. Volume Depth Type GPR length
No deg mlnm? m ¥ m

1-6. Szymbark 6-18 2.2 1.3-15 R 2170
7-8. Szymbark 6-12 0.5 6-13 R 940
9-11. Bystra  6-9 2.5 275 R 2240
12-14. Bystra  9-12 1.3 259 R 2400
15. Szalowa  6-12  10.8 9-16 R 990
16. Sekowa 6-12 04 2.7-51 R 1257
17. Wapienne  6-9 1.9 259 R 6155
18. Strzeszyn  9-16 0.3 1.4-10 R 460
19. Sitnica 6-9 0.1 1.2-5 R 360
20-21.Tarnawa 6-12 0.9 10-15 N 2006/R 2795
22. Sitarzowka 6-19 1.6 10-12 N 2010 3520
23. Zarebki 8-10 1.8 2-13 R 1845
24. Strachocina 5-18 0.6 10-12 R 2130

* R —reactivated N-new formed.

Investigated landslides occurred at specific mountain
locations under certain morphology and geotechnical
engineering conditions. Its volume varied from 0.1-2.2
mln m®. Mass movements were localized on mountain
slopes dip from 5° to 19°. Landslide depths varied 1.0
m to 16 m. The most active zones were usually situat-
ed at landslide tongues. Colluviums were built from
shale’s and sandstones. Flysch layers involved in
slides represent Neogene marine clastic sedimentation
folded during Alpine Orogenesis. Intensive erosion in
river valleys and high groundwater level, during the
Holocene era, characterized by thick weathering zones
activated huge numbers of landslides (Raczkowski
2002). Deposits were built from many thin layers of
flysch type marine sandstones and claystones. Collu-
viums represented soil-rock type of landslides (Cruden
1996). Saturated claystones in colluviums had me-
chanical parameters as a weak cohesive soils. Sand-
stones interlayer’s allowed water infiltration. Failure
occurred as a combination of different mechanism and
was depend on hydrology, geology and topography
factors. Low friction angle, cohesion high moisture
and variation of pore pressure values often influencing
the slope stability (Rybar at al. 2002). On slopes built
of clayey deposits failure developed over periods of
months as a creep process. Clayey soils with very low
geotechnical parameters were often interbeded by me-
dium stiff to stiff rocks such as claystones or sand-
stones with different degree of digenesis. The
groundwater levels were 0.5-1.5 m bellow the natural
terrain level. Groundwater regime conditions had a
dominant influence on landslide activation. Intensive
rainfalls together with floods, erosion in river valleys,
snow melting and pore pressure fluctuations inside
soil layers were enhancing the sliding activity (Bed-
narczyk 2004-2015). The previous studies (Starkel
2011) shows that the activity of the landslides were
increasing after long-term precipitations in 20-40 days,
which exceeds the sum of monthly rainfalls of 400-

550 mm. Especially, if the rain in a few days exceed
250 mm. Three of investigated landslides No 20, 22,
23 were new formed others twenty one landslides
were reactivated in wet periods many times.

3 GEOPHYSICAL SCANNING PRINCIPLES

Landslide slopes internal stratification and colluvium
depths were detected using 2D GPR RAMAC scan-
ning. It allowed more accurate measurements of
changes of colluviums and bedrock layers dielectric
properties between the boreholes. The GPR scanning
is based on the Electromagnetic Reflection Theory
(EMR). In this method pulses of ultra high electro-
magnetic frequency waves were transmitted down
from transmitter (T) into the landslide body through
antennas (Burton 2009). Part of the GPR waves were
reflected from flysch sediments layers boundaries,
while the rest of the waves passed through to the next
layers or contacts between landslide colluviums and
bedrock layers. Reflected signals returned and were
received by the digital control unit — receiver (R)
which registered the reflections against two-way travel
time in nanoseconds and then amplified the signals.
The data control unit allowed generation of radar en-
ergy coordinates together with displaying and record-
ing the time of received reflections returns. The speed
of the electromagnetic energy travelling trough the
colluviums and bedrock layers was directly related to
its dielectric properties. The lower the dielectric, the
faster waves travel. More precisely, data logger regis-
tered returned reflections of the radar waves. The
depths of GPR survey with100 MHz antennas were as
deep as 10-18 meters depending on the local condi-
tions. Scanning usually had not very high resolutions
at depths below 15 m but allowed general landslide
depth and internal structure recognition. Lower fre-
quency 100 MHz unshielded antennas allowing rela-
tively deeper penetration were chosen for the scanning
of 23 landslides (Fig. 2).

Figure 2. GPR, 100 MHz unshielded antennas, landslide No 21
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Figure 5. GPR longitudinal scan. profile I-I’, landslide No 16

On one landslide No 23, 100 MHz shielded antennas
were used (Figs. 3 & 4). For shallow parts of the land-
slides 3-5 m depth, better resolution had 250 MHz an-
tennas. The post-processing and interpretation Ground
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Vision software was used for data interpretation. The
output signal voltage peaks were plotted on the profile
as different colour bands by the digital control unit
(Fig 5).

The calibration of the depth scale was calculated af-
ter boreholes data: thickness of colluviums and type of
bedrock below. It was necessary to include in the in-
terpretation software dielectric parameters for differ-
ent types of soils and rocks. For colluviums, built from
clayey wet deposits, the attenuation (dBm™) as 6, rela-
tive permittivity range as 30 and relative permeability
30. For dry claystones, the attenuation (dBm™) as 10,
relative permittivity range as 9 and relative permeabil-
ity 9. For fine sandstone, the attenuation (dBm™) as
10, relative permittivity range as 5 and relative perme-
ability 10 (see: Daniels 2004, Bednarczyk, Szynkie-
wicz 2008). The GPR raw data was processed in pro-
gram. On scanning results interpreted colluviums
depth, faults and folds were indicated. As a result of
scanning, two dimensional images of the landslide
colluviums, calibrated by boreholes were indicated on
the cross-sections. Obtained results were corrected for
slope morphology. On the cross-sections geographical
directions, control points, boreholes, faults, colluvi-
ums depths were marked. The georadar cross-sections
showed that colluviums had approximate depths of 1-
15 m. The GPR profiling was essential for construc-
tion of geotechnical cross-sections. It allowed recogni-
tion of landslide colluviums and inclinations of layer
and faults. For example, on landslide No 16, under the
public road, the colluviums were recognized to depths
of 2.8-4.5 m (Figs. 5-6). The total length of GPR pro-
files was over 27,2 km on 24 landslides. It varied from
360 m on landslide No 19 to 6150 m on landslide No
17 depending on the mass movements size and slope
accessibility. Interpreted by GPR method and bore-
holes sandy and clayey layers was helpful in identifi-
cation of water infiltration prone zones.

Borehole Mo 2

Borehole No 3

Figure 6. Geotechnical cross-section I-I’, landslide No 16

4 CORRELATION WITH OTHER METHODS

4.1 Calibration by core boreholes

In GPR method the interpreted layers depths are af-
fected by included in the software rocks and soils die-
lectric input parameters. Therefore the detailed pro-



files of new drilled boreholes were used for GPR sur-
veys calibration and scaling. The oldest GPR profiles
didn’t included morphology.

230 i-r'."" -~ h"‘. .
230m

Figure 7. GPR longitudinal scanning profile, landslide No 18

N BOREHOLE BOREHOLE BOREHOLE BOREHOLEN

Figure 8. GPR transverse scanning profile, landslide No 15

More recent scanning profiles were corrected for
slopes morphology (Fig. 7). In same cases faults inside
the deeper parts of flysch sediments were detected
(Fig. 8). The GPR method helped in identification of
slope internal stratification in areas where no any other
geological data were available. In many cases it was
also valuable for initial identification of slip surfaces
depths. In the most cases on the scanning results col-
luviums were characterized by “mixed” not regular ar-
eas. These interpretation were compared with detailed
geotechnical description of core from the boreholes. In
same cases it was possible to recognize slip surfaces in
the core. However, in same cases it required complex
comparison of different geological data including ref-
erence monitoring results. In order to facilitate the in-
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terpretation the GPR surveys were located between the
previously drilled boreholes located 50-200 m one
from the other. The obtained data were used for con-
struction of geotechnical cross-sections. The georadar
scanning interpretation was always based on few lon-
gitudinal and transverse cross-sections. On every land-
slide, depending on its size 6-10 longitudinal and
transverse GPR survey were performed. To eliminate
the fault scanning results in same cases the same scan-
ning works were conducted twice, for example in W-E
and E-W directions. The locations of the profiles in
the field and on the map were compared to normalize
scanning profiles to the real distances in areas of vari-
able morphology. The longitudinal scanning were per-
formed with slope inclination. These profiles were
conducted from area above the main landslide scarp
downhill. The crossing of longitudinal and transverse
scans were indicated at the field and measured by
GPS.

4.2 Calibration by monitoring and in-situ tests

The GPR surveys were also compared with the differ-
ent types of in-situ measurements and tests. Incli-
nometer and piezometer monitoring was performed at
30 monitoring locations. The measurements started
depending on the location 2006-2008 and are conduct-
ed till now (Fig.9).
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Figure 9. Inclinometer measurements, landslide No 16

The changes in ground profile were measured every
0.5 m by inserting an inclinometer probe into vertical
ABS inclinometer tube and recording how far out of
vertical the probe was at various depths within the
tube (Dunnicliff 1993). It allowed detection of sliding
surfaces depths and ground movement size with accu-
racy of 0.05 mm. Together with pneumatic and auto-
matic VW pore pressure and groundwater level depths
monitoring it delivered detailed data for comparison



with GPR scanning results. The GPR survey on land-
slide No 16 detected that the main active slip surface
under the public road was at depth of 2.4 m while an-
other at the depth of 4.7 m below the natural terrain
level (Fig. 9). Inclinometer measurements detected
that second deeper surface was not active. The GPR
results together with monitoring measurements were
included in slope stability analysis for this landslide.
It allowed to lower up to 30% the costs of remediation
works using more effective design of micropiles
lengths. At landslide No 17 (Fig. 8) the slip surfaces
were detected at different depths of 2 m and between
7.2-9.0 m bellow the natural terrain level. The results
of drillings and GPR profiling on this landslide indi-
cated that few slip surfaces had complicated shapes.
The monitoring measurements and slope stability
analysis detected that remediation of this landslide
will be not possible due to economical reasons. Ex-
emplar instrumentation on landslide No 1-6 is pre-
sented on figure 10. Monitoring measurements on
these landslides reported slip surface at the depth ini-
tially detected by GPR. The pore pressure values of
14-98 kPa were reported at the sliding surface. The
values of pore pressures rose over 90 kPa after high
precipitation in July 2008, May-June 2010 and May
2013. The groundwater level was usually very shallow
and varied mainly between 0.8-1.5 m below the natu-
ral terrain level. The ground movements occurred at
the different depths and they varied in magnitudes due
to the flysch lithology nature. In same colluviums built
of clayey soils in-situ vane tests were performed in
boreholes every 1 m depth. For example on landslide
No 20 the values of shear strength in vane tests report-
ed in stiff clays of 0.67 MPa was decreasing to 0.037
MPa at the slip surface depth.
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Figure 10. Localization of monitoring landslide No 6

4.3 Correlation with the laboratory results

The recognition of geotechnical engineering condi-
tions by laboratory tests allowed better identification
of landslide zones. Geotechnical laboratory tests in-
cluded index tests (grain size, moisture content, liquid
and plastic limits, unit weight, and soil particles unit
weight), direct shear tests and incrementally loaded
(IL) odometer tests. Flysch soils used for these tests
represented silty loams, silty clays to claystones
(rock). Soils inside the sliding surface usually had very
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high moisture content 20-36%, liquidity index up to
0.5, cohesion from 6.5 kPa, angle of shearing re-
sistance 9-11 degree. Very high values of soil moisture
and plasticity index up to 50% were usually recog-
nized at the sliding surface depths. Soils were charac-
terized also by high 2-10% content of organic (bitumi-
nous) material. Results of oedometer consolidation
tests detected high compressibility of clayey soils at
the slip surface. Index laboratory tests results indicated
that on landslide No 1-6 sliding surface depth of 10.5
m detected by monitoring measurements and GPR was
in quite good relation with the highest values of mois-
ture content and plasticity index of 15-40% (Fig. 11).
At landslide No 16 similar conclusions for two slip
surfaces at 2.8 m and 4.5 m depth were obtained (Fig.
12).
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Figure 11. Plasticity index and moisture, landslide No 1-6
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Figure 12. Plasticity index and moisture, landslide No 16.

4.4 Implementation of GPR results in slope stability
analysis and remediation works

The GPR scanning results were the basis for construc-
tion of landslide geotechnical engineering cross-
sections. Together with monitoring and laboratory re-
sults it delivered valuable data for slope stability LEM
and FEM analysis. For example on landslide No 16,
values of relative factor of safety Fs, calculated by
Bishop LEM method, were slightly above Fs=1.13 be-
fore stabilization and 1.58 after it. Using FEM meth-
ods and linear elastic model it was predicted that ex-
pected displacements of 120 mm and could be
dangerous for the public road. Proposed counteraction



method was checked by LEM method, included 60
piles length of 11 m, gabions retaining walls on 300
micropiles foundation length of 6 m, culvert and sur-
face draining system length of 300 m. These works
safeguarded the public road. This was confirmed by
the monitoring measurements conducted up to 9 years
after remediation (Fig. 9). After the remediation dis-
placements were reduced to +/-5 mm. The pore pres-
sure value of 45 kPa before remediation was lowered
to 30 kPa after it. Groundwater level depths were also
lowered from 1.3-1.8 m to 2-2.2 m.

5 CONCLUSIONS

The Ground Penetration Radar method carefully cali-
brated by boreholes and others methods was quick and
inexpensive way of landslide investigations. Together
with other geotechnical engineering methods it made
possible recognition of mass movement’s areas. It al-
lowed delivery of detailed site investigation reports to
the depth of 5-18 m. One of the main advantages of
GPR was its efficiency. It allows recognition of geo-
logical stratification and tectonic structures. The re-
sults indicated that GPR scanning with proper correla-
tion by other geotechnical engineering methods could
help in recognition of internal landslide geology and
was used for slope stability calculations. Interpretation
and calibration of GPR results is very important. In
same specific soil conditions and due to others exter-
nal factors this method could not deliver high quality
data. At any new landslide site it is important to know
what natural undisturbed slope geological stratifica-
tion looks like. Therefore scanning should be per-
formed also in the nearest to the landslide border are-
as. Then it is easier to identify colluviums layers
which are not ordinary for natural slope stratification
and often characterized by “mixed” structures. The
most crucial practice is careful interpretation and cal-
ibration by other methods including core drillings to
gaining experience in each investigated landslide area.
Landslide monitoring helped in precise mass move-
ment’s prediction for civil engineering landslide re-
mediation projects. One of the main advantages of the
GPR method was its ability of data collection. On
some landslides over 2 km of GPR scanning was per-
formed in one day time. Limitations were connected
mainly with the penetration depth and resolution,
which depended on the ground conditions. On some
landslides due to the electric power supply lines or in
the forest areas some difficulties were also observed.
The obtained results indicated that with proper inter-
pretation and correlation by other methods GPR could
detect colluviums and bedrock depth. This method al-
so allows recognizing many internal geological struc-
tures together with faults and folds. Calibrated by core
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drillings, inclinometer measurements, pore pressure
monitoring and laboratory tests the GPR method al-
lowed indication of failure zones between the bore-
holes and was used for slope stability calculations for
landslide stabilization projects. However, not every re-
search method is suitable for every landslide type.
Caution should be paid in type of the equipment and
the antennas used for the scanning, correct interpreta-
tion of the GPR results. Very important is careful cali-
bration of GPR results by the boreholes and in-situ
monitoring results.
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Imagery of nonlinear soil behaviour using in-situ and laboratory tests
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ABSTRACT: Soil is known to behave nonlinearly when large strains are attained. The aim of the present pa-
per is to establish a 2D strain-dependent imagery of the nonlinear soil behaviour of a foundation site located in
the Paris suburban area. The experimental program includes in situ measurements such as surface wave meth-
ods and pressuremeter tests. The laboratory experiments include resonant column tests to characterize the
shear modulus degradation up to moderate soil strains, cyclic triaxial tests and standard triaxial tests to obtain
the material strength at failure. All laboratory tests are conducted on specimens from the on-site soil samples.

Finally, a 2D shear modulus reduction model is constructed combining all these tests.

1 INTRODUCTION

Geoengineering design and analysis require to repre-
sent in a realistic way the mechanical behaviour of
soils. In ordinary practice, this is mainly achieved
based on classical laboratory tests, such as triaxial
tests, or in situ tests, such as pressuremeter tests
(widely used in the French practice) or SPT. Alt-
hough these tests do provide useful information on
soil behaviour and most rupture mechanisms, they
do not allow fully characterizing the soil behaviour
from very small to very large deformations. One of
the most important geoengineering properties is the
stiffness of the material. Soil stiffness is known to
decay as deformation increases (Kramer 1996). As it
is known, the shape of the modulus reduction curve
(Fig. 1) depends on several factors such as mean ef-
fective confining pressure, soil plasticity, void ratio,
overconsolidation ratio, and number of loading cy-
cles. Mean effective confining pressure and soil
plasticity play the most important role.

A site in the east of Paris, France has been select-
ed for carrying out an experimental program de-
signed to obtain shear modulus reduction curves
from various types of tests and for increasing strain
level. The experimental program includes in-situ and
laboratory tests. More specifically, surface wave
methods (MASW) have been used, standard and cy-
clic pressuremeter tests, resonant column tests, as
well as cyclic triaxial and monotonic triaxial tests
have been performed.
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Figure 1. Schematic variation in shear modulus with different
shear levels for different geoengineering applications, in-situ
tests and laboratory tests (modified after Atkinson & Sallfors
1991, Mair 1993).

2 EXPERIMENTAL PROGRAM
2.1 Materials

The site chosen for running the experimental pro-
gram is characterized by silty soils in the first 3 me-
ters from the surface. Beneath this level, clay and
sand was found together with some calcareous blocs.



The soils were sampled on-site by rotary core tube
sampling in order not to cause soil disturbance and
to get intact material for laboratory experiments.
Sample quality assessment using volumetric strain
was found to be fair to good (after Andersen &
Kolstad, 1979). Soil identification and classification
tests such as particle size distribution, Atterberg lim-
its, water content and soil mass density were carried
out.
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Figure 2. Site location (Geoportail/IGN) and in situ measure-
ments emplacement).

The core SCO1 (Fig. 2) revealed a 3-m deep layer of
silty soil with an Ip = 19 %, followed by 2 m of cal-
careous clay with an Ip = 40 %. Then, sand (Ip =
7%) constitutes the rest of the 10-m soil column
sampled on site. Two calcareous blocs were found at
a depth of 9.30 m and 9.80 m in the soil column.
Their size was respectively 0.25 m and 0.17 m.
Standard pressuremeter test (PMT 1) and cyclic
pressuremeter test (PMT 2) were run at both sides of
SCO01, at a distance of 5 m.

2.2 Testing procedures

To fully characterize the shear modulus reduction
curve for the soil, an experimental program was es-
tablished. The program includes in situ and laborato-
ry tests with on-site soil samples.

2.2.1 Surface wave methods
Surface waves methods have gained in popularity for
being less expensive and non-intrusive methods for
characterizing soils and providing useful information
on stiffness profile.

Multichannel analysis of surface waves (Park et
al. 1999) was realized on site to define the 1D and
2D shear wave velocities profiles of the site.
Knowledge of Vs allows defining in situ low strain
shear modulus, Gmax, With the relationship:

Grnan = PVS

(1)

shear

where # = soil density [kg.m-3]; and Vs
wave velocity [m.s-1].
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For this experiment, 24 geophones of a frequency
of 4.5 Hz were placed in a line on the ground with a
distance of 2 m from one to another. The line was
moved by steps of 4 m to cover a 80-m long linear
profile. A manual penetrometer mass was used as a
hitting mass causing the required shock to start sig-
nal acquisition.

To obtain the shear wave velocity profile, the data
recorded on site were treated by SeisImager and Ge-
opsy. The shear velocity profiles obtained by both
computer programs have been compared. SeismIm-
ager performs a basic inversion, mainly based on
depth and layer thickness, using the least squares
method. Geopsy needs prior information to be im-
plemented and uses another method of inversion
known as the neighbourhood algorithm. For this
study, only the shear velocity profiles obtained with
SeisImager were taken into account because the use
of Geopsy led to slightly higher Vs values.

