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In this research project, the measurements of the ultrasonic P- and S-waves and seismic cone penetra-
tion testing (CPT) were applied to identify subsurface conditions and properties of clayey soil stabilized with
lime/cement columns in the Stockholm Norvik Port, Sweden. Applied geophysical methods enabled to identify
a connection between the resistance of soil and strength in the stabilized columns. The records of the seis-
mic tests were obtained in the laboratory of Swedish Geotechnical Institute (SGI) through estimated P- and
S-wave velocities using techniques of resonance frequency measurement of the stabilized specimens. The CPT
profiles were used to evaluate the quality of the lime/cement columns of the reinforced soil by the interpretation
of signals. The relationship between the P- and S-waves demonstrated a gain in strength during soil hardening.
The quality of soil was evaluated by seismic measurements with aim to achieve sufficient strength of founda-
tions prior to the construction of the infrastructure objects and industrial works. Seismic CPT is an effective
method essential to evaluate the correct placement of the CPT inside the column. This work demonstrated the
alternative seismic methods supporting the up-hole technology of drilling techniques for practical purpose in
civil engineering and geotechnical works.
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Acronyms

ASCII – American Standard Code for Information Interchange,

CPT – cone penetration testing,

DSM – deep soil mixing,

FEM – finite element method,

LKD – lime kiln dust,

OPC – ordinary Portland cement,

OCR – overconsolidation ratio,

QL – quick lime,

SPT – standard penetration test,

SGI – Swedish Geotechnical Institute,

UCS – uniaxial compressive strength.

1. Introduction

1.1. Background

Stabilization of soil is a fundamental issue in civil

engineering. Prior to engineering and construction

works, weak soils should be stabilized using binders
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such as cement (Bache et al., 2022; Chen et al.,
2021; Lindh, Lemenkova, 2022f), lime (Kichou
et al., 2022; Chand, Subbarao, 2007), slag (Lindh,
Lemenkova, 2021a) or others (Mirzababaei et al.,
2018). Compared to native soil, stabilized mixture
exhibits the improved properties such as increased
strength, enhanced elastic modulus and stiffness
(Madhyannapu et al., 2010; Sundary et al., 2022),
improved liquefaction resistance (Ito et al., 1994).
Other advantages include the reduced porosity, per-
meability and shrinkage (Tonini de Araújo et al.,
2023; El-Rawi, Awad, 1981; Åhnberg, 2003), de-
creased swell potential in soils prone to freeze-thaw cy-
cles (Shihata, Baghdadi, 2001; Bin-Shafique et al.,
2011; Orakoglu et al., 2017), increased resistance
against the impacts from moisture and temperature
(Zhang et al., 2020; Kim et al., 2012). Such improved
properties make soil suitable to earthworks and ensure
the safety of constructions and civil infrastructure sys-
tems (roads, communications, tunnels, highways). This
especially concerns the high plasticity expansive clay
soils of Sweden.

Existing methods of soil stabilization can be divi-
ded into two broad categories: traditional meth-
ods of soil stabilization and evaluation of strength
(Trhlíková et al., 2012; Lindh, Lemenkova, 2022b;
Heidarizadeh et al., 2021) and advanced seismic
methods using non-destructive techniques of acousti-
cal soundings (Varma et al., 2022; Foti et al., 2002;
Lindh, Lemenkova, 2021b; Garcia-Suarez et al.,
2021). The traditional methods of evaluation of the im-
provements in the stabilized soil include the uniaxial
tests (Avci, Mollamahmutoğlu, 2016; Lapointe
et al., 2012; Xu, Yi, 2021) or triaxial (Alvarado,
Coop, 2012) using laboratory equipment which are
robust and widely applied approaches. However, they
have certain limitations and disadvantages. Firstly,
these methods are destructive, i.e., tested specimens
are crashed after the experiments. Secondly, these tests
are not applicable to be carried out on the fissured clay.
Moreover, the uniaxial compressive strength (UCS)
may be not precise for soils with the angle of shearing
resistance not equal to zero where the shear strength
is not equal to half the compressive strength. On that
basis, the use of the applied methods of data analy-
sis based on mathematical modelling (Jefferies,
2022) is better applicable for evaluation of soil cha-
racteristics.