2.2.2 Resonant column tests (RC)

Resonant column tests were performed to determine
the shear modulus from very small strains
(~10"*%) (Gmax) up to shear strains of 102%.
Resonant column tests were performed following the
standard procedure ASTM D 4015-92 on clayey and
sandy material using undisturbed solid cylindrical
specimens (D = 50 mm and H = 100 mm). The spec-
imens went through saturation (Skempton’s coeffi-
cient checked) and consolidation phase before taking
undrained tests on them. The shear modulus is calcu-
lated from:

G = p(2rl)*(fr/Fp)’ @)

where L = specimen length [m], fr = system resonant
frequency for torsional motion [s-1], and Fr = di-
mensionless frequency factor.

2.2.3 Cyclic triaxial tests (CT)

The cyclic triaxial tests were run on solid cylindrical
undisturbed specimen (D = 50 mm and H = 100
mm) following the standard procedure ASTM D
3999-91. All specimens went through saturation
(Skempton’s coefficient checked) and consolidation
phase before undrained cyclic loading. The single
specimen went through staged loading, which means
application of progressively increasing levels of
load. Each stage consists of 40 loading cycles with
the first half cycle loaded in compression. The load-
ing frequency chosen for all the tests was 0.75 Hz.
The presented results concern only the modulus de-
termined from the tenth cycle of loading. As stipu-
lated in the standard procedure, the Young’s modu-
lus, E, is derived (3) from the test and a shear
modulus can then be deduced (4).
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where Lpa = double amplitude load [kN]; Spa =

double amplitude deformation [mm]; Ls = height of
the specimen after consolidation [mm]; As = area of
the specimen after consolidation [mm-2]; and v =
Poisson’s ratio, which for the undrained condition is
assumed to be equal to 0.5.

2.2.4 Monotonic triaxial tests (MT)

To obtain the reference shear strain, which is a key
quantity to derive shear modulus reduction curve,
monotonic undrained triaxial tests were realized.
Undisturbed solid cylindrical specimens have been
used according to French standards NF P 94-070 and
NF P 94-074. These tests allowed determining cohe-
sion (¢’) and internal friction angle (¢”) for soils. The
shear modulus can be obtained by the equation (4)
and shear strain, v, can be calculated from the fol-
lowing equation:

y=Q+v) (5)

where ¢ = axial strain.

2.2.5 Pressuremeter test and cyclic pressuremeter
test (PMT and PMTr)

The pressuremeter test was developed in France and

can be credited to Louis Ménard.

The pressuremeter is a cylindrical device that uses
a flexible membrane to apply a uniform pressure to
the walls of a borehole. Deformation of the soil can
be measured by the volume of the fluid injected into
the flexible membrane. After correcting the meas-
ured pressures and volume changes, a pressure-
volume curve can be obtained and used to compute
the stress-strain soil behaviour. Then, useful soil pa-
rameters can be obtained, such as: pressuremeter
modulus Ewm, soil limit pressure pr and the creep
pressure pr.

To align this test with the logic of shear modulus
reduction curve, some precision needs to be added.
In fact the theory of the cylindrical cavity expansion
relies on Lamé’s (1852) equation:

AR

R

1
il 6
5o &P (6)

where G = the shear modulus; R the radius of
borehole; and AR = the radius increase as a function
of the increase of the pressure Ap on the borehole’s
wall.

Ménard modified this relation by introducing the
Poisson’s coefficient (v) conventionally taken to be
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equal to 0.33. He obtained from it the pressuremeter
modulus Em also called the Ménard’s modulus.
Since the fifties, the pressuremeter test hasn’t stop
developing to become nowadays the most used in-
situ test in the French geotechnical practice.
Pressuremeter tests were executed following the
French standards NF P 94 110-1 and XP P 94 110-2.
For the experience realized for this case study, a 44-
mm probe was inserted in a slotted tube with a di-
ameter of 56 mm and a test was performed every
meter to a depth of 9m. The loading program was re-
alized using an automated pressure-volume control-
ler. As cited above, cyclic pressuremeter tests were
realized on site. The probe was inflated to a pressure
close to the creep pressure and then deflated to a
pressure close to the contact pressure and inflated
again to end as an increasing pressure program. This
is realized to observe a loop on the pressure-volume
diagram, which makes it possible to deduce a reload
modulus Gr.

3 RESULTS

The results of all laboratory tests and pressuremeter
tests are plotted together in the following charts. All
laboratory tests were conducted under the same
mean effective confining pressure (that is 60 kPa for
silty and clayey specimens and 100 kPa for sandy
specimens). To represent shear modulus reduction
curve of soils on site, a modified hyperbolic model
was fitted to the data. The chosen hyperbolic model

reads:
o 1

1+Q(VL1~)

(7

b
Crras

where a and b = material constants; y= shear strain;
% = reference shear strain calculated as Tmax/Gmax;
and tmax = shear stress at failure.

Tmax Was determined based on shear strength enve-
lopes derived from the consolidated undrained mon-
otonic triaxial tests by using the Mohr-Coulomb
failure criterion, as reported by Benz (2007).

As often reported in the literature (Tatsuoka et al.
1995, Pitilakis & Anastasidis 1998, Stokoe & San-
tamarina 2000) is known to be larger than
Grze. This fact was also verified in this study be-
cause it is known that disturbance due to soil sam-
pling and specimen preparation in laboratory causes
reduction of low strain shear modulus (Ishihara
1996, Benz 2007). For this purpose Tatsuoka’s
(1995) normalization was accepted to provide more
reasonable results (Pitilakis & Anastasiadis 1998).
Nevertheless, the low strain modulus obtained from
shear wave velocity values seemed to be very large
(sometimes 4 to 5 times the laboratory low strain
modulus) considering the soils encountered on site
and the small depth investigated. The use of this

in—situ
Gmax



modulus could lead to rapid decrease of the normal-
ized shear modulus, which can be true for low plas-
ticity soils, but it is not always the case in this study.
For the reasons cited above, the relation provided by
Jamiolkowski et al. (1995) leads to a much more re-
alistic approach for the low strain shear modulus.

600-0135p35
gla

(8)

in—situ —
Gmax -

where 0’ = mean effective confining pressure, pq
reference pressure (equal to 100 kPa), and e = void
ratio.

Maximum shear modulus obtained by resonant col-
umn tests, Fmax, were chosen to be raised to the
Gmax values, because of the fact that these types of
tests do provide the lowest strains generated in la-
boratory in our experimental program. Thus the ratio
in equation (9) was raised at this value.

lab
G Gin=situ
Glab max
max
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)

The results of all tests were normalized by the
Graz " values for the three types of soils. Here be-
low are presented the normalized shear modulus re-
duction curves for clay and sand.
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Figure 3. Normalized modulus reduction curve for clayey soil
(left) and sandy soil (right)

The normalized modulus reduction curves for the
3 types of soils encountered on site helped develop-
ing a strain dependent imagery of the in situ shear
modulus. As an example, Figure 4 presents the shear
modulus imagery for Y=10"%. This was realized us-
ing a basic nodal model based on low strain shear
modulus, soil ruptures characteristics, soil density
and mean effective confining pressure.
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Figure 4. Shear strain-dependent imagery of shear modulus
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4 CONCLUSION

An experimental program was applied to a site near
Paris in order to fully characterize the modulus re-
duction curve of soils encountered on site. The pro-
gram includes in-situ tests such as surface wave
methods and pressuremeter tests and laboratory tests
such as resonant column tests, cyclic triaxial and
monotonic triaxial tests. These tests helped deter-
mining the normalized shear modulus reduction
curves for the on-site soils. The presented curves do
exceed the threshold shear strain of 1% often report-
ed in the literature linked to soil dynamics, in this
way we do have modulus values beyond this limit.
The strain dependent imagery of the site has been
presented.

The in-situ shear modulus obtained by using shear
waves velocity values is large. At the moment, we
are not capable of establishing how much the pres-
ence of calcareous blocs on site does influence the
shear velocity profile because we do not know the
on-site distribution of these blocs and their dimen-
sions.
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ABSTRACT: The shear wave velocity (Vs) in the near surface geology has many uses in seismic design
including site classification, ground motion prediction equations and evaluation of liquefaction resistance.
V; also allows assessment of rippability, small strain stiffness and verification of soil improvement work.
As part of a broader study into site classification for hazard assessment in the United Kingdom, a database
of V; results from around the world was compiled to investigate the effect of different material parameters
on V. Through statistical analysis, the effect of origin, fracture spacing and weathering state was explored
for rock materials tested in both the laboratory and field. The database of soil results was examined to assess
the effects of depositional environment. From the dataset analysed, weathering class has the greatest effect;
there is a 52% decrease in Vi for rock as the weathering increases from slightly to moderately weathered.
The effect of the depositional environment of soils shows that diverse transportation and deposition pro-
cesses (wind, water, gravity, glacial or in situ) result in different levels of variability in V; records. This is
related to the degree of grading.

1 INTRODUCTION Results from site investigations that included both
V; data directly from in situ testing and the corre-
The shear wave velocity (V) of geological materi-  sponding invasive, geological information were ob-
als has become an important input for earthquake  tained from multiple sources and national databases
seismic design, where it is primarily used to catego-  (Table 1). Correlations with standard penetration
rise seismic site conditions. Borcherdt ef al. (1991)  test (SPT) results were not considered.
showed a correlation between the average shear These results were then rationalised to account
wave velocity in the top 30m (Vs30) and the ampli-  for differences in local/national terminology and
fication of ground motion. This led to the develop-  classification standards. This was required to ensure

ment of site classification schemes based on Vs  consistency between the results. Where this could
measurements used worldwide. As part of a project  not be performed (i.e., the reference standard was

aiming to improve site classification for hazard as-  unavailable), the data was analysed separately, so as
sessment in low seismicity countries, the effects of ~ not to mix potentially incompatible V; data.

geological history on V for differing rock types was Each record collected for the database contains a
investigated. This involved: Vs measurement with corresponding depth and a

borehole log, providing details of the subsurface
a) Compilation of a database of V; values obtained = materials, ideally including; the material name,
from studies globally, to understand the controlling =~ USCS classification, structure (bonding, cementa-

factors for V; in different geological units tion, laminations, stratification), origin (e.g., allu-
vial, residual, colluvium, aeolian) and geological
b) Investigation of the relationships among deposi-  age. For rock tests, the degree of weathering and

tional environment, geological age and other factors  fracture spacing was also recorded.
with V.

2 DATABASE
In order to investigate the influence of various phys-

ical properties on Vs, a statistically significant quan-
tity of data was required to be sourced and analysed.
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Table 1. Sources of V, data

3.1 Origin (rock)

The database of laboratory tests on rock samples
(n=2946) was examined with respect to their iden-
tified origin as sedimentary, metamorphic or igne-
ous. The general trend observed was that sedimen-
tary rocks have the lowest Vs, whilst metamorphic
rocks have the highest Vs (Figure 1).

The database of in situ V; results contains 1096
tests in rock, all of which can be primarily classified
as sedimentary, metamorphic or igneous. The qual-
ity of the rocks varies according to the weathering
and fracture spacing which will be addressed in sub-
sequent sections. However initially, the effect of
rock origin was investigated (Figure 1).

Source Method No. of  No. of
sites records

United Kingdom SCPT 60 258

(Campbell, 2014) Crosshole 27 543
Downbhole 14 109
CSW 1 4
Refraction 36 72
PS Logger 7 229

San Francisco Bay Downhole 58 127

(Gibbs et al., 1975, 1977)

LA County and Oxnard- Downhole 84 203

Ventura (Gibbs et al.,

1980) (Fumal et al,

1981, 1982b, 1984)

Central California Downbhole 10 32

(Fumal et al., 1982a)

Loma Prieta, California Downhole 26 172

(Gibbs et al., 1992, 1993,

1994a)

Turkey MASW 136 1129

(Middle East Technical

University, 2014)

Canada Downbhole 20 60

(Natural Resources SCPT 1 4

Canada, 2013a, 2013b) Piezoelectric - 2882
transducer

Washington MASW and 67 249

(Cakir & Walsh, 2010, MAM

2011,2012)

Taiwan (National Centre PS Logger 25 306

for Research on Earth-

quake Engineering &

Central Weather Bureau,

2012)

Bucharest, Downhole 21 110

Romania (Bala et al,

2006, 2007, 2009)

Laboratory database of Piezoelectric - 64

silicate rocks transducer

(Birch, 1960)

TOTAL 593 6553

3 ANALYSIS

The influences of a number of material parameters
on Vs values were examined. These included rock
type, discontinuity spacing and weathering for
rocks and depositional environment for soils. The
results are presented as a box and whisker plot,
showing the lower quartile, median and upper quar-
tile (box) within the minimum and maximum values
(whisker). The average value is also plotted.
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Figure 1. Comparison between field and laboratory V; results
categorized by rock type

The laboratory tests on intact, fresh samples result
in higher Vs values compared to tests in the field,
with the mean value being 3.8 times higher in sedi-
mentary rock to 4.1 in metamorphic rock. The order
of slowest to fastest mean velocity (sedimentary, ig-
neous then metamorphic) is apparent in both data
sets, but the magnitude of the increase is larger for
the laboratory results.

The reason for discrepancies between the field
and laboratory tests is expected to be due to a com-
bination of factors such as accuracy of the test meth-
ods, accuracy of material classification (logging),
scale effects, boundary conditions, weathering
state, confining stress, fracture spacing and anisot-
ropy. Several of these factors will be explored in
subsequent sections:

3.2 Fracture Spacing

The majority of Vs records which included compan-
ion fracture spacing descriptors came from two
sources; the Turkish national database and USGS
reports (Table 1). The qualitative terms for fracture
spacing used in the Turkish logs could not be di-
rectly compared with the quantitative categories
used in the USGS database, therefore these datasets
have been analysed independently, with the Turkish
results presented in this paper.



A preliminary analysis of the Turkish data (Figure
2) indicate a possible decrease in V; as the degree
of fracturing increased (i.e., fracture spacing de-
crease). However two of the six categories do not
conform to this trend, namely ‘moderately to
slightly jointed” (n=3) and ‘crushed to highly
jointed’ (n=5) materials. This may be due to the fact
that these two categories contain the lowest number
of records of the six defined fracturing classes. Fur-
thermore, four of the five results in the ‘crushed to
highly jointed’ category are identified as Paleozoic
aged sandstone, which would be expected to have
likely undergone metamorphism and could poten-
tially be a quartzite of much higher strength and
therefore velocity than materials typical of sand-
stone. The effect of geological age was also inves-
tigated and it was found that in general, older mate-
rials have higher shear wave velocities (N.B., the
majority of data in the conforming categories are

Cenozoic or Mesozoic in age).
Figure 2. V; results according to fracture classification [Turk-

Slightly joinsed (n=6) —— |
:EI"' Moderately 1o slightly janted (n=3) + * -
E Maderately jointed (a=25) j |
i
:,_.-. Highly tomaoderately jointed (2=12) —_—{
R
% Highly jointed (z=34) ¢ |
= Croshed to highly joimed (n=3) I
I.I’ 1] 200 400 GO0 00 1060
W, m's)

ish Data (Middles East Technical University, 2014)]. The lin-
ear trend between V; and fracture density is shown by the
dashed line.

3.3 Weathering

Within the compiled database 461 Vs measurements
are accompanied by a description of the weathering
state of rock materials. The highest Vs values, on
average, are observed in fresh rock, continually de-
creasing to the slowest Vs in completely weathered
material (Figure 3).

There is a notable change at the moderately to
slightly weathered gradational boundary. Less
weathered rocks resulted in an average value of ap-
proximately 1050m/s whereas the more weathered
material was approximately 500m/s (a 52% de-
crease). The boundary between slightly and moder-
ately weathered, marks the state of weathering
where mineral grain decomposition begins, produc-
ing some ‘soil like” material. Overall, soils have a
lower velocity than rock, so the decrease observed
at this grade is expected.
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Figure 3. Vs results grouped by weathering category. Dashed
line indicates a linear trend between weathering and Vs, with
a step-change at the slightly to moderately weathered bound-

ary.

3.4 Depositional Environment / Origin

Of the 2471 V; records for soil, 1954 (79%) con-
tained information relating to the material origin or
depositional environment. Although numerous de-
scriptions of origin were provided on the logs and
in original reports, these were reviewed and simpli-
fied in order that they could be grouped into seven
categories (Figure 4).

Residual soils (i.e., weathered in situ from parent
rock) show high variability of V; results with a co-
efficient of variation (CoV) of 60%. This has been
attributed to the dataset covering a range of material
types (clay, silty clay, gravelly sand, gravelly clay,
etc) and the records also span a number of geologi-
cal eras (Paleozoic, Mesozoic and Cenozoic).

The least variable data is the aeolian material,
having an interquartile range of Vs =202 - 325m/s
and CoV = 33%. This dataset has been compiled
from observations made across numerous sites in
three countries (Turkey, USA and Romania, Table
1), yet the results remain relatively consistent across
all locations. The transportation process (wind) re-
sults in selective material sorting, predominantly
silt, therefore aeolian data is likely to be the most
uniform material in terms of grain size.

Visual inspection of the resultant plot (Figure 4)
indicates that all the depositional environments es-
sentially present a similar total range of results (i.e.,
minimum ~ 100m/s to maximum ~ 1050m/s). The
estuarine, alluvial and aeolian environments display
similar average V; values (category 1, Vs =280m/s),
with a second grouping identified for the colluvial,
glacial and residual environments (category 2, Vs =
450m/s). The average Category 1 value is 38% less
than the Category 2 results.
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Figure 4. V; results for soils according to depositional envi-
ronment

Considering the nature of each of the environment
categories, the colluvial, glacial and residual mate-
rials (category 2) are most likely to be predomi-
nantly well graded as the materials are not sorted
during the transportation process. The opposite was
expected for the estuarine, alluvial, aeolian and off-
shore environments, whereby the transportation
process (water or wind) would lead to selective
transportation and thus sorting of the materials.
Wind or water transport would likely result in a
comparatively uniform grain size at any particular
location. This is in agreement with the observations
of Wills et al. (2000), who reported that dune sands,
basin, lake and beach, deposits have a distinctive
(inferred to suggest uniform) grain size distribution,
and this material parameter would lead to less vari-
ation in Vs values when compared to most bedrock
units.

4 CONCLUSION

A global database containing 6531 individual meas-
urements was compiled to examine the influence of
various geological characteristics on V. This in-
volved the sourcing and assessment of 594 ground
investigation site records from 11 different sources.
These data allowed statistical analyses of the effects
of various parameters on Vs values. Weathering
class has the greatest effect; with a 52% decrease in
V; as the weathering increases from slightly to mod-
erately weathered. The effect of the depositional en-
vironment of soils shows that diverse transportation
and deposition result in different levels of variabil-
ity in Vs record, related to the degree of grading
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characterization of hydrothermally altered granites
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ABSTRACT: The assessment of material properties is a fundamental component of geotechnical characteri-
zation of slopes in hydrothermally altered granite, as potential slope failure mechanisms are controlled by ka-
olinization intensity, discontinuity characteristics (such as orientation, persistence and spacing) and the detri-
mental effects of groundwater. In order to assess the potential advantages of remote mapping technologies for
improved spatial cover both laser scanning and photogrammetry have been evaluated within the china clay
operations for use in rock mass characterization. The results presented also focus on application of the re-
motely captured data for use in design of china clay slopes in southwest England. A key benefit of the de-
tailed geo-referenced point cloud data is the ability to measure and evaluate discontinuity characteristics such
as orientation, spacing, persistence and volumetric data which are key factors that dictate the size of any po-
tential failure. In addition to capturing rock mass characteristics, accurate slope geometries and digital terrain
models can be derived for more effective slope management. Through use of photo-overlays and coloured
point cloud data captured from use of terrestrial laser scanning, based on red green blue (RGB) values, it was
also possible to evaluate discontinuity type, such as tourmaline veins within the point cloud. Integration of la-
ser scanning derived data with overlays from infra red and thermal images was also performed to assist identi-
fication of alteration zones within a slope. The results highlight the benefits of using remote mapping tech-
nologies for rock mass characterization and acquisition of spatial data for planning purposes.

1 INTRODUCTION thermal decomposition to form kaolinite (Wilson,
2006).

Lower temperature (<100°C) high salinity hydro-
thermal fluids also played a major role in the kaolin-
Kaolinized china clay areas of the granite batholith  ization process (Psyrillos et al., 1998; Manning et
can be found in Cornwall, including the centrally  al., 1996) also indicated that meteoric water was al-
positioned deposits in St Austell. The long history of  so involved. It is also considered that both hydro-
china clay extraction, since deposits were first dis-  thermal and low-temperature weathering processes
covered by William Cookworthy in 1746, has left a ~ were contributing factors (Bristow and Exley, 1994).
legacy of historical pit faces which were designed  The grading system for the china clay deposits in
prior to the Quarry Regulations (Health and Safety =~ Cornwall used by Imerys is shown in Table 1.
Executive, 2013). In lower grades of kaolinized granite, in particu-

This paper discusses the combination of 3-D laser  lar Grades II and III, slope failures are most likely to
scanning and thermal infrared imaging which was  be kinematically controlled by discontinuities within
used to map historic bench faces in the china clay  the rock mass, causing wedge, toppling and plane

1.1 Geological Setting

pits to provide input parameters for rock mass char-  failure along with general rockfall from the bench
acterisation to allow slope stability analyses to be  crests. Rock fall due to unfavourably aligned joint
carried out. surfaces in a higher bench may affect development

at lower levels towards the toe of the slope. Rock-
trap design to overcome this safety risk is of great

Kaolin (china clay) is produced by the alteration of ~ Importance. o _
granite, through the interaction of hydrothermal flu- In more highly kaolinized granite (Grades IV and

ids and groundwater with feldspar causing hydro- V), rotational failures through the body of the rock
are more likely and require continuum modelling of

1.2 Kaolinization of Granite
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slope stability, although relict discontinuities can
still have an effect. Thus the degree of kaolinization
highly influences the design of pit slopes, with over-
all slope angles in highly kaolinized zones being as
low as 25 degrees.

Table 1. China clay grading (altered from Stead et al. 2000)

Grade | Description Characteristics | Geological Unconfined Compres-
hammer sive Strength (UCS) val-
blows (break) ues based on Schmidt

hammer rebound value

| Fresh rock No visible al- Multiple n/a

teration

1} Slightly al- Slight discol- More than >45 MPa

tered ouration and one
weakening

1] Moderately Considerable Single 25-45 MPa

altered weakening,
penetrative
discolouration

v Highly al- Large pieces n/a 0-25 MPa

tered broken by
hand

v Completely Considerably Geological 50-250 kPa

altered weakened, pick pene-
original tex- trates
ture pre-
served, slakes
readily in wa-
ter

Vi Residual soil Soil mixture n/a <50 kPa

with no rock

In less kaolinized zones, individual benches can
be near vertical as demonstrated in Figure 1, where
the slope of this historic bench face is approximately
26 m high at an inclination of 80+/-5 degrees with
significant rock traps constructed to manage risk.
Also shown in the photograph is the presence of
several narrow highly kaolinized zones within this
mostly poorly kaolinized bench face which have
been oriented using remote methods, as described in
this paper.

Figure 1. Photograph of a section of historical bench face
(striking N-S) with several sub-vertical kaolinized zones, found
within poorly kaolinized rock. Discontinuities sets of high an-
gle joints striking sub parallel to the face subject to possible
toppling failure.

2 STRUCTURAL ORIENTATIONS

Tectonic, lithostatic and thermal stresses and pore
pressures set up strain in rock leading to the for-
mation of discontinuities. Stead et al., (2000) report-
ed that the kaolinization in the St. Austell granite is
structurally controlled and generally occurs in asso-
ciation with greisen, tourmaline and quartz veining.
The kaolinized zones are often orientated parallel to
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NW-SE and ENE-WSW striking structures due to
the in-situ stresses at the time of formation. NNW-
SSE trending wrench faults known as cross courses
also occur throughout the Cornubian orefield. Some
of the outcropping kaolinized zones are up to several
hundreds of metres across and tend to be funnel-
shaped or trough-like in cross section, narrowing
downwards with stems more than 300m below sur-
face. An understanding of these structural controls
on discontinuities and alteration grade, can be
gained using remote sensing methods required to
enable safe slope design.

2.1 Remote Sensing

The excavated slopes investigated within the china
clay area, exhibit various levels of stability, making
direct access to the faces unattainable. This inacces-
sibility necessitates the use of remote sensing, pref-
erably using a combination of methods: 3-D laser
scanning and thermal infrared imaging as described
in this paper.

2.2 3-D Laser Scanning

Terrestrial LiDAR scanners are based on electro-
magnetic distance measurement. Using the known
constant speed of light, the range to the target can be
calculated. In addition, angular measurement is also
obtained electronically. Multiple scans from differ-
ent locations along the slope face minimized the
blinding effect (occlusion) of a single line of sight
(Sturzenegger and Stead, 2009). The individual
scans were joined together in Cyclone software to
produce the combined image in Figure 2 (consisting
of 20 million points). The point cloud was split ver-
tically into five sections to speed the processing in
Split-FX software (Split-FX, 2013) which was used
to analyse the three dimensional point cloud data.

The laser scan in Figure 2 shows the coloured
point cloud based on the RGB (red, green, blue) val-
ues. This technique has the potential for a further
degree of identification of discontinuity type — vein,
joint, fault etc. For instance, the tourmalinized
joints can be picked out by their dark grey/black
colouration.

Figure 2. Coloured point cloud of an historic excavated face in
a china clay pit

2.3 Analysis of point clouds using Split FX software

Point cloud data was imported into Split-FX soft-
ware, to enable the orientation of discontinuities to
be identified. Zones where no patches could be fitted



corresponded mostly with highly altered zones
where the joints have been obscured by the process
of kaolinization. Where discontinuities were striking
almost perpendicular to the bench face it was not
always possible to fit patches to the surface of the
discontinuity and ‘traces’ were fitted, enabling ori-
entation of these joints to be determined as demon-
strated in Figure 3.

(a)

(b)

Figure 3. a) 3-D laser scan of section of pit benches indicating
patches (angular) and traces (ovoid) added b) Stereoplot of sec-
tion of NE face pit bench indicating poles of patches (angular)
and traces (ovoid) with each joint set colour-coded.

Orientation data for each of the major sets identi-
fied in each of the four sections of the slope are
shown in Table 2.

Table 2. Orientation data for major joint sets in 5 sections of
the bench.

Set number Dip Dip Direction Fisher K
1 81 082 134.5
2 86 310 154.9
3 77 348 147.8
4 18 251 47.9

The major planes plot indicates the average pole
for each set identified from cluster data and these re-
sults are given in Table 3. Contouring is enabled in
Dips using the "floating cone" method in which pole
counting is done on the 3-D sphere. Fisher’s con-
stant (K), which gives some measure of the degree
of clustering in a given set.

Dominant joint set 1 is preferentially sampled as
it strikes almost parallel to the bench face, dipping
into the slope face at 81 degrees towards 082°. Set 4
is nearly horizontal and has the lowest k value.

Figure 4. Contoured lower hemisphere equal angle stereo-
graphic projection of discontinuities in combined sections 1- 5.
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Table 3. Mean poles of major joint sets and Fisher constants in
east face of Melbur Pit

g Set 3 (blue)

S

=
1 82/076 88/298 79/007 05/257
2 77/083 78/304 74/355 14/270
3 77/082 87/317 75/004 15/264
4 85/078 84/316 70/355 21/267
5 74/073 84/294 79/344 14/241

It is also possible to determine estimates of the true
spacing and persistence of discontinuities using
Split-FX, achieved by measuring the perpendicular
distance between fitted traces and patches. The
probability density distributions of both total discon-
tinuity lengths and spacings are shown in Figure 5.
Individual joint set spacings from sections 2, 3 and 4
are presented in Table 4.

Histogram of discontinuity length
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Figure 5. Histogram of discontinuity length.

Table 4. Mean poles of major joint sets and Fisher constants in
east face of Melbur Pit

Spacing
Section Mean Maximum Minimum Standard deviation
1 0.7 2.37 0.15 0.54
2 0.47 1.06 0.11 0.29
3 0.64 1.54 0.24 0.4
4 0.5 1.27 0.07 0.3
Sedramgy
Spacing
Section Mean Maximum Minimum Standard deviation
1 0.91 1.8 0.22 0.47
2 1.31 2.21 0.59 0.53
3 1.12 3.92 0.12 1.1
4 1.07 2.06 0.23 0.57
Spacing
Section Mean Maximum Minimum Standard deviation
1 1.24 2.47 0.46 0.63
2 1.13 2.25 0.44 0.53
3 2.41 5.8 0.26 1.41
4 0.94 1.67 0.34 0.44
Sedguplo
Spacing
Section Mean Maximum Minimum Standard deviation
1 0.84 1.73 0.23 0.39
2 0.68 1.25 0.25 0.33
3 1.67 3.99 0.21 1.25
4 1.69 3.09 0.79 0.62




Measurements of true persistence were exported
directly from Split-FX, shown in Table 5. It can be
seen, traces in section 2 appear to be approximately
twice as long as in the other sections. Upon review-
ing the point clouds data there are two very long in-
dividual traces of 20.8 and 24.41m listed which
skew the data.

Table 5. True trace lengths exported from sections of NE face
of Melbur Pit.

Section Mean true lengths Standard deviation

1 1.83 1.33

4.02 4.6

2.27 2.01

2.50 1.86

w B |Ww

247 2.49

2.4 Kinematic Analysis

Based on the data described above, the preliminary
kinematic analysis which quantifies the likelihood of
plane, wedge and toppling failures was carried out
for the east face of the pit and the results are shown
in Figure 6 (a)-(d) where the pink shaded areas iden-
tify the critical sets or intersections of joint sets for
each failure mode.

Kinematically, the opportunities for both di-
rect/oblique and flexural toppling failures are pre-
dominant with planar and wedge failure being much
less significant. Input data included a slope dip of
70, dip direction of slope of 270° and angle of inter-
nal friction of 30°. As seen in Figure 6(a), plane
failure analysis indicated that of the 796 discontinui-
ties created by fitting patches and traces to the point
cloud, only 15 (1.9%) were deemed critical. Figure
6(b) shows there is a low possibility of wedge fail-
ure with an estimated 4.3% of joint intersections be-
ing classified as critical due to them daylighting in
the slope and the chosen friction angle of 30° ex-
ceeded. For direct toppling, including oblique top-
pling to occur, high angle joints dipping into the
slope face are required plus an intersection with an-
other high angle joint set, to form the vertical slabs.
Of a possible total of 316,180 intersections 5.2%
were critical. For oblique toppling however, 47% of
the intersections were critical. As demonstrated in
Figure 6(d), Set 1 is the most critical joint set for
flexural toppling and this mode of failure is deemed
to be of most importance in slope stability in this
bench area. Pre-split blasting to re-profile parts of
this slope is described in Keverne et. al., 2015.

A 4
D

6 (a) Planar failure 6(b) Wedge failure

I
v,

Y,

4 B | |
. - o Le 1s
- '., - J

% 4
6(c) Direct toppling 6 (d) Flexural toppling
Critical Total %
Direct toppling (intersection) 16451 316180 52
Oblique toppling (intersection) 148110 316180 46.8

Base plane (all) 96 796 12.1

57 63 90.5

Base plane (set 4)

Critical Total %

Flexural toppling (All) 327 796 41.1

Flexural toppling (Set 1) 296 304 97.4

858

Figure 6. Kinematic analysis of East face of Melbur Pit.

3 THERMAL INFRARED IMAGING

Objects at a temperature of less than 500 °C emit
thermal radiation in the infrared spectrum. Thermog-
raphy is a Non-Destructive Testing (NDT) technique
in which temperature changes on the surface of rock
exposures can be used to assess underlying condi-
tions and interior discontinuities in some cases. Ra-
diometric images or thermograms can be generated
by a thermal imager in the infrared (IR) band, rough-
ly 9,000—14,000 nanometers. When rock is loaded,
the thermal infrared radiation of the rock surface
changes.

3.1 Previous studies with

geomechanics

work linking TIR

McHugh and Girard (2002) investigated thermal im-
aging to distinguish geomechanical structure in min-
ing environments. They considered that the differen-
tial cooling as a result of water saturation levels and
flows in wall rocks have the potential to map geo-
logic faults, contacts, and altered zones. Tempera-
tures are greater in high-stress areas than low-stress
areas and according to Liu et al, 2011 tension frac-
tures appear as temperature-decrease anomalies.
They determined that a thermal imager could detect
a loose rock block in a mine tunnel. The same au-
thors presented the results of infrared imaging of a
slope in an opencast mine. Two lower temperature
areas correlated with a compressive zone and a fault
separated by a higher temperature zone between
them. Although this may seem counter-intuitive,
they postulated that fractured rock in the two areas
contained more water so the temperature in the fault
and the compressive zone are lower.



The infrared thermograms obtained by Martino
and Mazzanti (2013) identified positive and negative
anomalies in the temperature variations which corre-
sponded to joint sets and discontinuities within the
face of the slope. Thermal imaging was used in
slope stability analysis and the implications of
ground water in the slope face were assessed by
Zwissler (2013). Due to the instability of the cliffs,
no invasive soil sampling or testing was performed
on the cliffs, however thermal imagery was used in
the assessment of ground water. The FLIR thermal
IR imaging indicated a band of lower temperature
with respect to the temperature of the surrounding
soil, which was associated with moisture (Zwissler
(2013)).

3.2 TIR imaging within china clay pits

The aim was to investigate the changes in tempera-
ture in a bench section of a china clay pit. Data was
collected and images taken during June and July
2014. The thermographic images were created using
a FLIR ThermaCAMm B2. 3-D laser scans obtained
from the same location were merged with both infra-
red and digital photographic images using Cyclone 9
software and Photoshop. To correct the target pit
face temperature, the IR camera software required
inputs for the emissivity of the object, atmospheric
attenuation and temperature, and temperature of the
ambient surroundings. The emissivity value was
standardised at 0.82 for the granite as the surface
was rough and weathered (Danov et al., 2007).
Batch photographs were taken from the same loca-
tion which allowed for an overlay/blending of the
images afterwards. At each site the IR camera set-
tings were altered with an approximate atmospheric
temperature. The majority of the images were stand-
ardised within a temperature range of 8—-19°C based
on measured temperatures of the ambient surround-
ings. Another method of calibration involves meas-
uring the temperature of several points on the
scanned object using a thermocouple. However, in
remote monitoring situations this is not possible.

The IR camera was manually adjusted to focus on
the required slope. The temperature range was also
altered on site to provide a clearer representation of
the slope; however, this was problematic later on in
the process when collating the images due to the in-
fluence of the sun.

3D analysis of thermographs was also achieved
by overlaying the thermal images onto point clouds
of the same bench face position.

3.3 Example results

Figure 7 shows firstly, an example of overlapping
the rectangular thermal images onto a digital photo-
graph and secondly draping the thermal images onto
a 3-D point cloud. The blue areas indicate colder
zones which are postulated to be structures which, at
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some stage of their genesis, have been subject to al-
teration by fluids penetrating along lower stress dis-
continuities in the rock. These may still be conduits
for groundwater flow. The advantage of draping
thermal images over the point cloud is that the orien-
tation of specific discontinuities can then be deter-
mined in Split FX. Several features of interest are
noted on the images in Figure 8, numbered 1, 2 and
3.

1. A sub-horizontal discontinuity coloured blue in
the infrared image, suggesting that moisture also in-
filtrated horizontally at this point.

2. Intersection of two discontinuities is clearly
visible in an area devoid of shadow.

3. Major sub-vertical discontinuities striking per-
pendicular to the face are indicated by dark blue fea-
tures in the infrared images. These correspond to Set
2 (blue) shown in Figure 3. From the mean pole of
this set indicated in the major plane plot in Figure 6
and data in Table 3 the mean pole of this set is orien-
tated at 77°/348°.

Figure 7. (a) 2D thermal overlay on RAW format digital im-
age. (b) Digital RAW format photograph. (c) 3-D manipulation
of thermal image draped over the point cloud. The numbering
on the images represents key areas of interest explained in the
text above.

Figure 7 also demonstrates that surfaces of dis-
continuities that have been subject to alteration have
a different thermal response to unaltered rock faces.
The highly kaolinized zone to the left hand side of
the thermograms in Figure 8(a), indicated by num-
bers 2 and 4, is characterized by dark blue coloured
thermographic imaging indicating the lowest tem-
peratures equating to approximately 8°C. The orien-
tation of this particular highly kaolinized discontinu-
ity surface corresponds to Set 4 (orange) in Figure 3.
In Table 2 the mean orientation of this major joint
set in this section of the bench is seen to be
86°/310°.



Figure 8. (a) Thermal images draped over point cloud of same
position depicted in figures 6 and 10 (b) Raw format digital
image of same exposure aids identification of specific features.

4 CONCLUSIONS

This preliminary study of combined remote methods
produced promising results. The results of 3-D laser
scanning provided input data for kinematic slope
stability analysis. In more conventional scan-line
mapping of a single section carried out by geotech-
nical personnel, a bias occurs in the mapped discon-
tinuity orientation data depending on the orientation
of the scanline, hence it is recommended that three
orthogonal scans be carried out. The effect of scan-
line direction with respect to particular discontinuity
orientations is different for 3-D laser scanning but a
bias still occurs. In order to obtain a more repre-
sentative sample of joint at least two orthogonal fac-
es were scanned in each pit and this will be explored
in a further paper. In addition, for each exposure,
scans were obtained from several different orienta-
tions to reduce occlusion.

For this research patches and traces were fitted
individually in Split-FX rather than automatically.
Images obtained from Terrestrial Infrared (TIR) im-
aging, combined with 3-D laser scans were used to
identify particular joint orientations associated with
alteration/fluid flow. Ideally future work should be
undertaken using a 3-D laser scanner which incorpo-
rates a thermal camera which would avoid any errors
in fitting the digital and laser images together. Zones
where no patches could be fitted to the point cloud
in Split-FX corresponded mostly with the wider kao-
linized zones where the joints have been obliterated
by the process of kaolinization. Using infrared ther-
mal imaging the kaolinized zones in the slope were
not only identifiable due to the low temperature pro-
files but the more precise positions of altered zones
were identifiable within areas covered with superfi-
cial coating of washed out clay. The clear depiction
of vegetation in thermograms is an issue however in
that underlying discontinuities are obscured meaning
that only clean faces can be fully analysed using
thermography.

Kinematic analyses can be carried out using actu-
al slope angles and directions in critical zones rather
than representative values. Orientation of kaolinized
zones can be determined using the combined ther-
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mal IR (TIR) images draped onto the 3-D laser
scans. This research has demonstrated the potential
use of combined remote methods for slope charac-
terization, understanding of groundwater flow and
mineralogical recognition.
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Soil discrimination using an electrical logging method
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ABSTRACT: The Swedish Weight Sounding (SWS) test is widely used as a research method to evaluate the
bearing capacity of residential sites. However, a disadvantage of the SWS test is its inability to determine soil.
We believe it is possible to perform soil determination, (sandy soil or cohesive soil) evaluations using electri-
cal resistivity data obtained from SWS test holes. We found that the electrical logging method of attaching
electrodes to the SWS test hole is effective. The evaluation of the fine fraction content of soil is possible to
obtain using electrical resistivity data from laboratory tests. This data can then be used to complete estimation
equations. In this study, field experiments at ten sites were performed to determine the accuracy of the soil es-

timation equation of the SWS laboratory tests.

1 INTRODUCTION

More than 25,000 houses were affected by liquefac-
tion caused by the Tohoku-Pacific Ocean Earth-
quake, which occurred on March 11,
2011(Wakamatsu 2012 and Yasuda 2012). As a re-
sult, countermeasures against liquefaction and meth-
ods to evaluate liquefaction for detached houses
have been recognized as important challenges, and
the need for remedial construction methods for lig-
uefied ground is increasingly gaining public atten-
tion (Kim and Fujii 2013). A notable issue under
these circumstances is the use of a ground survey
method that allows precise determination of lique-
faction in residential grounds (Shinagawa and Fujii
2015).

As an existing survey method to assess residential
grounds, the Swedish Weight Sounding (SWS) test
is being widely used as a method that is generally
simpler, more economical, and quicker than the
Standard penetration test (SPT). This method has a
history of about 60 years since it was introduced into
Japan from Sweden in 1954, and has become a pop-
ular method to survey residential grounds in the
building industry (Fujii et al. 2002 and AlJ 2008).
The SWS test has been established as a standard
method to survey residential grounds. On the other
hand, a disadvantage of SWS test is inability to de-
termine the nature of the soil and the groundwater
level. The determination of the soil type is based on
the experience of the operator. Information obtained
from the results of the SWS test is insufficient to
evaluate the residential ground (Fujii et al. 1996).
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If it were possible to incorporate a determination of
the soil type by electrical resistivity using SWS test
hoes, a lot of information will be gained. An electri-
cal logging method using electrodes in the SWS test
hole would be ideal. The purpose of this study is in-
tended to clearly determine the classification of soil
by an electrical logging method using a SWS test
hole.