The applied geophysical methods have been widely
used in the context of seismic and acoustical tests.
These are based on the evaluation of the velocities of
P- and S-waves penetrating the soil (Safaee et al.,
2022; Lindh, Lemenkova, 2022d, Foti, Lancel-
lotta, 2004). Other examples include the Rayleigh–
Ritz method which evaluates the free vibration char-
acteristics in the ground (Sonkar, Mittal, 2022;
Jones, 1958) or attenuation of waves through the

evaluation of vibration over time (Colombero et al.,
2015). Several experimental papers have been pub-
lished on the application of wave velocity to evalu-
ate soil parameters. Among these, Santamarina and
Cascante (1998) report on the existing relationship
between the wave propagation and the inherent prop-
erties of the materials, such as fabric, mineralogical
structure, surface roughness, size of particles and an-
gularity, which control soil strength and stiffness.

Ultrasonic and bender element tests used to mea-
sure the elastic modulus and evaluate the rigidity of
soil as the shear modulus from compression waves
are reported in (Amaral et al., 2011) with a case
of sand samples stabilized by cement. The use of the
free-free resonant column tests in combination with
the UCS tests has also proved to be applicable to the
sand-cement mixtures for measurement of the electri-
cal resistivity and mechanical properties of the sta-
bilized soil (Rusati et al., 2020). Other examples in
this category include measuring the shear wave veloc-
ity during the penetration testing (Hepton, 1989),
and determining the dynamic shear modulus of the
ground, independent of Poisson’s ratio (Abbiss, 1981).

The cone penetration testing (CPT) is an ef-
fective method of soil investigation and identifica-
tion of the subsurface conditions. Originally deve-
loped in the Netherlands in the 1930s and initially
named as the Dutch cone test (Brouwer, 2007;
McCallum, 2014), it has nowadays numerous appli-
cations in geotechnical engineering, such as prediction
of liquefaction resistance (Olsen, 2018; Fitzgerald,
Elsworth, 2012; Saye et al., 2021), evaluation of
strength (Price et al., 2016; Jamiolkowski et al.,
2003), and measuring excess pore pressure (Sully,
Campanella, 1991; Elsworth et al., 2006). Nowa-
days, CPT is one of the most used methods for mea-
surements of the geotechnical properties of soil. For
instance, the applications of CPT for estimation of de-
formation modulus of soil (Shahien, Farouk, 2013;
Benz Navarrete et al., 2022) and characterising soil
liquefaction potential by Guan et al. (2022) are worth
mentioning. The related methods include, for instance,
estimating the cone penetration resistance for analysis
of the soil compressibility (Bisht et al., 2021).

The deep soil mixing (DSM) method is an in situ
stabilization of soil in which soil is mixed with binders,
typically cementitious materials, lime, slag or simi-
lar stabilizing agents. Over the last decades, there
has been a rise in research into the DSM methods,
as a response to the appearance of novel construc-
tion practices and equipment in addition to the ex-
isting general techniques of drilling in cored boreholes
(Hepton, 2015). These are the techniques of stabi-
lizing the unsaturated expansive subsoils at the mod-
erate active depths (Madhyannapu, Puppala, 2014;
Madhyannapu et al., 2009), or settlement control in
the highway embankment (Archeewa et al., 2011).



P. Lindh, P. Lemenkova – Ultrasonic P- and S-Wave Reflection and CPT Soundings. . . 327

The cases of the reinforced embankments supported
by the DSM cement columns are presented by Lam-
brechts et al. (2012) for stability and the settlement
control, Bergado et al. (2008) with computed per-
meability and the compressibility ratio and the con-
solidation of the columns and clay, and Yapage et al.
(2014) with evaluated settlements, excess pore-water
pressures and lateral deformations in a strain-softening
behavior of the deep cement columns.

Cohesive soil with high moisture content and fine-
grained structure, such as clays, silts or loams, are
best stabilized by lime and cementitious binders. As
a result, soil has enhanced parameters which result in
the increased strength, reduced permeability and com-
pressibility. However, the engineering properties of soil
stabilized by the DSM method depend on various fac-
tors including the following ones: the original charac-
teristics of the native soil, the types and the amount of
binders, technical and operational parameters defined
by the construction types, curing time, depth, exter-
nal parameters such as temperature and moisture, and
loading conditions.

In this paper, we propose a framework of novel ap-
plications of the DSM and seismic methods to address
the problem of the evaluation of strength of the ex-
pansive clay stabilized with lime/cement columns. The
methodology includes the in-situ fieldwork and labo-
ratory based measurements and modelling. The CPT
soundings were performed in the area of the Stockholm
Norvik Port. The resistance and strength of soil in
the stabilized columns was evaluated by seismic tests.
A method of resonant frequency measurements of the
compressional wave velocities was embedded into these
tests. We applied the alternative seismic methods sup-
porting the up-hole technology of the drilling tech-
niques. This enabled to evaluate the pressure by the
S- and P-waves for lime/cement columns. We report
the results of seven columns with performed CPT prob-
ing (ACS155, ACW151, ADA147, ADC148, AEG35,
AEE356, and AEA358). We evaluated the relationship
between the P- and S-waves which showed the gain in
strength.

1.2. Objectives and goals

The background to the project is the need to cor-
rectly evaluate the quality of the lime/cement columns
in terms of strength and homogeneity in the region of
the Stockholm Norvik Port – a new deep sea port
of Sweden in the Baltic Sea. Norvik consisted of a bay
until the beginning of the 1980s, surrounded by a hilly
strip of land and a mountainous island. Nowadays, this
area is largely reconstructed for the container terminal
of the Stockholm Norvik Port. The Stockholm Norvik
Port is an important port transporting cargo in the
capital with a direct connection to other regions of
Sweden in the Baltic Sea and northern Europe. The

sustainable and efficient operation of the infrastructure
in the port modalities requires safe constructions on
the stabilized ground. Therefore, the objectives of this
work are to determine the strength properties of soil
stabilized by lime/cement columns using the CPT. The
CPT was evaluated as a test method for the stabiliza-
tion of soil prior to construction works. The practical
goal of this work is to connect the laboratory tests and
field measurements to obtain a better and safer op-
timization of the binders in terms of types and pro-
portions for soil stabilization. In the response to these
needs, the aim is to evaluate seismic methods for eva-
luating the strength of the soil, stabilized by various
binders.

2. Methods

2.1. Fieldwork

In this project, the field investigations were car-
ried out during the period of 7–10 November 2016 in
Norvik. The technical equipment included the multi-
purpose drilling rig GEORIG – Model 607 used for
soundings. The GEORIG – 607, developed by Geotech
AG, was selected as a proper instrument for drilling,
since it is equipped with all the necessary devices for
soil rock drilling, Swedish weight sounding, dynamic
sounding, standard penetration test (SPT) and CPT.
The GEORIG 607 was anchored with a screw to
achieve the sufficient holding force, Fig. 1.

Fig. 1. Process of CPT sounding in Norvik area.
Photo source: Per Lindh.

During the construction of a gas storage facility
in Nynäshamn, the bay was filled with the explosives
from the construction. The filling was carried out by
the tipping masses from several fronts, which meant
that the large volumes of clay were enclosed in the
blast-stone filling. The two large areas, northern and
southern ones, were identified and used as study areas,
filled with clay up to 30 m. Previously, several geotech-
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nical field investigations in this area were carried out
in 1982, 2008, 2010, and 2011 with technical details
reported clay properties and stabilization (Eriksson,
2015). The requirements for the lime/cement columns
in this project were set on the achieving of a mini-
mum in situ shear strength of 150 kPa after 28 days of
curing period. To ensure this, the requirement for the
laboratory packed samples is set to at least 200 kPa.
Several mixtures of the stabilized soil that contained
cement, quicklime and the lime kiln dust (LKD) met
the requirements of at least 200 kPa after 28 days of
storage. Since the in situ temperature in the columns
is partly dependent on the type and the amount of
binder, the laboratory tests differed from the fieldwork
results, especially when the laboratory cured samples
were stored at 7○C in a climate room where the cooling
is significantly greater than in in-situ conditions.