2 PHOTOGRAPHS AND FIGURES

The typical ground survey method used in Japan is
the Standard Penetration Test (SPT). However, SPT
has some problems with its size and cost in the nar-
row residential sites common in Japan. So, SPT is
rarely carried out on the site. The most popular sur-
vey method in residential sites is the Swedish
Weight Sounding (SWS) test. The SWS test is a
very simple and easily obtains information about the
strength of the soil. On the other hand, information
on the particle size of a soil is obtained by the elec-
trical resistivity method. Therefore, combining the
results obtained from SWS test and electrical resis-
tivity is effectively producing the same information
as that obtained from the SPT.

We have previously conducted laboratory tests of
the relationship between the electrical resistivity and
the fine content and we have found that there is a re-
lationship like equation (1) between them (YuanHao
and Fujii 2014). Equation (1) was demonstrated to
be applicable to clay (YuanHao et al. 2015). How-
ever, it has not yet been performed for ground with
sandy soil.
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A: Fine fraction content (%)

Rw: Resistivity of pore water(Q2 * m)
Fo : Rw/Ro

Ro : Resistivity of soil (Q * m)

3 OUTLINE OF EXPERIMENT
3.1 Kinds of tests and location

Three types of tests were performed in this study:
the SPT, SWS test and electrical resistivity. The
tests were conducted at 10 sites, with three test re-
sults being compared at each site. The SPT and the
SWS tests were conducted at a distance of up to 3 m.
The electrical resistivity was performed using the
SWS test hole. Measurement of the electrical resis-
tivity was conducted in a state where the SWS test
hole was filled with ground water.

3.2 Measuring equipment

The equipment used for measuring the electrical re-
sistivity of soil is an automatic SWS testing device
shown in Figure 1. The in—situ measurement elec-
trode is attached to the screw point as shown in Fig-
ure 2. The electrical resistivity was measured for
each depth at 25 cm intervals. The measurement cir-
cuit for the electrical resistivity is shown in Figure 3

Figure 1. Automatic SWS testing device

o [

Current
electrode A

Potential
electrode A
90

Potential
electrode B

Current
electrode B

Unit: mm

Figure 3.Measurement circuit of the electrical resistivity
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and its specifications in Table 1. The rotary con-
nector shown in Figure 4 was used to prevent twist-
ing the electrode conductors as the screw turned.
Transmission of the detection signal between the
turning side (rod side) and the fixed side (cable side)
is carried out by this connector. By this mechanism,
the electrical resistivity is measured with the cable
in a fixed position with respect to the turning of the
rod. The electrode which is used to measure the
electrical resistivity of the ground water in the la-
boratory is part of the commercially available porta-
ble conductivity meter shown in Figure 5. The di-
mension are shown in Figure 6 and its specifications
in Table 2. Ground water was drawn up using the
vessel shown in Figure 7 which was inserted in the
SWS test hole. When ground water floods from the
tip of the vessel, a ball moves to the top. The ball
falls by its own weight with time and close the open-
ing of the tip of the vessel

3.3 Experimental method

The method of measuring electrical resistivity is
shown in Figure 8. In this case, the electrode may be
in contact to the remolded soil with water. Since the
electrical resistivity is measured in the water present
in the SWS test, the application range of this method
is limited to ground water. An actual measurement
situation is shown in Figure 9.
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Figure 2. Electrode for in-situ measurement
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Figure 9. Measurement situation

Table 2. Specifications of Portable conductivity meter
CT-27112B

Model number

Electrical resistivity 0.5Q * m-20KQ * m

measurement range

Electrical resistivity 0.5Q - m-20KQ * m

measurement range

Power-supply DC100V Temperature range 0°C -80C
Temperature range 0°C -50C Humidity range <95RH%
Humidity range <80RH%

4 OUTLINE OF EXPERIMENT

4.1 Test results

Figure 10~19 show the experimental results from
the SPT, SWS and electrical resistivity measure-
ments. From Figures 10 to 19, we can discover the
boundaries between layers based on the change in
the electrical resistivity. If the electrical resistivity is
more than 60Qm, the soil is judged to be mostly
sandy soil. If the electrical resistivity is less than
30Qm it is judged to be mostly cohesive soil. Fig.20
shows the maximum value and minimum value of
the resistivity at each site. Discrimination of sandy
soil or cohesive soil is possible on the based on
Fig.20.

863

4.2 Discussion of the use of equation (1) for the fine
fraction content

When the electrical resistivity of soil and pore water
is known, it is possible to estimate the fine fraction
content of the soil from equation (1). Therefore, we
examined the applicability of equation (1) at these
sites. Figure 20 shows a comparison of the fine frac-
tion content obtained by calculation using equation
(1) and the measured grain size analysis from 10
sites. From Figure 21, we can see that both sets of
values correspond very well with each other. Thus
discrimination of sandy soil or cohesive soil from
Figure 21 is possible.
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Figure 11.Test results in Yanaka
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5 CONCLUSIONS

By combining SWS with electrical resistivity meas-
urement we obtained the following conclusions.
The soil is judged to be mostly sandy soil if the
electrical resistivity of the soil is more than 60
Qm.

The soil is judged to be mostly cohesive soil if
the electrical resistivity of the soil shows less
than 30 Qm.

It is possible to distinguish the borders of the lay-
ers by comparing the results of the electrical re-
sistivity.

Equation (1) is very useful to evaluate the fine
fraction content. Thus it is possible to determine
the soil discrimination, (sandy soil or cohesive
soil).

From the above-mentioned conclusions, we can say
that the combination of the SWS test and the electri-
cal resistivity results can produced the same infor-
mation as the ground features obtained from the
SPT.
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Inversion of effective phase velocity seismic surface wave data by partial
least squares regression

G. Heymann, D.N. Wilke & S. Kok
University of Pretoria, Pretoria, South Africa

ABSTRACT: Inversion of seismic surface wave data is an important stage in the process to obtain the profile
of shear and compression wave velocities of a ground profile. Basic inversion techniques often assume that
Rayleigh waves are propagated by the fundamental mode. For normally dispersive ground profiles this may
be a reasonable assumption, but for inversely dispersive profiles or profiles, with high velocity contrasts,
higher modes will also contribute strongly at high frequencies of excitation. Most inversion strategies for such
profiles require that the phase velocity be propagated at one dominant mode at any given frequency of interest
with a clear discontinuity when the phase velocity moves from one mode to the next. In practice this may
sometimes be achieved by employing a large number of geophones, but for complex profiles the number of
geophones needed may be impractical. For such profiles, using the number of geophones typical for surface
wave testing, the effective phase velocity will be measured where mode superposition occurs with a gradual
transition from one mode to the next. Inversion of such data is not possible with conventional techniques, as
each mode can not be identified separately and requires the effective phase velocity dispersion data to be in-
verted directly. This paper proposes a partial least square regression strategy for the inversion of effective
phase velocity dispersion data.

1 INTRODUCTION of the dispersion data is required to construct a pro-

file of seismic wave velocity with depth. Most ana-
Seismic surface wave testing has become popular  lytical techniques used for inversion of dispersion
for geotechnical site characterization (eg. Foti et al. ~ data assume that the energy is propagated by dis-
2015, Stokoe et al. 2004). These tests are relatively  crete modes, be it the fundamental mode only, or the

fast to perform, cost effective and non-invasive.  fundamental mode together with other discrete
Numerous active surface wave tests have been de-  higher modes. This is only true for very long geo-
veloped where an active seismic source is used such ~ phone arrays placed sufficiently far from the seismic
as a vibrator, sledge hammer or explosive source.  source. For typical active surface wave testing this is

Active tests include CSW - continuous surface wave  often not the case and mode superposition occurs in
test (e.g. Matthews et al. 1996), SASW - spectral ~ which case the effective phase velocity is measured.
analysis of surface waves (e.g. Stokoe et al. 1994)  The continuous surface wave test has the advantages
and MASW - multichannel analysis of surface  of using a vibrator (Heymann 2013), which allows
waves (e.g. Park et al. 1999). In addition a number  good quality control in the field and a short geo-
of passive surface wave techniques have been de-  phone array. Foti et al. 2015 noted that with a short
veloped which uses background vibration as seismic ~ geophone array there is less risk of insufficient sig-
source. Passive tests typically target low frequencies  nal to noise ratio, high frequency attenuation and
and therefore allow characterisation of deep layers  spatial aliasing as well as lateral variations of the
and are often used to complement active surface  soil properties. However when using a short geo-
wave tests. Passive tests include SPAC - spatial  phone array it is likely that the effective phase ve-
autocorrelation (Aki 1957) which uses regularly  locity will be measured and not discrete modes as
shaped geophone arrays such as L-shaped, T-shaped,  often assumed by inversion algorithms. Robust tech-

circular or triangular and ReMi - Refraction Mi-  niques for inversion of effective phase velocity are
crotremors (Louie 2001) which uses linear geophone  therefore required.
arrays. It is well known that surface wave inversion is

The dispersion data lies central to surface wave  ill-posed. Various least squares inversion strategies
testing, and it is measured experimentally. Inversion ~ have been proposed and additional information can
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be incorporated to alleviate the ill-posed nature of
the problem (Rix 2005). Least squares strategies re-
quire the minimisation of the least squares error in
experimental and modelled response, by changing
the soil profile characteristics. Alternatively, the
maximum deviation from the reference response can
be minimised using a minimum-maximum formula-
tion.

In this study an alternative approach is consider
to characterise soil profiles by directly mapping the
effective phase velocity to the soil properties. A map
is first constructed by conducting a number of inde-
pendent analyses to compute the effective phase ve-
locity for randomly chosen soil profiles. These runs
are then used to correlate information between the
effective phase velocity and soil characteristics to
obtain a lower dimensional description of the simu-
lated data. Linear regression is applied to the lower
dimensional description of the effective phase veloc-
ity to the lower dimensional description of the soil
characteristics. Once the direct mapping has been
done, the inversion of experimental field data is
much faster than conventional inversion techniques.

There are practical benefits for fast direct inverse
approaches, as opposed to the conventional minimi-
sation approach as statistical quantification of the ill-
posed nature of the problem is computationally effi-
cient. This may be used to create technology that al-
lows the sufficiency of the experimental measure-
ments to be statistically evaluated in real-time in the
field.

In this study we conduct a simulated experiment
to quantify the accuracy, robustness and degree of
ill-posedness of the problem as well as the suitabil-
ity of a partial least squares regression strategy.

2 FORMULATION OF THE PROBLEM

Typical geotechnical experiments measure seismic
surface wave phase velocity at specific frequencies.
A soil characterisation inverse analysis aims to iden-
tify the soil layer characteristics that match a model
dispersion curve to the experimentally measured
data. The construction of the dispersion curve re-
quires the phase velocity - frequency relationship of
every mode, which requires the roots of the secular
function to be computed at every experimentally
measured frequency.

The dispersion curve is numerically computed by
finding the roots of the secular function to give the
dispersion modes. The dispersion curve is then com-
puted as the combined participation of the various
modes (Rix 2005). To compute the modes, an analy-
sis tool mat disperse, was used to compute the
roots of the secular Rayleigh function. The secular
Rayleigh function S for waves, requires the compu-
tation of roots for a specific wave number £ and fre-

quency f.
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The secular function S has the following form:

Sk, f)= det(E(k, 1))

glk, f)

where E is a 2 by 2 matrix and g is a scalar function.
The secular function is a complex function that takes
real inputs. The complex modulus can be computed
by computing the magnitude of the complex func-
tion, often referred to as the absolute value of a
complex number. A Matlab or Octave implementa-
tion of the secular function is freely available (Rix
2005), and defined in the user defined function
secular.m. However, computing the roots may
prove challenging especially for inversely dispersive
profiles (Wilke et al. 2014). We opted to compute
the dispersion modes using Dinver (Wathelet et al.
2004) and mat disperse to compute the effective
phase velocity.

A virtual experiment was conducted in which a
target soil profile was chosen and the reference soil
profile computed using the Matlab analysis tool
mat disperse. As the root finding can be chal-
lenging and often fails to find all the modes or com-
plete modes, an a priori analyses was conducted to
give N observations. These observations were used
to construct radial basis interpolation fields.

A soil profile typically has four independent un-
knowns namely the shear wave velocity (V;), com-
pression wave velocity (7)), density (p) and thick-
ness (). In the virtual experiment it was assumed
that each layer only has two unknowns; shear wave
velocity, and thickness. The density was assumed to
be known and the Poisson's ratio, which relates
compression wave velocity to shear wave velocity,
was also assumed to be known. The aim of the vir-
tual experiment was to estimate the shear wave ve-
locity profile for three soil layers from the effective
phase velocity dispersion curve.

(1)

2.1 Partial least squares regression

Before the partial least squares regression can be
constructed it is necessary to first use known soil
characteristics and obtain the effective Rayleigh
phase velocities. Dinver (Wathelet et al. 2004) was
used to calculate the first seven discrete modes and
mat disperse to compute the effective phase ve-
locity. The shear wave velocities were taken to
range between 200 m/s and 600 m/s and the soil
layer thicknesses for the upper two layers were cho-
sen to range between 1 m and 20 m with the third
layer infinitely thick. A Latin Hypercube was con-
structed for 1000 soil profiles Y. These profiles were
then analysed in parallel as they are completely in-
dependent, to obtain the effective phase velocity X.
Dinver was only able to successfully compute the
dispersion modes for 556 of the 1000 profiles.



The partial least squares regression is constructed
as follows:

1. Both X and Y are normalised as z-scores i.e. the
data sets have zero mean and is divided by their

standard deviation.

2. The user chooses the number of latent variables
(modes) M.

3.8etX;=Xand Y; =Y.

4. Solve the optimisation problem in which the co-
variance is maximized as follows:

rrlngcov(Xlwl,Yl), subject to w, w, =1 ()

5. Compute X, =X, —tp,

min|X, ~tp"|", with ¢, = Xw, 3)
' Xiw

6. Compute Y, =Y, —tc/

minl¥, —t.¢"[". “

7. Repeat steps 4 - 6 using X; and Y, for k=2, 3,.M

8. Construct T that consists of t;, W that consists of
w;, P that consists of p; and C that consists of c.

9. For linear regression xf, the regression coeffi-
cients #=W(T'XW)'T'y.

The procedure outlined above is packaged in
Matlab under the function plsregress. This al-
lows for the efficient and convenient construction of
inverse maps.

The only unknown parameter is the number of
components to use in the partial least squares regres-
sion.

Computing the mean difference between the de-
sired profile and the simulated profiles ranks the
data points. We used responses that had the lowest
difference. The number of points depends on the
number of components and we used 4 times the
number of components as the number of points used
in the partial least squares regression. The reason is
that partial least squares regression is a linear map
and therefore not very flexible and by focussing the
data around the solution a more accurate specialised
map is obtained as opposed to an inaccurate generic
map.
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3 NUMERICAL EXPERIMENT

The soil profile investigated in the numerical ex-
periment is shown in Table 1, with the Rayleigh
modes and effective phase velocity depicted in Fig-
ure 1. Dinver was used to compute the fundamen-
tal modes and mat disperse is used to compute
the effective phase velocity.

Table 1. Initial profile parameters.

Thickness Vs Vp Density
m m/s m/s kg/m’

5 350 600 1800

10 400 700 1800

© 450 800 1800

450r

4007,

3501

Phase veloeity (m/s)

300

100 150
Frequency (Hz)

Figure 1. Rayleigh modes and effective phase velocity for the
soil profile.

The sampled frequencies were 1; 3; 5; 7; 9; 12; 15;
18; 22; 26; 30; 34; 38; 42; 46; 50; 55; 60; 65; 70; 80;
90; 100; 125; 150 Hz. A short geophone array of
five geophones with spacing 0.75m, typical of con-
tinuous surface wave (CSW) testing, were used with
the geophones located at 1.5; 2.25; 3; 3.75 and 4.5
metres from the source to compute the effective
phase velocity.

1000 independent simulations were conducted us-
ing Latin Hypercube sampling assuming the shear
wave velocity to range between 200 m/s and 600
m/s and the soil layer thicknesses between 1 m and
20 m. Dinver was able to solve only 556 of the pro-
files. Figure 2 shows every tenth response as well as
the effective phase velocity we aim to recover as a
solid line. In addition Figure 3 depicts the variation
of each variable as a box and whisker plot, with a
range of one standard deviation and mean of 0.5 to-
gether with the solution we aim to recover.

Three simulated experiments were conducted:

1. Recover only shear wave velocity, given the rest
of the profile.

2. Recover only thickness, given the rest of the pro-
file.

3. Recover both shear wave velocity and thickness.

The aim of experiment 1 was to recover the shear
wave velocity for each layer. Poisson's ratio is as-
sumed to be known to compute the compression
wave velocity. The layer thickness as well as the
density (1800kg/m®) was assumed to be known.
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Figure 2. Response samples generated.

For experiment 2 all the soil parameters were as-
sumed to be known except the thickness of layer 1
and layer 2. Table 3 shows the thickness recovered
and Figure 5 shows the effective phase velocities.

Table 3. Recovered thickness.

1.1

l l l l l
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0.6
0.5
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0.2
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Figure 3. Variation of each variable for the generated samples.

Table 2 shows the shear wave velocity recovered
from experiment 1 and Figure 4 shows the effective
phase velocities for using 1 to 5 components in the
partial least squares regression.

Table 2. Recovered shear wave velocity.

Components Vs 1 Vs2 Vs
m/s m/s m/s

1 348.27 416.82 443.48

2 348.04 403.70 446.88

3 348.50 404.21 451.10

4 349.17 403.21 451.51

5 348.79 403.86 449.82

Solution 350 400 450
2 400
E % + 1 Component
2380 \ e 2 Components
§ ? = 3 Components
£360r % v 4 Components
% % = 5 Components
2 340F Ty
o ¥,
0 F e AR S
5320 I S—
=30 50 100 150

Frequency (Hz)

Figure 4. Response from the estimated shear wave velocities.

Components Thickness 1 Thickness 2
m m

1 4.81 9.97

2 4.84 9.92

3 4.83 10.69

4 4.83 10.93

5 4.86 11.10

Solution 5 10
2400
g -1 Component
£380r + 2 Components
2 > 3 Components
2 360 = 4 Components
;% 3401 &‘s <5 Componentsi
[} 8
E 3200 M
2
=30 50 100 150

Frequency (Hz)

Figure 5. Response from the estimated layer thicknesses.

The aim with virtual experiment 3 was to recover
the layer thickness for the top two layers and the
shear wave velocity for all three layers. Poisson's ra-
tio was assumed to be known to compute the com-
pression wave velocity and the density was assumed
to be known and taken as 1800kg/m’. Table 4 shows
the recovered layer thicknesses and shear wave ve-
locities and Figure 6 show the effective phase ve-
locities using 1 to 5 components in the partial least
squares regression

Table 4. Recovered shear wave velocity and thickness.

Comp Vsl Vs2 Vsoo Thick 1 Thick 2
m/s m/s m/s m m

1 350.95 401.62 441.08 5.31 15.92
2 347.32 389.45 443.60 5.71 10.66
3 345.48 414.92 446.53 7.40 11.15
4 344.19 439.04 413.33 4.96 8.04
5 351.74 445.72 430.57 7.36 13.80
Solution 350 400 450 5 10

% 4007

£ + 1 Component

£°380H ¢ 2 Components

;é i « 3 Components

2 360+ = 4 Components

% a 5 Components

= 340

Py

£ 3200

w30 50 100 150

Frequency (Hz)

Figure 6. Response from the estimated shear wave velocities
and layer thicknesses.



4 DISCUSSION

The main advantage to use the direct mapping in-
verse approach is the time required for the inversion
analysis. Once the map has been constructed, the in-
version analysis to find the ground profile which
best fits the measured dispersion data, takes about
17 micro seconds using a 2.4 GHz Intel Core i5
processor. Using a conventional inversion analysis
approach typically takes a few minutes using the
same processor. Such fast inversion analysis may al-
low technology to be developed which allow inver-
sion to be conducted in the field.

Table 5 shows the results for experiment 1 which
attempted to recover the shear wave velocities for
the three layer model. The shear wave velocities re-
covered by the inversion analysis were within ap-
proximately 1% of the true value for all layers if
more than two components are used for the least
squares regression. Figure 4 show that the calculated
effective phase velocities closely matched the true
effective phase velocity of the ground profile.

Table 5. Error in recovered shear wave velocity.