2.2. Laboratory tests

2.2.1. Test chamber

Prior to the laboratory tests, the test chamber was
well examined and documented in terms of techni-
cal conditions for natural soil collected in the Stock-
holm Norvik port. The laboratory measurements on
the stabilized soil were carried out using seismic tests
of P-wave and flexwave (shear wave) velocities that
evaluated the strength of the stabilized samples. Seis-
mic tests were carried out as a reference to the mea-
surements in the field.
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Fig. 2. Variations in water ratio, yield strength and density in natural clay over depth.

2.2.2. Determination of the material parameters

The soil stabilized in this project included natu-
ral clay with parameters reported in Figs. 2 and 3.
The overall density values vary in the range of 1.40 to
2.00 t/m3 in the depth up to 25 m (Fig. 2, right). The
values of both the natural water ratio (WN ) of soil
and the yield strength (WL) vary from 40 to 100%
(Fig. 2). The density mostly varies between 1.5 to
1.7 tons per m3. The corrected shear strength, cu-korr,
is mainly between 5 and 15 kPa and the clay is low to
medium, in terms of sensitivity.

2.2.3. Binders

Three different binders were used in this study:
1) ordinary Portland cement (OPC) of type CEM
II/A; 2) burnt lime, or quick lime (QL); 3) LKD.
These binders were selected due to their effectiveness
and applicability, as tested in previous studies (Lindh,
Lemenkova, 2022c). Using these three general types
of binders, nine combinations of the blended mixes
were fabricated and tested. The mixing quantities cor-
responded to 80, 100, and 120 kg of binder per m3

of clay. To evaluate binder combinations for stabiliza-
tion using the deep mixing method, the experimental
setup using the simplex centroid design was used fol-
lowing the existing methodology (Lindh, Lemenkova,
2022e). Hence, various percentage of the three binders
was tested in an experiment which consists of a trian-
gle with pure binders in the corners and a mixture of
two binders along the triangle’s stripes.
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Fig. 3. Shear strength and sensitivity changed over depth for the large clay area.

A combination of all the three binders was tested
experimentally inside the triangle with a total binder
content as a constant. The trial surface in a three-
factor simplex centroid is structured as a triangle with
the corners of the triangle representing 100% of one
binder and the centre of the triangle corresponds to
33% of the three different binders. The mutual ratio
between the binders varies depending on where in the
triangle the test point is located. These tests were car-
ried out according to the laboratory quality hand-
book of the Swedish Geotechnical Institute (SGI) (do-
cument 29a, rev c). Each trial point was performed as
a double trial. The points on the lower edge of the tri-
angle correspond to either a pure binder (cf., CEM
II/A or QL), or, alternatively, as a mixture of 50%
CEM II/A and 50% QL. Testing the proportions and
the amount of binders was carried out on clay collected
from the test excavation sites carried out at Norvik.

The curing times for the samples was determined
as 7, 14, 21, and 28 days with measurements of strength
performed on the reference days. Some extra specimens
were evaluated on the 80th day of curing. In addition,
extra reference tests were carried out for calibration
of seismic measurements in relation to the compressive
strength at 7 and 14 days. The experimental setup was
performed as a three factor simplex centroid with a re-
striction limitation of the LKD content which was in-
creased up to 50%. The purpose of the statistical trial
planning is to minimise the number of trials in view
of the large amount of materials that should be tested
in real conditions (dozens tons of soil) and to statis-

tically optimise the binder blends. At the same time,
the experimental planning maintains the statistical sig-
nificance and ensures that both positive and negative
interactions between the binder components are de-
tected.

2.3. Seismic tests

The natural resonance frequency (fn) is the num-
ber of oscillations per second (Hz) in a test body that
is allowed to oscillate and swing freely without damp-
ing. The lowest resonant frequency is called the fun-
damental mode. All natural resonance frequencies can
be physically related to the elastic constants, E-mo-
dulus (E) and transverse contraction number or seis-
mic velocities such as primary wave (P-wave) and sec-
ondary wave (S-wave or shear wave). For specimens
with a length twice the diameter (L/D ≥ 2), the one-
dimensional (1D) wave propagation velocity was cal-
culated using Eq. (1):