Components Vs 1 Vs 2 Vsoo
% % %

1 -0.49 4.21 -1.45

2 -0.56 0.93 -0.69

3 -0.43 1.05 0.25

4 -0.24 0.80 0.34

5 -0.34 0.97 -0.04

The error of the recovered layer thicknesses for vir-
tual experiment 2 are shown in Table 6. The layer
thickness recovered by the least squares regression
for layer 1 was within 4% of the true layer thickness,
but for layer 2 it was 11%. This appears to suggest
that the accuracy with which layer thickness can be
determined is less than the accuracy with which
shear wave velocity can be determined. In addition
the accuracy appears to be better for shallow layers.
No advantage is evident for increasing the number
of components of the least squares regression.

Table 6. Error in recovered layer thickness.

Components Thickness 1 Thickness 2
% %

1 -3.66 -0.28

2 -3.12 -0.73

3 -3.33 6.97

4 -3.25 9.30

5 -2.65 11.03

Table 7 shows the error when attempting to simulta-
neously recover both shear wave velocity and layer
thickness. It may be observed that the accuracy is
worse in both cases compared with attempting to re-
cover only shear wave velocity or layer thickness.
The accuracy with which the shear wave velocity
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was recovered was 11% as opposed to 1% when the
layer thicknesses were known. The accuracy with
which the layer thicknesses were recovery reduced
to approximately 60% compared with 11% when the
shear wave velocities were known. Again, no advan-
tage is evident for increasing the number of compo-
nents of the least squares regression.

Figure 6 shows the effective phase velocities
when both the layer thickness and wave velocity is
recovered. It indicates that the scatter of the calcu-
lated wave velocities are significantly more than
when either the layer thickness is known (Figure 4),
or shear wave velocity is know (Figure 5).

Table 7. Error in recovered shear wave velocity and thickness.

Comp Vsl Vs2 Vsoo Thick 1 Thick 2
% % % % %

1 0.27 0.41 -1.98 6.27 59.21

2 -0.76 -2.64 -1.42 14.25 6.65

3 -1.29 3.73 -0.77 48.10 11.56

4 -1.66 9.76 -8.15 -0.67 -19.51

5 0.50 11.43 -4.32 47.26 38.09

5 CONCLUSIONS

A number of conclusions may be drawn from the in-
version of effective phase velocity seismic surface
wave data by partial least squares regression. The
technique applies a direct mapping inverse approach
and once the map has been constructed the inversion
analysis to find the ground profile which best fits
measured dispersion data is significantly faster than
conventional inversion techniques.

The results suggest that if a priori information is
available regarding the thickness of the soil layers
for a given profile, the shear wave velocity of the
layers may be computed with a high degree of accu-
racy. However, simultaneous inversion of both layer
thickness and shear wave velocity reduces the com-
putational accuracy.

The efficiency with which the inverse analysis
can be computed using the direct inverse map, will
allow the variation of the recovered ground profile
parameters to be quantified statistically.
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Use of GPR on two sites with voids to enable safer work and
targeted probing

C.G.C. Hughes & K.J. Read
Opus International Consultants Ltd, Auckland Office, New Zealand.

M. Watson
ScanTec Ltd, Whangarei Office, New Zealand.

ABSTRACT: In this paper we describe two case studies where a combination of geophysics and ‘convention-
al’ geotechnical techniques was used to characterise the sites for risk associated with voids in near surface
soils that could potentially collapse. One is a former mine site where collapse of mineshaft back fill has
occurred. Before intrusive investigations were carried out desk studies highlighted the possibility of other
shafts on the site and voids below demolition rubble. In order to assess the potential risk from these an initial
Ground Pene-trating Radar (GPR) survey was carried out and possible voids identified. This enabled targeted
ground inves-tigation and safe siting of plant and workers. The second case is an electricity substation where
‘tomos’, (shal-low and potentially large voids created by piping erosion in pumice rich sands) were suspected.
To improve the likelihood of striking a tomo in a borehole, reduce the risk of provoking an unexpected
collapse and of striking buried services, a GPR survey was first carried out. In both cases further intrusive
investigation is necessary to locate voids but this has potential for collapse, threatening the health and safety
of site users and those carrying out investigation(s). By firstly characterising these sites through desk studies
and GPR, we could carry out fu-ture works more safely and optimise our intrusive investigation.

1 INTRODUCTION shaft has been exposed. The shaft cover collapsed
sometime in 2014, causing the shaft to become ex-
posed at ground level. In order to protect the public
in the immediate and short term the site was cor-
doned off using safety fencing to prohibit site access.

Investigations to determine the size and location of
underground voids present a number of health and
safety and remediation challenges for engineering
consultants. The characterisation of sites with the
potential risk of void collapse needs to be properly
managed in order to maintain the health and safety of
both the site users and those carrying out the ground
investigations.

The purpose of this paper is to discuss two sites
where the potential for void collapse was identified
early in the preliminary geotechnical appraisals of
these projects. These sites were then investigated us-
ing GPR, to characterise them ahead of conventional
intrusive investigative works. This approach assisted
us in optimising the scope and location of the intru-
sive investigations as well as assisting with our health
and safety planning.

2 Image: Courtesy LINZ Creative
Commons 3.0

> =7
8 Thames Mineshaft
Location

2 CASE STUDY 1: MINE SHAFT SITE -
THAMES Figure 1. Site location, Bella Street, Thames

2.1 Background and site inspection

Case study 1 is a site in an urban area of Thames,
North Island, New Zealand (Fig. 1) where a mine
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Figure 2. Photograph of mine shaft

At the time of inspection the exposed unlined
shaft was approximately 4m to 5m long, 2m to 3m
wide and broadly rectangular in shape (Fig. 2).
There was a tension crack close to one edge of the
shaft and groundwater was present in the shaft at ap-
proximately 3m to 4m depth below existing ground
level (m begl). There were two smaller (approx.
1.5m to 2m diameter) circular depressions located to
the south of the shaft. The ground surface to north
of the large shaft was hummocky and appeared to
have been disturbed.

Following the inspection, we then scoped and car-
ried out a desk study, followed by a GPR survey of
the site in order to help characterise the site and to
confirm if the circular depressions and hummocky
ground on site might reflect possible voids.

2.2 Desk Study

From review of the published geological information
for the site (Edbrooke, 2001 and Fraser, 1910) the
site was indicated to be underlain by igneous rock
comprising andesite and dacite intrusives, lava flows,
volcaniclastites and volcanic epiclastites, with exten-
sive hydrothermal alteration. The mine shaft on site
was identified by the geological information as the
‘Bird in Hand Shaft Site’ (Fig. 3 and 4). The cross
section clearly labels the ‘Bird In Hand N° 2 Shaft’.

The shaft was completed in 1874, to about 70m
depth, and work in the mine is thought to have
ceased in 1914, and a cap placed over the shaft at
that time (Barker, 2014). A house was constructed
on site sometime post-mining and prior to 1916.
That house is thought to have burned down in the
mid 1980’s, with demolition occurring in 1987.
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Bella Street The Bird In Hand
Shaft Site

THAMES
Figure 3. Geological map information extract (C Fraser 2010)
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Figure 4. Geological information extract, cross section (C Fra-

ser 2010)

2.3 Ground Penetrating Radar Survey

After the Desk Study, GPR was carried out at the
site. Health and safety measures included a require-
ment for all staff working on site to be appropriately
tethered.

The GPR survey identified diffraction anomalies
at five locations on the site which may be cavities.
The locations of these (labelled A to E) are shown on
Figure 5. Locations B to E are previously unidenti-
fied potential hazards.
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Figure 5. GPR results and anomalies A to E (Image from
Scantech report — source Google Earth)

There was signal character, attenuation and linear
reflections in the GPR data at about 4m depth
(Fig. 6).
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Key:
A = Main Shaft (Bird in
Hand number 2)

B and C = Group of small
potential shallow cavities
(0.5m to 1m depth).

D — Isolated, deep potential
cavity (6-7m depth).

E — Isolated small potential
cavity at 4m depth (4m

We suspect that this may be the interface between
soil / rock layers but it may also be the groundwater
level. Equally this interface may be that between dis-
turbed ground/fill and weathered andesite, or the in-
terface between weathered and less weathered ande-
site. From our inspection of the shaft sides we could
not determine which was the case

With respect to the anomalies B to E, there may
be a number of possible causes for these, including:

1 Mining related features — localised contrast be-
tween rock/mining waste/fill/soils, buried equip-
ment in the fill around the main shaft, unrecorded
air/exploratory drive shafts, mining subsidence or
partial collapse of mining related voids.

Ancillary surface features - Unrecorded struc-
tures around the mine shaft relating to the former
mining activities, such as huts / sheds, railway sid-
ings. Foundations to the former residential dwell-
ing and associated underground services. Possible
water well for the residential property.

Some gravitational survey was also performed at
this site. The gravitational survey indicated a
local-ised disturbance in the gravitational field in the
vicini-ty of the ‘Bird in Hand N° 2 Shaft’, but did
not indi-cate the presence of cavities in the
anomalies B to E.

This would / may suggest that GPR is a more ef-
fective method of identifying cavities than
gravita-tional survey in these type of ground
conditions.



2.4 Health and safety / investigation scoping

Following the methodology set out in the CIRIA
guidance (Healey et al. 2002) and in the absence of
site specific data we estimated the extent of the po-
tential subsidence zone that could form from collapse
of the ‘Bird In Hand N° 2 Shaft’. The calculated
horizontal distance from the edge of the shaft to the
edge of a potential crater was approximately 6m
(Fig. 5). There is also a risk of shaft side collapse
within the rock portion which we suspect may be
from below 4m depth. However, on balance, and
bearing in mind the shaft appears to be backfilled to
approximately 8m begl we consider collapse of the
rock portion to be lower risk compared to collapse
within the upper more weathered soil part.

The GPR survey assisted us greatly in scoping out
a phased intrusive investigation of locations we may
not otherwise have considered high risk and for set-
ting out the requirements for health and safety. The
scope of the next phase includes:

1 Test pits using a long reach mechanical excavator
to investigate the anomalies B to E. The pits will
be progressed after carefully inspecting and re-
moving the topsoil and upper 0.5m to 1m of soils
across each of the zones with the excavator posi-
tioned a safe distance outside of the anomalies.

If no obvious features are found we will reduce
the excavator bucket size to approximately
600mm and excavate a conventional test pit as
deep as safely possible (~4m) in order to investi-
gate the deeper soil zones.

All staff will be harnessed and tethered to a fixed
point.

A protocol in the health and safety plan will be
used to guide staff on the actions to be taken in
the unlikely event that a void collapse occurs and
is required to be made safe.

CASE STUDY 2: ELECTRICITY
SUBSTATION SITE - EDGECUMBE, BAY OF
PLENTY

3.1 Background

Case study 2 is an electricity substation site located
in Edgecumbe, North Island, New Zealand (Fig. 7).

Opus were engaged by the client to carry out a
site inspection and provide recommendations to in-
vestigate holes (tomos) that had appeared within the
substation grounds.

The site is located on a low lying flood plain ap-
proximately 80m east of the Rangitaiki River.
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Figure 7. Site location

3.2 Initial site walkover / on site testing

A site walkover and-on site testing comprising two
hand augers and Scala tests was carried out. The
aim of the walkover and initial testing was to assess
the immediate risk to the substation components.

Figure 8. Tomo 2

We noted two key areas where tomos had formed
on site and where surface expression of voids was
evident. The first area (Tomo 1) was a broadly cir-
cular hole in the gravel surface roughly 0.7m diame-
ter and 0.3m deep. The ground around the hole ap-
peared to be within a slight depression of
approximately 2.5m diameter. There was silt build
up around the location of the tomo that was thought
at the time of the visit to be indicative of surface wa-
ter ponding around this area. The second area refer-
enced Tomo 2 (Fig. 8) was roughly oval in shape and
0.9m long by 0.5m wide. The void extended laterally
(below ground level) by up to approximately 1.5m.
There were similar tomos located around supply
poles within the open grass land west of the substa-
tion.



Original stopbank flood
Substation site

Buttress and drain in-

protection stalled post 2000 Passible hole appeared
Extrama Fence Extreme on station site as redict
feature
Flood Level Flood Level
ik, N~ %
Mewrmal R.ulgil.liki// Silt E:"q Marmal .:ngil.:lik_i/‘/ Silt r @ (Q
River level Sand c E ) (D River level Sand ° C J ¥ (\:j
F/ e Pt
Pre-Dralnage Sand Post-Drainage  Sand
Works Works

Figure 9. Site characterisation and concept ground model for tomo formation

From our discussions with the substation staff we
determined that Tomo 1 appeared around March
2013, whilst Tomo 2 appeared around June/July
2013.

Gravel is present from ground level to between
0.25m and 0.35m across the substation site. Loose
grey brown fine to medium sand / soft sandy silt was
identified in the area of the tomos to a depth of
around 2.5m. The sands are rich in pumice, easily
erodible and prone to piping. The sand / silt soils are
underlain by a peaty (20% to 50% organics) dark
brown soft silt to a depth of between 2.70m and
3.1m depth below ground level.

The peat component of the soil is amorphous to
fibrous. Below the peat is a medium dense light
brown medium to coarse pumiceous sand. The auger
holes all refused within this material.

3.3 Desk study and concept ground model

From our review of the published geological map
(Leonard et al. 2010), the site was indicated to be
underlain by recent swamp deposits comprising dark
brown to black peat, organic rich muds, silt and sand.
The Edgecumbe Fault is located approximately 14km
to the east of the site.

The site lies on a flood plain next to the Rangitaiki
River. The river is constrained by stop bank flood
protection bunds and there is a history during flood
events of piping erosion through the pumice sands
causing flooding, sand boils and tomo formation on
the downstream sides of the bunds. In 2000 substan-
tial improvement works comprising toe bunds and
drainage measures were constructed adjacent to the
banks to protect the surrounding land (Fig. 9).
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The desk study found historical evidence of tomos
occurring outside the sub-station site during pre-
2000 flood events but there was no correlation be-
tween the tomos observed on site and any recent
flood events.

3.4 GPR survey

A GPR survey was carried out to assess the possible
presence of further sub-surface voids (tomos) on the
site. Carrying out a GPR survey in the substation
environment was challenging; however despite inter-
ference patterns from the substation metal structures
and electromagnetic noise fields a number of possible
features were identified from the GPR data. These
included earthing cables, underground services, lay-
ering in sediments, paleo-channels, possible rock
blocks and possible cavities.

No significant large cavities (of size greater than
2m) were interpreted from the GPR data. However,
a number of features or anomalies (Fig. 10) that
could comprise voids or other features such as boul-
ders or paleo-channels were identified.  Paleo-
channels are old river or tributary channels that have
since been buried or in-filled by sediment from the
natural meandering of the river.

The GPR survey also identified a lot of small fea-
tures that have the characteristics of cavities but
could also be natural features within the sediment.
Many of these features were indicated to be present
within the upper 1m to 2m and be of possibly 200mm
to 300mm in size.

The GPR aided development of a more complex
ground model for the site including buried ‘natural’
channels and possible flow paths in service trenches
both of which may promote rapid and/or concentrat-
ed groundwater flows leading to piping of the pum-
ice sands and tomo formation.



Possible cavities / rock boulders within
paleochanne!

Possible small cavities or earthing cables

Metres

Possible Paleochannel

Figure 10. GPR Data and further site characterisation

4 CONCLUSIONS

At the time of preparing this paper further intrusive
works for both the case studies discussed had not yet
been carried out.

However, the walkover/desk studies in conjunc-
tion with the GPR surveys have allowed us to scope
and optimise the positions of the proposed intrusive
works to improve the likelihood of striking voids at
these sensitive sites and aided development of appro-
priate ground models. This approach also allowed us
to mitigate health and safety risks at these sites for
both the site users and those carrying out intrusive
investigations.
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ABSTRACT: Karst features have caused serious problems in many engineering projects because of their per-
meability and high leakage potential; a clear example is Lar Dam, 84 km northeast of Tehran in which normal
water level has never been reached since the filling of its reservoir in 1980. Sometimes conventional methods
of studying karst features (e.g., borings and sampling) fail to precisely reveal their underground structure and
this may result in inaccurate design, extensive leakage and creation of sinkholes. In the present paper, an un-
der-study dam site in Lajamgir, Zanjan province, northern Iran is investigated. Ground observations indicated
the possibility of presence of Karst caves while borings showed no such feature. Detailed studies by means of
geoelectrical (Electrical Resistivity Tomography, ERT) and geo-radar (Ground Penetrating Radar, GPR) tests
demonstrated what was claimed by site observations and proved that a simple group of geophysical tests can
effectively help reveal the general condition of underground karst caves which can be followed by a set of
dense borings to assess the details.

| INTRODUCTION Frodps is measurgd and the e?le'ctrical resistivity' (qr
its inverse electrical conductivity) of the subsoil is
obtained. The electrical resistivity of the geomateri-
Karst features are mainly formed in limestone and  als can give a reasonable insight into their mechani-
other dissolvable lithological units and they cover  cal properties and is used to recognize different rock
approximately 33% of the earth’s surface (Mila-  and soil formations, including the presence of caves
novic, 1981). Surface karst features are distinguished  and discontinuities. Various types of arrays are in-
through geomorphologic maps, whereas, under-  troduced for the purpose of geoelectrical testing in-
ground features are extended from the uppermost  cluding Wenner, Schlumberger, and dipole—dipole
layers of the ground surface to great depths and are ~ (Zhou et al, 2002).
not easily discoverable. Thickness of the under- GPR has also been widely applied to locate karst
ground features varies normally from a few decime-  features (Robert and de Bosset, 1994; Grandjean and
ters to tens of meters (Klimchouk, 1996). Leakage is Gourry, 1996; Freeland et al, 1998; Doolittle and
one of the main problems associated with cavities  Collins, 1998; Cunningham, 2004; Kofman et al,
and gaps formed in karstic zones. Recurring drain-  2006). It takes advantage of electromagnetic pulses
age in the foundation of dams result in their mal-  that are produced by an antenna and received by an-
function as water storage structures, therefore, a  other one which detects the changes in the dielectric
thorough survey is needed in the primary phase in-  permittivity of the subsoil. The method typically in-

vestigations of any dam to avoid such problems. volves a systematic moving of both the generating
Geophysical techniques have proven to be very  and the receiving antenna in parallel lines in a way
useful to engineers and geologists in order to identi-  to entirely cover the surveying area. In the present

fy anomalies related to underground cavities and  paper, both ERT and GPR tests have used to detect
gaps and have developed recently. Among the most  the underground karst features at Lajamgir Dam site
favored geophysical tests used for this purpose, one  in Zanjan Province in northern part of Iran. Results
can name electrical resistivity tomography (ERT) or  obtained by both methods are presented followed by
geoelectrical imaging and an electromagnetic survey  a discussion on the effectiveness and accuracy of ge-
referred to as GPR (Ground Penetrating Radar) or  ophysical tests as non-invasive investigations for de-
geo-radar test. In ERT method, electrical current is  tection of underground karst caves.

applied into the soil by means of two electrodes. The

electrical potential generated in another pair of elec
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2 GEOLOGICAL SETTINGS

Lajamgir Dam is an under-study embankment dam
located about 60 km west of the City of Zanjan in
the Zanjan Province of Iran. The dam is planned to
be constructed on the Lajamgir River, one of the
main tributaries of Ghezel-Ozan River in a drainage
basin with very high flooding potential. The study
area is located in the Western Alborz-Azarbaijan
structural zone with outcrops of sedimentary se-
quences from Oligo-Miocene to Miocene. The most
important lithological units in the dam site include
(old to new): (1) lower marl unit, (2) lower marly
limestone unit, (3) middle marl unit, (4) upper lime-
stone unit, (5) upper marl unit, (6) gypsiferous marl
unit, (7) quaternary alluvial deposits. The upper
limestone unit is underlain by a marl unit, has a
thickness of 30-40 meters and is outcropped at the
dam axis (Figure 1). As shown in Figure 1, this unit
contains several dissolved karst caves and has a
great potential for leakage. As a consequence, sever-
al geoelectrical and georadar tests were planned to
be conducted on the axis of dam, on the river stream
route and on the abutments of the dam. Figure 2
demonstrates the geological section of the dam
foundation based on previous geotechnical investi-
gations. It is clearly shown that sequences of lime-
stone and marly limestone exists under the axis of
the dam, proving the necessity of further under-
ground investigations to locate any cavities and gaps
and consider required measures to prevent leakage
from the foundation and abutments.

3 FIELD INVESTIGATIONS

A total of 23 georadar arrays and 9 geoelectrical ar-
rays (1 Schlumberger and 8 dipole-dipole) were

Figure 1. Limestone outcropping on the axis of Lajamgir Dam
(large dissolved karst caves)

Coarse-grained alluvium

.