VP1D = 2Lfd, (1)

where fd is a damped resonance frequency.
Seismic measurements were performed as a res-

onance frequency measurement of the P-wave and
S-wave, Fig. 4. The advantage of the P-wave measure-
ments is that these can be carried out on the specimens
while they harden in the sleeve so that the sleeve does
not significantly affect the measurements. The disad-
vantage of measuring the P-wave is that it is strongly
affected when soil becomes saturated with water, when
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Sr goes towards one. When soil is saturated with wa-
ter, the measurement of P-wave velocity of soil sample
is affected by the included water for which the P-wave
velocity is about 1500 m/s. Necessarily, this may lead
to the incorrect and biased results. However, this bias
is not significant in the laboratory-made specimens,
because these cannot be saturated with water without
a very high pressure.

Measuring the shear wave instead enables to solve
this problem in cases when it is not affected by high
water saturation levels. However, the measurement of
the true shear wave is more difficult with a free-free
resonant column setup. A common way to evaluate
a shear wave, although not entirely accurate, is to mea-
sure the bending mode, i.e., flex mode or transverse
mode (Verástegui-Flores et al., 2015). According
to this approach, the shear wave velocity is under-
estimated by approximately 5% for a specimen with
a slenderness factor of 2 (where slenderness is a ratio
of length/diameter) and a = 0.2. The setup for mea-
suring the flex mode is shown in Fig. 4.

a)

b)

Fig. 4. Setup of test measurements: a) P-wave frequency
of a sample body by a free-resonance column approach;
b) flex wave frequency (ff ) of a sample body using a free

resonance frequency of column.

The evaluation of the shear wave velocity is calcu-
lated according to Eq. (2):

Vs = 2Lff . (2)

To measure true shear waves in a laboratory, it
is necessary to use bending elements. However, this
methodology is cumbersome and requires a long time.
To solve this problem, a new methodology has been
tried at the SGI to evaluate the torsional mode aimed
at a better calculation of the shear wave, Fig. 5. How-
ever, this approach is not yet sufficiently tested and
should be verified with more measurements and ana-
lysis using the finite element method (FEM) to check
that the correct mode is evaluated.

Fig. 5. Sketch of the experimental setup for measuring tor-
sion mode according to the free-free resonance column prin-

ciple.

To evaluate how both the P-wave velocity and shear
strength develop with time, reference soil samples were
fabricated. The reference samples consisted of a stan-
dard recipe consisting of 50% OPC and 50% QL. The
advantage of the use of P-wave velocity in the labo-
ratory tests is that it can also be measured on soil
specimens stored in sleeves. However, in such case, the
length of the sleeves must be equal to the length of
the sample. Otherwise, the resonance frequency of the
sleeve is measured additionally, which biases the re-
sults. The binder quantities were chosen correspond-
ing to 80, 100, and 120 kg/m3. After 7 days of curing,
the P-wave velocity and shear strength were evaluated
on the two samples with each binder quantity. This
was repeated on days 14, 21, 28, and 80, respectively.
This type of correlation has previously been used for
the surface-stabilized specimens and indicated robust
results (Lindh, Lemenkova, 2022a). The choice of
80 days was based on the degree days to compare with
the 28 day strength of samples stored at 20○C. A better
procedure would have been to use maturity numbers
(MT ) instead of the degree days.

2.4. Seismic CPT

The CPT probe is performed according to the stan-
dard SS-EN ISO 22476-1:2012 for subsurface explo-
ration. The reason for using seismic CPT is that in
this method, a peak pressure and both seismic val-
ues obtained from the P-wave (compression wave)
and S-wave (shear wave) are evaluated. During the
CPT probing, a cylindrical probe with a cross-sectional
area of 1000 mm2 is driven, where the probe has a tip
angle of 60○. The pushing of the instrumented cone
into the ground was performed at a continuous rate of
2.0 cm/s. During the CPT, the force required to drive
the probe down was measured by the mechanical mea-
surements to evaluate the penetration resistance of soil
when pushing a cone with a conical tip into the soil.
The casing friction was measured through a backlash
coupling, to distinguish it from the tip pressure. The
pore pressure generated during the pushing was mea-
sured using a filter system located behind the probe
tip, and the friction force gauge was used to measure
the friction ratio between the sleeve friction and the
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tip resistance, which was measured as a percentage,
see the scheme in Fig. 6.