Residual Soils

Marly limestone
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Figure 2. Geological section of the dam foundation under the axis

designed on the axis of dam, on the river stream
route and on the abutments of the dam as depicted in
Figure 3.These investigations were concentrated
mainly in locations where the possibility of the pres-
ence of underground karst features was the most. In
order to improve the effectiveness and efficiency of
the georadar method, multiple arrays were planned
and performed in which the distance between the
emitter and the receiver is varied.

In the dam site under study, the Schlumberger ar-
ray for geoelectrical testing was feasible only on the
river bed (array No. 10). A total number of 12 verti-
cal sockets were placed at every 25 meters, perpen-
dicular to the dam axis. The achieved processed sec-
tion is shown in Figure 4(a). Anomalies which may
be attributed to the dissolving karst caves are shown
in circles. However, for a more accurate assessment,
these anomalies should be compared to those
achieved by georadar tests. The sections obtained by
dipole-dipole arrays were also processed and two
sections are shown as examples in figures 4(b) and
4(c). Lithological units, fractures and anomalies
(marked with circles) can be seen through these sec-
tions.

Figure 3. Location of geophysical arrays at the dam site, georadar
arrays (L01-L23), geoelectrical arrays, dipole-dipole (1-9) and
Schlumberger (10).
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Figure 4. Typical results obtained by geoelectrical tests and Georadar tests; (a) Schlumberger array No.10, (b) dipole-dipole array
No.25, (c) dipole-dipole array No.26, (d) georadar array No.L17.
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Figure 5. Location of geophysical arrays at the dam site and
the observed anomalies (shown in circles)

By comparing figures 4(b) and 4(c), it is observed
that at the intersection of arrays No.25 and 26, an
anomaly exists showing a very small electrical resis-
tivity that can be ascribed to a karst cave.

For georadar testing, 27 arrays were designed on
the river bedding, right and left abutments. Typical
result obtained from the array No. L17 is shown id
Figure 4(d). The section clearly defines different
lithological units and the observed anomalies
(marked with circles). As mentioned before, not all
the anomalies detected through georadar tests are
caused by karst features. Therefore, a detailed com-
parison should be made between the results obtained
by geoelectrical and georadar tests to better prove
the presence of any karst cave in the dam site.

All of the surveys demonstrated that at Lajamgir
Dam site, anomalies are limited to depths of less
than 20 meters. The results obtained by both geoe-
lectrical and georadar tests prove that although
anomalies are spread at the river bedding, left and
right abutments (shown by circles in Figure 5), most
of them are concentrated at shallow depths smaller
than 5 meters under the river bedding. In general, it
was observed that both methods provide valuable in-
formation on the present underground anomalies es-
pecially at shallow depths (<40 m), however, the re-
sults of geoelectrical tests are more reasonable in
terms of accurate interpretation. Therefore, it is sug-
gested that geoelectrical tests may be used solely for
determination of underground karst features at dam
sites and that georadar tests should be followed by a
set of geotechnical borings to achieve a complete
perception of underground lithological formations.

4 CONCLUSIONS

Lajamgir Dam site is located near the City of Zanjan
in the Zanjan Province of Iran on the Lajamgir Riv-
er, a tributary of Ghezel-Ozan River. The presence
of limestone in the river bedding and the resulting
leakage potential is an important issue about the La-
jamgir Dam site studied in this paper. Two mostly
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used geophysical tests (geoelectrical and georadar)
were performed to assess the underground lithologi-
cal units and obtain information on karst features. In
total, 23 georadar and 9 geoelectrical (1 Schlum-
berger and 8 dipole-dipole) tests were designed and
performed on the axis of dam, on the river stream
route and on the abutments of the dam. Surveys
showed that most anomalies are shallow and mainly
concentrated under the river bedding below the axis
of the dam. Both georadar and geoelectrical ap-
proaches were proved to give reasonable information
on presence of anomalies at small depths (<40 m).
Nevertheless, it was observed that georadar tests
were less accurate than geoelectrical tests and they
need to be followed by a set of geotechnical surveys
(boreholes) to better evaluate the presence of under-
ground karst caves.
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ABSTRACT: In-situ resistivity data obtained using a hydrostatic profile tool are compared with
resistivity measurements obtained from soil and water samples in the laboratory. Resistivity was then
compared with porosity measurements to demonstrate that Archie's law can be used in natural soft clay

deposits.

Archie’s law is then used to convert in-situ bulk conductivity measurements made with a

hydrostatic profile tool to po-rosity. Porosities estimated using the hydrostatic profile tool were found to be

similar to the measured porosi-ties.

1 INTRODUCTION

That a relationship between void ratio (or porosity)
and electrical conductivity of pore fluid and bulk
soils exists is well known (e.g Archie, 1942; Mitch-
ell, 1993; Grellier et al, 2007; Kim et al, 2011).
Mitchell (1993) classifies these relationships into
nonconductive particle models and conductive parti-
cle models. Nonconductive models include Archie’s
Law, capillary models and cluster models. Conduc-
tive particle models include the Waxman and Smits
two parallel resistor model and three element net-
work models. While the models have varying levels
of complexity, Archie’s law is often used due to its
simplicity and efficacy, mainly in granular soils (e.g.
Atkins and Smith, 1961; Jackson et al, 1978; Cam-
panella and Weemees, 1990; Salem and Chilingari-
an, 1999).

Archie’s law relates the conductivity of the pore
fluid (o) to the bulk soil conductivity (or) and the
porosity (n) in the form:
-m

O)
F=Y=agn
or

(1

where a and m are empirical constants, common-
ly related to tortuosity and cementation, respective-
ly. In Equation 1, F is known as the formation fac-
tor.

The hydrostatic profile tool (HPT Geoprobe™) is
an in-situ penetration test that measures resistivity of
the bulk soil. The HPT is 44.5mm in diameter and is
equipped with a 4 pin electrical conductivity array
located on the shaft of the tool behind the probe tip.
It can be used to estimate the porosity of the soil if
the constants in Equation 1 can be obtained along
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with the conductivity of the pore fluid. Pineda et a/
(2016) have measured bulk and pore fluid electrical
conductivities as well as the porosity of soils at Aus-
tralia’s National Soft Soil Field Testing Facility in
Ballina, northern NSW. In situ resistivity measure-
ments have been carried out using the HPT probe. In
situ and laboratory measurements are combined in
this paper to assess the potential of the HPT to esti-
mate porosity of Ballina clay.

2 LABORATORY AND FIELD TEST DATA

Soil samples were obtained using an hydraulic
fixed-piston Osterberg sampler (89 mm in external
diameter) from borehole Inclo 2 (see Figure 1)
drilled up to 13 m depth using a mounted rig. In the
laboratory, bulk electrical conductivity (or) was
measured by inserting an electrical conductivity
probe into the soil mass. This soil was then com-
pressed, under very slow strain-controlled mode, to
squeeze out 15 cm® of pore fluid required to measure
the pore fluid electrical conductivity (o). Four
measurements per tube were obtained by using the
soil from top and bottom ends.

In the field, test HPT8 was performed approxi-
mately 100m north-west from borehole Inclo2 (see
Figure 1), was pushed into the ground at 20mm/s us-
ing a conventional cone penetration rig and conduc-
tivity was recorded with depth.

The soil stratigraphy is shown in Figure 2(a) su-
perimposed on cone penetrometer CPT8 which was
performed next to HPTS. The stratigraphy com-
prised an upper clayey silty sand upper crust approx-
imately 1.5m thick underlain by estuarine clay to
approximately 11m depth which is in turn underlain



by a clean sand layer. The groundwater table lay at
about 0.5m below ground surface at the time of
sampling. The mineralogical composition of the es-
tuarine deposits varies along the profile. In order of
importance, the specimens are composed of amor-
phous minerals, kaolinite, illite, quartz, interstrati-
fied illite/smectite, plagioclase, pyrite, K-feldspar,
mica and calcite.

Bulk and fluid electrical conductivities measured
in the laboratory and in the field are presented in
Figure 2(b). Bulk electrical conductivity measure-
ments vary with depth from 4 mS/cm to 15 mS/cm.
The reduction in bulk conductivity at about 11.1m
depth confirms the change in soil composition. Bulk
electrical conductivities measured in the laboratory
are similar to those measured in the field. Differ-
ences between the two data sets might be due to spa-
tial variation of soils or to subtleties of the different
measurement techniques. Values of pore fluid elec-
trical conductivity are larger than bulk conductivity.
Pore fluid electrical conductivity varied from 7
mS/cm to 36 mS/cm (average below 5 m). Lower
values measured at shallow depths may be due to di-
lution by fresh water from the ground surface.

Laboratory bulk and pore fluid electrical conduc-
tivity measurements have been combined here to es-
timate the variation of the Formation Factor in
Ballina clay. The variation of the Formation Factor
with depth is shown in Figure 3. Values of soil po-
rosity estimated from laboratory test samples using
mass and volume measurements as well as density
of solid particles are also included in Figure 3. The
Formation Factor shows an average value around 3
for the soft clay and increases up to 6.5 in the sandy
layer encountered below 11 m depth. Porosity rang-
es from 0.5 at shallow depths to 0.75 which is the
average value for the soft clay.
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3 CALIBRATION OF ARCHIE’S LAW

Archie’s Law can be re-written by taking logarithms
of Equation 1, which is presented in Equation 2.
logor = mlogn + logo,, —loga (2)

The logarithm of bulk electrical conductivity is
compared with the logarithm of porosity, for data
pairs taken from all samples in Figure 4. The slope
of the line shows that the constant m is equal to 3.19.
The intercept value of 1.46 is equal to the logarithm
of the average of the pore fluid electrical conductivi-
ty measurements which implies that the constant a
equals 1.0.
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Figure 4. Calibration of Archie’s law

The data set has been subdivided in Figure 5 to
represent the different soil strata indicated previous-
ly in Figure 2(a). Here, the constant a is assumed to
equal 1 and the fluid conductivity is assumed to
equal the bulk conductivity when the logarithm of
the porosity is zero (i.e., porosity = 1; implying no
solids). Linear trend lines have been fitted through
data sets representing 1.86m depth, 2.3m to 4.9m
depth and greater than 5m depth. It can be seen that
the slopes of the trend lines (constant m) vary with
logarithm of the fluid conductivity. Average pore
fluid electrical conductivity for the three data sets
shown in Figure 5 are plotted against m values in
Figure 6. An exponential fit to the data results in
Equation 3.

m = 1.19¢%0330% 3)

It can be noted that m reduces with the pore fluid
electrical conductivity and the soil composition. For
0.=0, m is equal to 1.19 which is similar to the val-
ues reported in the literature for sandy materials
(e.g., Jackson et al, 1978; Campanella and
Weemees, 1990; Salem and Chilingarian, 1999)
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The data presented in Figures 4 and 5 have been
used to correlate bulk conductivities measured by
the HPT to porosity. The correlations are shown in
Figure 7. The parameters adopted for the ‘average’
and ‘by layer’ series are presented in Table 1.

Table 1 Parameters used to fit HPT data

Parameter Average By layer

A 1.0 1.0, 1.0, 1.0
M 3.19 1.96,2.41, 3.61
Gow (mS/cm) 34.4 14.8,21.9 33.1

885

The ‘average’ series fits the measured porosities
reasonably well below about 5m depth and to a first
approximation between 2m and 5m depth. The ‘by
layer’ series improves the correlation between 3m
and 5m depth but fits the data less well between 8m
and 11m depth. There ‘by layer’ approach does not
provide enough improvement in the correlation be-
tween the HPT measured bulk conductivity and po-
rosity to warrant the additional effort required to de-
fine the parameters for Ballina clay.

Use of Archie’s law to interpret HPT data in
practice requires knowledge of the a and m constants
along with the pore fluid electrical conductivity.
While a can be assumed equal to 1.0, constant m and
the pore fluid electrical conductivity will not be
known in general. However, the observations that
the Formation Factor for Ballina clay is about 3 and
m is related to fluid conductivity through Equation 3
can be used to as a first approximation in Ballina
clay. Using this approach, porosities have been es-
timated from HPT data. The results are shown in
Figure 7 where data inferred from the average pa-
rameter set and the parameter set with F=3 are simi-
lar. Therefore, it is possible to assume a value (or
values) for the Formation Factor without any prior
knowledge, calculate the corresponding m value
through Equation 3 and obtain a reasonable estimate
for porosity.
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4 CONCLUSIONS

Laboratory measurements of bulk soil conductivity,
fluid conductivity and porosity have been found to
be related in accordance with Archie’s law.
Archie’s law is a non-conductive particle model and
the highly conductive saline pore fluid may domi-
nate the bulk conductivity such that the contribution
of the surface conductance of the clay particles is
small (Mitchell, 1992). Values of a=1 and m=3.2
for Ballina clay are consistent with literature report-
ed by Kim et al (2011), albeit with m=3.2 lying
slightly above the upper end of the range of reported
values.

Porosities interpreted from HPT data using
Archie’s law has been shown to represent measured
values reasonably well to a first approximation.

Archie’s law can be used with HPT data in prac-
tice by assuming @=1.0, assuming the Formation
Factor, F=3 and adopting Equation 3 for Ballina
clay.

Further work is required to assess whether Equa-
tion 3 can be used with other clays and to assess
whether in-situ resistivity measurements can be used
to estimate values of soil parameters depending on
porosity, such as permeability.

5 ACKNOWLEDGEMENTS

The authors wish to acknowledge the support of the
Australian Research Council Centre of Excellence
for Geotechnical Science and Engineering and its
industry partners Advanced Geomechanics (now
Fugro), Coffey and Douglas Partners.

6 REFERENCES

Archie, G. E. 1942 . “The electrical resistance log as an aid in
determining some reservoir characteristics.” Trans. Am. Inst.
Min., Metall. Pet. Eng., 146, 54-62

Atkins ER Jr and Smith GH (1961) The significance of particle
shape in formation factor-porosity relationships, J Pet. Tech-
nol. 13(3), 285-291

Campanella RG and Weemees I (1990) Development and use of
an electrical resistivity cone for groundwater contamination
studies, Can Geotech J, 27, 557-567

Campanya J, Jones AG, Vozar, J, Rath, V, Blake, S, Delhaye, R
and Farrell, T (2015) Porosity and Permeability Contraints
from Electrical Resistivity Models: Examples using Magne-
totelluric Data, Proc World Geothermal Congress, Mel-
bourne, Autralia, 1-8

Grellier S, Reddy KR, Gangathulasi, J, Adib, R and Peters CC
(2007) Correlation between Electrical Resistivity and Mois-
ture Content of Municipal Solid Waste in Bioreactor Landfill,
GSP No 163, ASCE, 1-14

Jackson PD, Taylor-Smith D and Stanford PN (1978) Resistivity-
porosity-shape relationships for marine sands, Geophysics,
43(6), 1250-1268

Kim JH, Yoon H-K and Lee, J-S (2011) Void Ratio Estimation
of Soft Soils using Electrical Resistivity Cone Probe, J Geot
and Geoenv Engineering, ASCE, 86-93

Mitchell JK (1993) Fundamentals of Soil Behaviour, Second Edi-
tion, Wiley.

Pineda J.A., Suwal L.P., Kelly R.B., Bates L. & Sloan S. (2016)
Characterization of the Ballina clay. Geotechnique (in print),
doi: 10.1680/jgeot.15.P.181.

Salem HS and Chilingarian GV (1999) The cementation factor of
Archie's equation for shaley sandstone reservoirs, J. Pet. Sci.
Eng., 23, 83-93

886



Geophysical Characterisation for Dredging of the Marine
Industry Park, Darwin

J. Lean
Douglas Partners Pty Ltd, New South Wales, Australia
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ABSTRACT: The Marine Industry Park is a major state development requiring significant dredging of sedi-
ments, soils and meta-sediments including quartzite’s. To characterise the subsurface for dredgeability as-
sessment, a marine geophysical investigation was carried out by Douglas Partners and GBG Australia in
2015, comprising multi-beam bathymetry, side scan sonar, magnetics, seismic reflection and seismic refrac-
tion, with geotechnical control from vibro-coring and onshore drilling. High resolution bathymetry allowed
calculation of total dredge volumes and added morphological detail to sonar and vibro-core data, for charac-
terisation of seabed materials ranging from silty clays to mobile sand bodies to lateritic gravels (dominating
the magnetic response) and for mapping of dredging hazards including wrecks. Seismic reflection record
character allowed the extent of the sand bodies to be inferred and allowed mapping of an inferred buried lat-
erite or residual soil horizon. A deeper reflector, mapped throughout the area, was interpreted as the bedrock
surface, indicating significant volumes of bedrock within the proposed dredge volume. To characterise both
the sub-seabed and sub-bedrock materials in terms of dredgeability, extensive seismic refraction profiling
was carried out for construction of a “full volume” tomographic inversion velocity model, sliced vertically
and horizontally for velocity contouring. The distribution of high velocities, reaching over 3000 m/sec with-
in the proposed dredge volume, provided a clear indication of anticipated zones of hard dredging and provid-
ed parameters for assessment of the impacts of dredging and blasting.

1 INTRODUCTION

The marine geophysical program was planned
and undertaken in line with the scope specified by
the client’s engineering consultant. This entailed
collection of the following quantities of data:

The Land Development Corporation of the North-
ern Territory commissioned a combined geotech-
nical and geophysical site characterisation of the
proposed site for a Marine Industrial Park (MIP)
lying between the current East Arm port facility
and Hudson’s Creek to the East of Darwin City.
The proposed MIP development will focus on ma- Side Scan Sonar — 147 line kilometres
rine related industries to service the offshore ener- Horizontal marine magnetic Gradiometer — 191
gy industry in the Timor and Arafura Seas. line kilometres

The investigation work was undertaken by a Seismic Reflection profiling - 111 line kilometres
combined team from Douglas Partners, GBG Aus- Continuous Marine Seismic Refraction — 136 line

Multi —beam bathymetry - 183 line kilometres

tralia and Astute Surveying and comprised multi- kilometres

ple marine geophysical techniques backed up by

limited marine vibro-coring along with onshore At the time of confirming the program, the spac-

cone penetration tests, test pits and boreholes. ing requirement of 25m in both directions for ma-
The over-water investigations were required as rine seismic refraction had been considered poten-

part of the overall preliminary geotechnical inves-  tially excessive. However, as shown in this paper,

tigations for feasibility and design purposes for the on completion of the processing and in the report-

proposed dredging of access channels, turning ing stage this quantity of information proved in-

bays and the wharf facilities. Figure 1 shows site valuable in characterizing the bedrock for dredging

location and extents. purposes.
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Figure 1: outline of full investigation site and local features.

2 OVERVIEW OF GEOLOGY

Rock outcrops are present over parts of the site, par-
ticularly in areas of high terrain and in some of the
intertidal zone. The outcrops typically comprise me-
ta-siltstone of the Burrell Creek Formation (BCF),
with minor meta-sandstone and quartz sandstone or
quartzite. The intertidal zone is generally dominated
by thin tidal mud with laterite gravels_and outcrop-
ping meta-siltstone. The proposed dredge channel is
in an area where frequent large tidal movements oc-
cur, and this was expected to limit depositional sed-
iments to coarser materials such as sand gravel. The
dredge channel also passes by Catalina Island and a
small shoal exposed at low tides and shown on exist-
ing navigation charts. Both of these areas are con-
sidered likely to comprise bedrock belonging to the
BCF that has remained after erosion of the surround-
ing weaker rocks. The BCF typically strikes in a
near north-south direction, and steeply dips to the
east or west, so the near vertical bedding planes of
strong bedrock observed on Catalina Island are ex-
pected to continue to the north and south, through
the proposed dredge channels and berthing pockets

3 FIELD WORK
Offshore geophysical field work comprised:

e Multi-beam bathymetric mapping was under-
taken by an Australian Hydrographic Society
Certified Practitioner (AHSCP), Level 1 (Hy-
drography), for the full extent of the Common
Access Channel, Approach Channel and pro-
posed near shore dredging areas east and west
of the northern end of the Approach Channel.
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The multi-beam survey extended over the full
width of all required investigation areas plus
an extra 100 m outside of proposed dredge
zones;

Side scan sonar mapping to provide a full
seabed image of the proposed dredge areas
and extended area outline above;

Horizontal magnetic gradiometer profiling to
assess the proposed dredge and extended are-
as for possible Unexploded Ordnance (UXO)
and other significant debris;

Marine seismic reflection (boomer) profiling
to interpret the sub bottom sediments and the
interface with the bedrock;

Continuous marine seismic refraction profiling
using a 24 channel, 2m separation hydrophone
array and 20 cubic inch airgun source to enable
an assessment of the consistencies and
strengths of the materials to be dredged

During the collection of the bathymetric and seis-
mic reflection data, onboard evaluation of the data
suggested that the ground conditions between the
southern end of the proposed north — south approach
and the existing Inpex channel turning basin (a dis-
tance of approximately 140m) might comprise sands
and gravels rather than rock, thus suggesting easier
than expected dredging conditions. After consulting
with the client about the possibilities of extending
into the Inpex channel, the bathymetric, seismic re-
flection and refraction were extended through this
section, thus providing a potential alternative chan-
nel option. Figure 2 presents bathymetry and raw
(boomer) reflection data from this extended section.



Inpex Channel

Figure 2: Bathymetry Boomer profile over sand bar into Inpex

Data collection for the majority of the survey was
undertaken from a 6.5m aluminum vessel. However,
due to the extent of the seismic refraction survey, a
larger local 12m commercial vessel was chartered to
enable the use of a compressor to supply the air gun
source and enough deck space to load the marine
streamer and ancillary equipment. The full survey
was completed in 5 weeks on site.

4 DATA HANDLING AND REPORTING

The survey produced large volumes of digital data
which were initially processed on site each day to
minimize the office time and to provide Quality con-
trol. The bathymetry and Sonar data were processed
and reported using Hypack 2015 (Hypack) and So-
narwiz v5.8(Chesapeake Software), the magnetic da-
ta was processed using Magmapper 2000 (Geomet-
rics freeware) and Surfer v13 (Golden Software).
The seismic reflection processing and reporting was
undertaken using Reflex v 7.5 (Sandmeier) and the
initial processing of the refraction data (first arrival
picking) was undertaken with Rayfract v3.3 (Intelli-
gent resources) prior to transfer to Tomoplus (Ge-
otomo) to create the 3d velocity models.

The output from all these software programs was
imported into CivilCAD and ACAD 2015 for provi-
sion to the client. This allowed provision of sections,
images and depth-slice plan views at RL values set
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by the client, in line with the proposed dredging pro-
gram. This ability allowed a much more accurate as-
sessment of dredging extents and volumes for the
site for a staged construction approach.

4.1 Results

The bathymetric survey mapped the seafloor in
0.5m gridded bins providing high resolution imag-
ing of the seabed with contouring at Im intervals.
The bathymetry showed variation in seabed topog-
raphy between 6m above LAT (Lowest Astronomi-
cal Tide) to 20m below LAT over the site. Conse-
quently, a considerable amount of the site will
require dredging to meet the design declared depth
of 6.2m below LAT.

The sonar was utilized to locate sea bed obstruc-
tions and classify seabed type. A number of
wrecked boats were observed in the Mangrove are-
as to the north of the site and variation between ex-
posed rock, fine mud and sand were observed.
However, one of the most important images was
that of a wrecked Catalina Flying boat sunk during
the war and listed as a heritage site. The approxi-
mate position was already known. However, multi-
beam bathymetry and sonar confirmed its exact po-
sition and condition, noting that it is in the middle
of the proposed approach channel. Figure 3 (over
the page) clearly outlines the body of the plane and
the separate wing section.

The magnetic response data identified an abun-
dance of targets at the northern end of the survey
site, in the mangroves, and in the channel areas.
However, research of WW?2 archives suggested that
there would be little likelihood of UXO in this area
as it was well away from the main bombing runs on
Darwin.

Figure 3: Catalina Flying boat wreck in sonar and backscatter
Multi-beam record. Main body and wing section

Seismic reflection profiles, calibrated against vi-
bro-core data, were used to interpret the bedrock
elevation and to help in classifying the marine sed-
iments. The X,Y & Z coordinates for the interpret-
ed bedrock surface were used to create 3D models
and plan view depth slices at proposed dredging
stages to enable extent and volume modeling of



sediment and rock materials. For quality control,
selected velocity profiles, produced using the 3D
Geotomo software, were compared with corre-
sponding seismic refraction profiles.

The seismic refraction data were collected with
high density to create detailed velocity models for
the subsurface materials. This was considered ex-
tremely important at this site because of the steep
dip of the meta-sediments and varied mixture of
hard and soft layers. Previous experience of dredg-
ing these materials in Darwin indicated that
strengths based on limited geotechnical investiga-
tions had proved inadequate for the design of
dredging and rock-removal works. The process
used to assess the dredgeabilty of the MIP is dis-
cussed in detail below.

5 SEISMIC REFRACTION PROFILING,
TOMOGRAPHIC MODELING AND DEPTH
SLICING

An extraordinarily dense (25 m x 25 m) seismic re-
fraction grid was specified for this project, leading to
almost 140 line-km of continuous underway profil-
ing. A computer-controlled shot interval of 10 m
created a daunting dataset of almost 14,000 shot rec-
ords saved to a Geode seismograph, however the
benefits of such a dense grid became apparent during
processing.

The ability to characterize the proposed dredge
volume over the full design area, at all design
depths, was achieved by creating velocity models
from an initial dataset comprising: shot and receiver
positions; seabed depths; and picked first break arri-
val times, for each shot. The dataset for selected
lines was used as input to GeoTomo’s, TomoPlus
software for inversion to initial, coarse, 2D velocity-
depth models for these lines, followed by compari-
son of velocities on intersecting and neighboring
lines and calculation of velocity anisotropy parame-
ters for use as subsequent model constraints. As ex-
pected in an area of vertically foliated bedrock, ve-
locities measured along strike were seen to exceed
those measured across strike, by approximately 10%.
In order to produce a model which accommodated
both along-strike and across-strike data, an anisotro-
py parameter was used to weight the velocities de-
termined in the vicinity of intersections, biased to-
wards the higher values for a conservative outcome
in terms of dredge ability. The dataset was then ex-
panded to include more lines and was re-gridded
with a finer cell size for further inversion, when
convergence was achieved.

Contoured 2D wvertical velocity-depth sections
(e.g. Figure 4), were first extracted from the model
along selected alignments, for correlation with the
interpreted bedrock surface from seismic reflection
profiling and with graphic vibro-core and onshore
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borehole logs. These sections indicated relatively
low velocity (1600 — 1900 m/s) material draped over
zones of higher velocity material comprising sub-
vertical velocity blocks. This pattern appeared con-
sistent with the expected geology of the area, com-
prising layers of clay, silt and sand overlying meta-
sediments with near-vertical foliations, containing
quartz sandstone interbeds, frequent quartz veins and
minor quartz pebble conglomerate.

. ey e 3-8

e

- e
e

Figure 4: Interpreted refraction section with velocity contours,
bedrock reflection and core logs

Next, a “full volume” or 4-dimensional
(X,Y,Z,Velocity) model was produced by a similar
recursive inversion process, leading to velocity val-
ues in each cell of a 3D grid covering the entire in-
vestigation area, to depths exceeding the proposed
ultimate dredge depth. Finally, depth slicing was
carried out by extracting all (X,Y,Velocity) data at
selected depths throughout the area and contouring
the velocities, to produce a “stack” of maps to
demonstrate the areal and vertical distribution of ve-
locities for dredgeability assessments. Figure 5 pre-
sents the interpreted velocity distribution at a depth
of 6 m below Chart Datum, with velocities of over
3000 m/sec at the upper end of the contour-spectrum
(highlighted within the red rectangle). The “Trans-
parent zones” within the channels, presented on
Figure 5, are where the seabed depth exceeds the
slice depth.

Site characterization for dredging purposes is
heavily dependent on the distribution of velocities.
To present the 3D distribution of velocities consid-
ered significant to the feasibility and means of
dredging, in a practical way rather than a 3D “fly
through” visualization, three slices in the velocity
“stack” (0 m, 3 m and 6 m below chart datum) were
re-classified to show areas exceeding 2300 ms™!' and
were overlain in plan view — an example, indicating
a near-shore portion is presented in Figure 6. The
velocity value of 2300 ms"! was based on correla-
tions made by others in an adjacent area of East
Arm, between mapped velocities and reported dredg-
ing difficulties (“shudder” and “ladder bounce™), alt-
hough considered below that indicative of the need
for rock blasting. Figure 6 indicates that the area of
which velocities exceed 2300 m™ (expected difficult
dredging expands rapidly with depth



Figure 6: Velocity model slices from 0 m, 3 m and 6 m below
LAT

6 SITE CHARACTERISATION SUMMARY

The Marine Industry Park geophysical investigation
enabled site characterisation firstly by direct, high
resolution bathymetric mapping to provide basic
data for dredge design and calculation of dredge
volumes.

Characterisation was extended by interpretive
methods based on side scan sonar mapping and
seismic reflection profiling, controlled by compari-
sons with elevations interpreted from vibro-core
logs and onshore borehole logs. Seabed and sub-
seabed materials were inferred to comprise: sandy,
silty marine clays near shore; and clayey marine
sands, mobile ripple-marked clayey, silty marine
sands and areas of laterite or residual soil and sub-
cropping meta-sedimentary bedrock in the offshore
channels. Some distributed lateritic gravel was in-
ferred within the shallow sediments, mapped from
the magnetic gradient response.

Intensive processing and computer modeling of
seismic refraction data enabled sub-seabed velocity
mapping over the investigation area, presented in
velocity-depth sections and contoured velocities on
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horizontal depth slices. Velocities alone enable a
qualitative assessment of dredgeability by high-
lighting areas of higher velocities, associated with
harder dredging. To further characterise the site
with respect to dredgeability, reference was made
to: published empirical relationships between ve-
locities, material types and geotechnical properties
(Ohkubo and Teresaki 1977; Hawkins and White-
ley (undated)); locally reported correlations (confi-
dential company reports); and to geotechnical prop-
erties from onshore boreholes drilled in
conjunction with this investigation. By these
means, the following inferences were made:

Marine sediments with velocities as low as
1600 m/sec increasing towards 1900 m/sec;
Laterite and residual soil with velocities up to
1900 m/sec;

Extremely weathered or fractured BCF, in-
creasing in strength as velocities increase from
1900m/sec towards 3400m/sec

High strength BCF, with velocities measured
as high as 3400 m/sec.

Adoption of the nominal lower velocity limit
(2500 m/sec) above, for rock requiring blasting, ena-
bled locations and depths to be extracted from the
velocity model for use by the client’s blasting con-
sultant in progressing the project towards environ-
mental impact assessments.

7 CONCLUSIONS

Geophysical investigation can provide valuable da-
ta towards characterization of a site proposed for
dredging, independently of other data in the first
instance but with much greater effect when inter-
pretation is controlled by targeted geological and
geotechnical data. At this site, a suite of geophysi-
cal methods, including multi-beam echo-sounder,
side-scan sonar, magnetic survey, seismic reflection
and seismic refraction, were used.

The extraordinarily dense grid of seismic refrac-
tion profiles specified for the investigation enabled
an extremely detailed 4D velocity model to be de-
veloped for the site. This enabled enhanced inter-
pretations of the surface and sub-surface ground
conditions for dredging assessments

The identification of an additional potential
channel alignment confirms that experience-based,
in-field assessment of site conditions and collabo-
rative relationships between consultant and client
can lead to valuable outcomes.
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Generalization and Standardization of Multi-station Surface Wave
Method for Site Investigation

C.P.Lin & C.H. Lin
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ABSTRACT: The application of surface wave method for site investigation becomes more and more popular
in practical uses due to its non-intrusive tests and convenient operations. However, various methods have been
developed with different approaches in the field testing and dispersion analysis, with the SASW and MASW
methods being the two major groups. The data reduction method for dispersion relation in a surface wave test-
ing is conventionally associated with certain method of data acquisition. In this paper, it is pointed out that,
while the channel number of a seismograph may restrict the field testing procedure, it does not necessarily
prescribe the method of dispersion analysis. Limited to the two channel data, conventional dispersion analysis
of SASW suffers from possible phase un-wrapping errors, inefficient data filtering and synthesis, and inability
to distinguish multiple modes. The MASW method is generalized to accommodate SASW data. Numerical
simulations were performed to demonstrate its feasibility and advantages for analyzing SASW data. The
MASW method is further examined to show tradeoffs involved in the testing configuration when spatial reso-
lution, effect of lateral heterogeneity, spectral resolution, investigation depth, and near and far field effects are
considered. Some efforts are made in this paper to resolve the dilemma and put forth a more definitive guide-
line for MASW testing and analysis.

1 INTRODUCTION characterization of hard-to-sample soils without the
need for boreholes that makes the subsurface seismic
Field testing methods conventionally used in ge-  methods (such as down-hole and cross-hole meth-

otechnical site investigations are mainly penetration  ods) expensive and time consuming. Surface wave
methods (e.g. standard penetration test, SPT, cone  testing is not affected by sample disturbance or in-
penetration test, CPT, and dilatometer test, DMT). sertion effects and is capable of sampling a repre-
Those methods are primarily large-strain methods  sentative volume of the ground even in difficult ma-
that provide better prediction for ground strength  terials such as fractured rock or gravelly deposit. The
than ground stiffness. Shear wave velocity (Vs) from  method has been successively applied to various
seismic tests, on the other hand, measures small-  problems, such as profiling sub-ground stiffness (Fo-
strain modulus. Soils exhibit nonlinear variation in  ti 2003), delineating potential liquefaction area (Lin
shear modulus with shearing strain (G —log y curve) et al. 2004), evaluating thickness and condition of
and in shear stress with shearing strain (t —y curve).  pavement (Ryden et al. 2004), evaluating efficiency

However, in addition to dynamic response, the im- of soil improvement (Lin et al. 2012), and character-
portance of small-strain modulus from Vs measure-  izing waste disposal site (Haegeman and Van Impe
ment on static deformation analysis has also been  1999).

pointed out, especially for analyses of settlement and Three steps are involved in a surface wave test:
soil structure interaction (see, for example, Shibuya (1) field testing for recording surface waves, (2) de-
et al. 1994; Jardine et al. 1998; Jamiolkowski et al. ~ termination of the experimental dispersion curve

2001; Di Benedetto, et al. 2003). Furthermore, from the field data, and (3) inversion of shear wave
Stokoe et al. (2004) showed that Vs measurement in  velocity profile from the experimental dispersion
the field is a critical component in evaluating sample  curve. The data reduction method for dispersion re-
disturbance and in predicting nonlinear G — log y  lation in a surface wave testing is conventionally as-

and T — v curves. sociated with a certain method of data acquisition.
The main advantage of surface wave method for At present, the two-station spectral analysis of sur-
Vs measurements is essentially related to its non-  face wave and multi-station analysis of surface wave

destructive and non-invasive nature that allows the  are the most popular methods used worldwide. The
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two-station SASW method is based on the phase dif-
ference between two receivers as a function of fre-
quency (Nazarian and Stokoe 1984), while Multi-
station MASW method are based on the relation be-
tween phase angles and source-to-receiver offset
(Lin and Chang 2004), or 2D wavefield transfor-
mation of surface wave (see, for example,
McMechan and Yedlin 1981; Gabriels et al. 1987;
Park et al. 1998; Xia et al. 2007). It can be confusing
to geotechnical engineers as to their differences and
which method performs better.

This study attempted to clarify their differences
and suggest preference. It is pointed out that, while
the channel number of a seismograph may restrict
the field testing procedure, it does not necessarily
prescribe the method of dispersion analysis. Limited
to the two channel data, conventional dispersion
analysis of SASW suffers from possible phase un-
wrapping errors, inefficient data filtering and synthe-
sis, and inability to distinguish multiple modes. The
MASW method is generalized to accommodate
SASW data. Numerical simulations were performed
to demonstrate its feasibility and advantages for ana-
lyzing SASW data. The MASW method is further
examined to show tradeoffs involved in the testing
configuration when spatial resolution, effect of lat-
eral heterogeneity, spectral resolution, investigation
depth, and near and far field effects are considered.
Some efforts are made in this paper to resolve the di-
lemma and put forth a more definitive guideline for
MASW testing and analysis.

2 GENERALIZATION OF DISPERSION
ANALYSIS

In a conventional two-station SASW test, the two
recording stations are in line with the source and typ-
ically have the same spacing as the near offset (dis-
tance between the source and nearest receiver). By
Fourier transform, the phase shift between the two
signals can be determined for each frequency. The
phase velocity va(f), or more precisely the apparent
phase velocity since the wave may propagate in
more than one mode, can then be calculated as

27
vo(f)=+% 57
Ax
where f is the frequency in Hz, Ax is the receiver
spacing, and A¢ is the phase shift between the two
receivers after unwrapping. To overcome the near
field and far field effects, the tests are typically re-
peated with various receiver spacings, each of which
analyzed for its associated appropriate frequency
range. The testing sequence can be arranged in so-
called common source array or common midpoint

array.
The introduction of SASW method using only
two-channel recording greatly contributed to the

(1)
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wide-spread use of surface wave testing in geotech-
nical engineering in its time. However, both its
strength and weakness are related to the minimum
number of stations used for phase velocity determi-
nation. Using only a pair of receivers, different
modes of propagation cannot be differentiated, and
the data reduction for correcting possible un-
wrapping errors is tedious. As multi-channel record-
ing system became readily available, methods based
on multi-station receivers sprouted. Multi-station
methods sample the wavefield at multiple locations.
The sampling periods in the time and space domain
are At and Ax; and the numbers of samples in the
time and space domain are M and N, respectively.
The analysis of the multi-station signals may begin
with Fourier transform as

U(f,x,) = Y u(t,,x,)exp(— 2, ) @)

where u is the ground motion (typically velocity)
recorded by the receivers with space interval Ax and

time interval A¢, U is the DFT of u, j=+—1, tn =

mAt, and x, = nAx. The subscripts » and m in Eq. (2)
are integer indices to represent respectively discrete
points in the space and time domain. The most
straight-forward algorithm of dispersion algorithm is
the 2-D Fourier transform, which is often referred to
as the f~k transform (Gabriels et al. 1987). For each
frequency component of interest in Eq. (2), the
wavefield U is a harmonic function of space. By tak-
ing another Fourier transform with respect to the
space (i.e. spectral analysis in the space domain),

Y(f. k)= Y U(fox,)exp(— j2r, )

n=0

)

where 2-D spectrum Y(f, k) represents the wavefield
in the frequency-wavenumber domain, the wave-
numbers (spatial frequency, inverse of wavelength)
of propagating modes for each frequency can be
identified at amplitude peaks of the spectrum Y(k).
The phase velocity is then determined by the defini-
tion v=27f7k. Alternatively, the f~v spectrum can be
derived from Eq. (3) by simply changing the variable
k= 2mnf/v as

where 2-D spectrum Y (f,v) represents the wave-
field in the frequency-velocity domain, which will
be used throughout this paper. The peaks of the am-
plitude of the frequency-velocity domain spectrum
constitute the experimental dispersion curve. Spectra
in other domains can be derived from (3) by simply
changing the variable A=27fp for the frequency—
slowness domain and A= 27/4 for the frequency—

20

X
\%

Y(f) =ZU<f, x»exp(—j 4)



wavelength domain. Other 2-D transform algorithms
are also available, such as, p-f transform (McMechan
and Yedlin 1981), the phase shift (Park et al. 1998),
and the frequency decomposition and slant stacking
(Xia et al. 2007). But they are essentially or physi-
cally equivalent to Eq. (3) and Eq. (4).

The dispersion analysis in a surface wave testing
is conventionally associated with a certain method of
data acquisition, for example, the phase angle analy-
sis in the two-station SASW method and the 2-D
multi-station wavefield transformation in the
MASW method. While the channel number of a
seismograph may restrict the field testing procedure,
it does not necessarily prescribe the method of dis-
persion analysis. In fact, the 2-D wavefield trans-
formation can be extended to accommodate the two-
station SASW data. Two-D wavefield transformation
formulated in the form of Eq. (3) or Eq. (4) can be
used to process each pair of SASW data. To demon-
strate this approach, numerical simulations were per-
formed using two distinct earth models. One is a
normal profile with a dominant fundamental mode
and the other is a reversal profile with multiple dom-
inant modes. The parameters of the earth models
used are listed in Table 1. Both SASW and MASW
testing are numerically simulated. The common-
midpoint receiver spacings for the SASW testing in-
clude 2 m, 4 m, 8 m, 16 m, 32 m, and 64 m. The re-

ceiver spacing for the ordinary MASW testing is 2 m.

Synthetic waveforms for the surface wave testing
were simulated by the modal summation method
programmed by Herrmann and Ammon (2002).

The results of 2-station MASW analysis for the
normal case is shown in Fig. 1. The spectral resolu-
tion of the dispersion image increase with increasing
receiver spacing. However, as receiver spacing gets
longer, aliasing patterns are observed. Fortunately,
the dispersion curve typically has a shape different
and can be differentiated from the aliasings. Disper-
sion curve can be picked starting from the shortest
receiver spacing at high frequencies.

Table 1. Parameters of earth models used in numerical simula-
tions.

Model Layer Vim's) Fy(m's) Layer Thickness(m) Density(g/cm®)

) 1 300 600 10 18
2 400 800 i 18
1 300 600 4 18
2 2 250 500 8 1.8
3 400 800 i 18

Figure 2 shows the picked dispersion curve, in
which the usual filtering criterion (A/3 < geophone
spacing < 2.) was applied to mitigate effects of near
field and far field. The dispersion curve obtained
from 2-station wavefield transformation is basically
identical to that from the conventional SASW analy-
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sis using Eq. (1). However, the wavefield transfor-
mation avoids the ticklish and error-prone phase-
unwrapping procedure. It is also more tolerant to
measurement errors (e.g. noises and waveform clip-
ping) than the two-station phase analysis using Eq.
(1). Similar results are obtained for the case of rever-
sal profile with multiple dominant modes, as shown
in Fig. 3 and 4.
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Figure 1. Results of 2-station wavefield transformation on each
pair of SASW data for Model 1.
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Figure 2. The dispersion curve obtained by (a) SASW method
and (b) 2-station wavefield transformation for Model 1.

Limited to the two-station data and aliasing, the
wavefield transformation is not able to separate dif-
ferent dominate modes. Instead of analyzing each
pair of 2-station data, all SASW data can be com-
bined by the source-to-receiver distance gather. Each
pair of signals from different shots in a SASW test-
ing is identified by the source-to-receiver distance.
The SASW data is then rearranged in ascending or-
der of source-to-receiver distance. Between two ad-
jacent shots, signals having the same source-to-
receiver distance can be simply stacked and aver-
aged. The combined multi-offset data is a spatially
non-uniform sampling of the wavefield. Equation (3)
and (4) stem from of discrete-space Fourier trans-



form. But taking the form, they can be relaxed to ac-
commodate data in that x, is non-uniformly spaced.
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Figure 1. Results of 2-station wavefield transformation on each
pair of SASW data for Model 2.
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Figure 2. The dispersion curve obtained by (a) SASW method
and (b) 2-station wavefield transformation for Model 2.

The result of non-uniform MASW analysis using
SASW data for the normal case is shown in Fig.
5(a). For comparison, the dispersion analysis using
uniformly spaced MASW data of the same offset
range is shown in Fig. 5(b). The non-uniform wave-
field transformation from the SASW testing shows
some aliasing patterns in the 2-D spectrum due to
sparse sampling in the space domain. Yet the correct
dispersion curve can be clearly distinguished from
the aliasing pattern in the f~v domain. The results for
the case of reversal profile are shown in Fig. 6. Alt-
hough there are some aliasing effects due to non-
uniform spatial sampling, particularly in the left part
of the spectral image (Fig. 6a), dominated modes can
still be recognized successfully. On the contrary, the
apparent experimental dispersion curves extracted
from the conventional SASW analysis (Fig. 4) grad-
ually sway from one mode to another. It is difficult
to tell whether higher modes dominate at certain fre-
quency range. The SASW method samples phase
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angles at only two locations, and yields location-
dependent apparent velocities from the linearized
slope of the phase angle versus distance. This incon-
sistency in the experimental dispersion data between
difference receiver spacings (locations) is often mis-
interpreted as a result of laterally variable profile.
The MASW method, on the other hand, provides
visualization of dispersion relation through 2-D
wavefield transformation, which yields consistent
experimental dispersion curve and allows identifica-
tion or separation of multiple modes.
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Figure 5. (a) Non-uniform MASW analysis using 6-shot SASW
data vs. (b) Uniform MASW analysis using equally-spaced
multi-station data of the same offset range for Model 1.
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Figure 6. (a) Non-uniform MASW analysis using 6-shot SASW
data vs. (b) Uniform MASW analysis using equally-spaced
multi-station data of the same offset range for Model 2.

3 DILEMMAS IN FIELD TEST
CONFIGURATION

The 2-D wavefield transformation can be general-
ized to accommodate SASW data. It has been
demonstrated that the multi-station wavefield trans-
formation is superior in dispersion analysis. It avoids
unwrapping of phase angles, a major source of hu-
man error in conventional SASW analysis, enable



identification and separation of multiple modes, and
provides visual appraisal of complicated dispersion
phenomenon. With modern seismograph, the multi-
station data is normally collected by a number of re-
ceivers with constant receiver spacing. In a MASW
survey, three spatial parameters need to be decided,
including near offset (xy), receiver spacing (Ax), and
receiver spread length (L=NAx). To avoid spectral
aliasing in the space domain, receiver spacing should
be sufficiently short. This will limit the spread
length with finite channels of the seismograph. On
the other hand, spread length should be as long as
possible to have good depth coverage and identify
different dominant modes. However, too long of a
receiver spread is more susceptible to lateral varia-
tion and has poor lateral resolution. As to the near
offset, short xp is desired to avoid far field effect
while long xo is preferred to avoid near offset. These
tradeoffs in selecting proper xo, Ax, and L make the
field testing ambiguous and subjective.

4 STANDARDIZED MASW SURVEY

Tradeoffs are involved when selecting the testing
configuration. To resolve the aforementioned di-
lemmas, a multi-shot common receiver configura-
tion survey is proposed as a standard approach to ac-
quire multi-station data for 2-D wavefield
transformation. The multi-shot common receiver
configuration is illustrated in Fig. 7, in which the
geophone spread is fixed and data of different
source-to-receiver distance are collected by gradual-
ly increasing the near offset in multiples of receiver
spacing. More equally-spaced data can be recorded
by these walk-away shots, which allows assembling
MASW-imitating data by the source-to-receiver dis-
tance gather. The offset range is initially from xy to
(xo+L) when using the conventional multi-station
configuration. After K consecutive walk-away shots,
all collected field data can be synthesized into one
seismic record according to the source-to-receiver
offset. The synthesized seismogram has an extended
offset range from xy to (xg+KL).

The receiver spacing Ax ideally is set to be half of
the minimum depth of exploration. This can be re-
laxed since the aliasing can often be differentiated
from the surface wave dispersion. The nearest offset
Xo 1s about the same distance as the minimum depth
of exploration. The receiver spread L is set to be in
the target range of interest. The number of walk-
away shots times the spread length L should be
greater than if not doubled the desired depth of ex-
ploration. This way, requirements of the lateral reso-
lution and depth of investigation can be meet simul-
taneously. Even with a small number of receiving
channels, the receiver interval can be kept small
enough without sacrificing the total offset range. The
near field and far field effects can also be mitigated
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since it establishes an expansive offset range in the
same spatial range by synthesizing seismic records
with different nearest source-to-receiver offsets.

The dispersion analysis of the SASW test can be
replaced by the wavefield transformation technique.
However, there is a nice feature about the SASW
field testing. The near offset is proportional to the
receiver spacing and different types of source are of-
ten adopted from small hammer in short spacing to
large weight drop in long spacing, while single shot
is normally used to conveniently collect the MASW
data. The useful frequency range of dispersion curve
is affected not only by receiver spread length, but al-
so by the type of source. For example, when a large
hammer is used, it is difficult to obtain high fre-
quency component regardless of how small the off-
set is. Likewise, when a small hammer is used to
generate high-frequency component, it is difficult to
obtain low frequency component regardless of how
long the receiver spread is. Using the multi-shot
common receiver MASW survey, different types of
sources can be used for different walk-away shots.
As a general rule of thumb, handheld hammer,
sledge hammer, and large weight drop can be used
for short, intermediate, and long near offset, respec-
tively. To maximize the bandwidth of dispersion
curve, multiple sources can be used for each walk-
away shot. For each frequency component, the opti-
mal combination of source and offset can be selected
to mitigate the near and far field effects as well as
maximize the obtainable bandwidth for the disper-
sion curve.

L L L Xo L

- shot4 shot3

e

Figure 7. The multi-shot common receiver configuration.

A field example was conducted to demonstrate
the advantages of the multi-shot common receiver
survey. The test was carried out on a grass field in
the campus of National Chiao Tung University,
Taiwan. An area about 50 m long was to be tested
with a desired investigation depth up to 30 m using a
24-channel seismograph. The receiver spread con-
sisted of 24 geophones with 2 m spacing used. A
small handheld hammer and large 12-1b sledge
hammer were used as the sources at near offset 4 m
and 27 m, respectively. The results of dispersion
analysis using each single shot and the multi-shot
source-to-receiver distance gather are shown in Fig.
8. The small handheld hammer at short near offset
yielded good high frequency components from 30
Hz to 120 Hz, while the big sledge hammer at long
near offset produced low frequency energy from 15
Hz to 55 Hz. The bandwidth of experimental disper-
sion curve is rather limited by either case. A higher



resolution dispersion image and larger bandwidth of
experimental dispersion curve were obtained by
multi-shot source-to-receiver distance gather, as
shown in Fig. 8c. The improvement from the multi-
shot common receiver configuration is quite pro-
nounced.
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Figure 8. The dispersion analysis for (a) single shot at xp = 4m
with a small handheld hammer, (b) single shot at xp = 27m with
a small handheld hammer, and (c¢) two shots combined by
source-to-receiver distance gather.

5 CONCLUSIONS

The data reduction method for dispersion relation in
a surface wave testing is conventionally associated
with certain method of data acquisition. Typical ex-
amples are phase angle analysis in the two-station
SASW method and 2-D multi-station wavefield
transformation of surface wave in the MASW meth-
od. Limited to the two channel data, conventional
SASW dispersion analysis suffers from possible
phase un-wrapping errors, inefficient data filtering
and synthesis, and inability to distinguish multiple
modes. The MASW method is generalized to ac-
commodate SASW data. Numerical simulations
were performed to demonstrate its feasibility and
advantages for analyzing SASW data. It avoids un-
wrapping of phase angles, a major source of human
error in conventional SASW analysis, enable identi-
fication and separation of multiple modes, and pro-
vides visual appraisal of complicated dispersion
phenomenon.

Tradeoffs are involved in the MASW testing con-
figuration when spatial resolution, effect of lateral
heterogeneity, spectral resolution, investigation
depth, and near and far field effects are considered.
To resolve the dilemmas in the field configuration, a
multi-shot common receiver configuration survey is
proposed to acquire multi-station wavetfield for 2-D
wavefield transformation analysis. A field example
demonstrated that this new approach provides a
more definitive guideline for MASW testing and
maximize the obtainable bandwidth for the disper-
sion curve.
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ABSTRACT: Small strain rock shear modulus is increasingly being used in routine design by applying a re-
duction factor applicable to foundations under normal serviceability conditions. While, the velocity measure-
ment provides a reliable means of determining the small strain modulus, this represents only an upper bound,
and an appropriate modulus degradation factor is required. A database of various rock types in South East
Queensland, tested with the intact rock modulus derived from both a non - destructive pulse velocity and tra-
ditional UCS testing to failure are compared. Ultrasonic pulse velocity (UPV) testing was used to establish if
this would be a reliable test method on Brisbane rock cores and provided the modulus at low strain. The UCS
— modulus ratios at low strain levels and at failure are also compared. The results suggest that a strong rela-
tionship exists between the pulse velocity and mechanical properties of rock in the Brisbane.

1 INTRODUCTION

The International Society for Rock Mechanics and
the American Society for Testing and Materials have
standardized the procedure for measuring uniaxial
compressive rock strength (UCS) and Young’s
modulus (E), but this method is time-consuming and
expensive (Bakar, 2007). The UCS is often derived
using the point load index (PLI) test, but rock specif-
ic correlations need to be established for soft rocks.
For example, Look and Griffiths (2001) found the
UCS/PLI ratio of 11 for soft rocks (R* = 0.4) in
Brisbane, whereas a ratio of 23 is the most common
ratio quoted in the international literature. A UCS to
Young’s modulus conversion factor in the range of
200 to 500 (Deere & Miller, 1966) is typically ap-
plied to approximate the Young’s modulus from
UCS.

The UCS and E of rocks can also be estimated by
non-destructive methods, such as ultrasonic pulse
velocity (UPV) testing (Hudson & Harrison, 2007).

The Pundit (Portable Ultrasonic Non-destructive
Digital Indicating Tester) is relatively new to the
Queensland industry. This equipment measures the
velocity, which can then be converted to a modulus
value. The objective was to first independently as-
sess its reliability (with the default correlations), and
then to establish correlations between the PUNDIT
measured velocities and other laboratory-tested
properties of Brisbane rock cores. This would add
credence as an acceptable measuring device.
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2 ULTRASONIC PULSE VELOCITY TESTING

Non-destructive testing such as ultrasonic pulse ve-
locity testing can be used for rock characterization.
The modulus is directly related to the pulse velocity
(Equations 1 - 3) of the rock (Yasar & Erdogan,
2004), who found strong correlations (R? > 0.8) for
carbonate rocks. A.S. 1170.4 (2007) uses shear
wave velocity (Vs) directly for rock definitions with
the lowest rock classification of Vs = 300m/s and a
UCS > 0.8 MPa. Strong rocks would have an aver-
age shear velocity of 1500 m/s.

Proceq produces a portable UPV testing instru-
ment for the non-destructive testing of the material
properties of metal, concrete, rock, paper and com-
posites. The “Pundit PL-200” provides a wide range
of measurements, including UCS and E (Proceq,
2014). The uniaxial compressive strength is estimat-
ed by a pre-determined correlation between meas-
ured velocity and known UCS values. However, this
“universal” correlation needed to be validated for
Brisbane rocks.

The shear modulus obtained from the Pundit is an
idealized value and is referred to as Gmax or Go, i.e.
the modulus under very small strain (Schneider,
Hoyos, Mayne, Macari, & Rix, 1999). In practice, as
the strain increases the shear modulus will decrease,
as shown in Figure 1. The secant modulus may be
20% to 40% of Gmax for a practical range of factor of
safety (Poulos, 2015).
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Figure 1. Stiffness variation and strain ranges (Clayton, 2011).

The Young’s modulus (E) is also proportional to
velocity using P-wave (compression) and S-wave
(shear) measurements. By measuring P-wave trans-
mission time and S-wave transmission time, the P-
wave modulus (M) and the shear modulus (Gmax)
can be determined.

M: pr2 and Gmax = stz (1)
Where: p = density of the material
V, =pulse velocity of P waves
Vs = pulse velocity of S waves
Poisson’s ratio (v) can then be determined by:
v=M-2G)/(2M -2G)
v=(Vp’ =2VP) / [2(Vp? = V)] )

The small-strain Young’s modulus can then be
calculated using:

Eo=2G (1 +v) 3)

3 METHODOLOGY

The rock cores were of different rock types, varying
degrees of weathering and were from projects (past
and present) around Brisbane, Queensland, Austral-
ia. The rock types included Brisbane Tuff, Phyllite,
Argillite, Spillite, Coal, Greywacke and Sandstone.
The degree of weathering ranged from distinctly
weathered (DW) to fresh rock (Fr). A total of 149
samples were tested. The measured pulse velocities
were correlated against the UCS and E values. In
addition, the measured E-modulus values were com-
pared to the E-modulus obtained from the stress-
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strain curve in the laboratory testing results.

Goodness of fit tests were used to determine best
fit Probability Distribution Functions (PDF) and re-
gression analysis (trend analysis) was used to deter-
mine correlations between the data obtained. The da-
ta was analyzed as a whole data set, as well as
broken down into smaller data sets to analyze effects
of rock type, weathering, specimen length and RQD
on the correlation results (Schneider, 2015).

Various test lengths were also compared. Test
lengths of 200 — 250 mm had a UCS — Velocity (V))
relationship with R? = 0.8 as compared to shorter
lengths with R? = 0.4. This is opposite of what was
expected based on ASTM (2008). The data below
does not differentiate lengths as test were carried out
on available or standard sample sizes.

4 TEST RESULTS AND DISCUSSION
4.1 Probability Distribution of UCS and Modulus

Figure 2 shows the probability distributions for all
data. Using all the data (n=144), the best fit distri-
bution is the Gamma PDF. The coefficient of varia-
tion (CV) is 82% with a mean of 33.4 MPa.

Figure 2. Probability Distribution for UCS (All Data).
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Table 1. Summary of UCS (MPa) Fit Comparisons

No. of Best Fit Standard Percentile Coefficient of
Rock Type . Mean L .
Samples Distribution Deviation 10t 9(Qth Variation (CV, %)
All Data 144 Gamma 334 27.5 6.9 69.8 82
Argillite 53 Gamma 34.1 26.5 7.6 69.3 78
Brisbane Tuff 34 Weibull 30.5 16.9 134 534 55
Sandstone 26 Laplace 17.4 11.4 4.4 304 66
Spillite 18 Laplace 73.6 35 33.8 1134 48
All Data (n=149)
0.0% B.1% et
0.0% 9.0% Mean 8.9
Std Dev 29.1
0.0% 8.7% 1% o
F5.0% 5.0% 4+ coe 857
= BetaGeneral
Mean 39.8
Std Dev 297
10% 7.1
90% 85.2
= Lognorm
. Mean 40.8
a; -~ Std Dev 371
! [ 3 10% 10.3
it E I 90% 82.5
S B3
= - = Mormal
o e A e e ™ Mean 39.9
o o = 2 3 2 5 a g Std Dev  29.1
! 10% 2.6
E Pundit (GPa) 0% 77.1
Figure 3. Probability Distribution of All E — Pundit data.
Table 2.  Summary of E, (GPa) Pundit Fit Comparisons
No. of Best Fit Standard Percentile Coefficient of
Rock Type . Mean . e
Samples Distribution Deviation 10t 9Qth Variation (CV, %)
All Data 149 BetaGeneral 39.8 29.7 7.1 85.2 75
Argillite 55 Triangular 46.7 24.6 17.2 83.3 53
Brisbane Tuff 34 Logistic 233 8.7 12.8 33.8 37
Sandstone 27 BetGeneral 24.8 17.2 5.9 50.2 69
Spillite 18 Laplace 90.8 243 63.2 118.4 27

The normal distribution if applied would have a 5
percentile value of —8.4 MPa which shows the error
in assuming a normal distribution. The lognormal,
while not best ranked, closely follows the best fit
distribution and would not produce the errors of the
normal distribution (Look 2015). The results of the
UCS fit comparisons are summarized in Table 1.

The data for Eo obtained from the Pundit was
analyzed in a similar fashion (Figure 3). The CV for
all combined data is 75% with a mean of 39.8 GPa.
The normal distribution, if applied, would have a 5
percentile value of —7.9 GPa. This negative value
again shows the error in assuming a normal distribu-
tion. The results of the E Pundit fit comparisons are
summarized in Table 2. Overall, less variation is
obtained for the modulus as compared with the
UCS.
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A higher ratio applied to the low strength rocks,
while a lower ratio applied to the high strength
rocks, excluding Sandstone. The sandstone and Tuff
have a relatively minor change in Eo/UCS ratios,
while the argillite and Spillite have a very high ratio
difference between low to high strength rocks.

Tables 1 and 2 show that lumping all data togeth-
er results in a large spread of results with a CV of
82% and 75% for the UCS and modulus respective-
ly. When that data is analyzed for Spillite only, the
spread of results reduces to as low as 48% and 27%
for the UCS and E, respectively.

The results from the UCS/ E Pundit PDF analysis
from Tables 1 and 2 were then combined to calcu-
late Eo/UCS ratios for rock type and overall PDF
(Figures 4 and 5, respectively).
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Figure 5. PDF of Eo/UCS Ratio for combined data.

The Poisson’s ratio obtained through the velocity
testing was also analyzed for each rock type. Using
all the data (n=149) the best fit distribution is the
normal. The CV is 23% with a mean of 0.22 for
rocks in the Brisbane region.

4.2 Primary Velocity versus Young’s Modulus
Correlation

The primary velocity, measured by the Pundit, was
correlated with the Young’s Modulus (both secant
and tangent), obtained through laboratory testing
(Figure 6). The secant Modulus is measured at 0% to
50% of maximum UCS while the tangent Modulus
is at 50% of UCS. There is an excellent exponential
relationship (R? =0.9) between primary velocity and
Young’s modulus, using all data.
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4.3 Young’s Modulus (Pundit) versus Young'’s
Modulus (Lab Tested)

The Young’s modulus obtained with the Pundit is a
low (0%) strain (Eo value), whereas the laboratory
tested Young’s modulus (E rap) is at a measured
strain relative to ultimate failure. Therefore, Eo was
correlated with E rap, (Figure 7) to determine the ap-
propriate reduction for this strain difference (Figure
1).

Table 4 outlines the reduction factor required to
convert Eg to Erap for different m