Sealing (against dirt)

Sealing (against dirt)

Total area AT = 1000 mm2

As = 15000 mm2

d = 35.7 mm

Netto area AN

a = AN /AT 

b = (AL  – AU )/As 

qc = Fc /AT 

qt = Ftip /AT = qc + u2 (1 – a)
fs = Fs /As 

ft = FJacket /As = fs – (u2AL – u3AU)/As

AL

Fc

Ftip

uu

AU

u2

FJacket

u2

u3 u3

0-rings

0-rings

FilterFilter

Friction sleeve

Force gauge tip (Fc)

Friction force gauge (Fs)

Pore pressure gauge (u)

Fig. 6. Schematic diagram of the composition of a CPT
probe. Modified after: SGI Information 15.

During the tests, the tip resistance (MPa) is
recorded as a force required to push the tip of the cone
through soil. It is determined as the force per unit area
obtained by dividing the measured force by the cross-
sectional area of the tip. This peak pressure is denoted
as qc if the pore pressure is not taken into account and
qt if the value is corrected taking into account error
sources from the effects of the soil pores. In a spe-
cial case, when u ≈ 0 or is negligible, qc becomes qt.
The CPT probe is reported and registered in standard
protocols using Conrad software, as shown in Fig. 16.
The sounding was carried out following the traditional
methods of the CPT sounding. The specifics of the
fieldwork is that at the depth where seismic measure-
ments were carried out, the CPT sounding was paused,
while the P- and S-wave measurements started.

The measurements used a sledgehammer which was
connected with an earth cable to the measuring equip-
ment to generate shear and compression waves. At
the start of seismic measurements, the problems arose
with the signal, which could be traced to motor vi-
brations and transmission between the drill chuck and
drill steel. This was resolved by releasing the drill chuck
and shutting down the motor of the drill track car-
riage. The CPT soundings were not performed at the
centre of the columns, to avoid the disturbances at
the centre arising from the column installation itself.

The Seismic CPT included the measurements of
shear and compression waves, in addition to the regu-
lar CPT soundings. The measurements were performed
using a series-connected device that was placed be-
tween the CPT probe and the probing rods. The mea-
surements were performed by stopping the CPT probe
at the required level of 25 m. Alternatively, the sys-
tems with continuous measurements can also be used.
In such cases, measurements should be stopped after
splicing the bars.

There are two different principles of seismic mea-
surements.

The first principle is based on the two rounds
of accelerometers (A1 and A2) with a fixed distance
between them, Fig. 7a. The accelerometers measure
the x-, y-, and z-directions, where y-direction identi-
fies the pitch. This principle calculates the penetration
speed based on the time measurement between the first

a)
x

Shear beam

L1

L2

A1

A2

d1

d2

x

z

b)
x

Shear beam

L1

L2

d1

d2

z

x

Fig. 7. Schematic diagram of a seismic CPT probe with:
a) dual accelerometers; b) one accelerometer.
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wave propagation to accelerometers 1 and 2. There-
fore, this method is sometimes referred to as “true-
time”, since the fixed distance between the accelerome-
ters provides a safer determination of the time diffe-
rence and thus a precise determination of the ground
running speed, Fig. 7a. As the distance between the ac-
celerometers is constant, the speed can be calculated
directly.

The second principle is based on carrying out the
measurements with only one set of the accelerome-
ters with registration in three directions (x, y, and z).
The measurement is first performed at one level, after
which the CPT probing continues and a new measure-
ment is performed at the next level, Fig. 7b. In this
case, the accelerometer measures signals in the x-, y-,
and z-directions, where y-direction identifies the pitch.
This method is often called “pseudo-time”, as the dis-
tance is based on the two different measurements where
the difference in depth is taken from the CPT log-
ging. First, a depth measurement d1 is performed, af-
ter which the probe is pressed down to the depth d2

to continue with the next measurement, Fig. 7b.
An alternative to the above is to combine the lime-

stone probe with the seismic CPT approach. In cases
where a more reliable determination of the soil proper-
ties is needed, we recommend the application of these
alternatives. An alternative to using the seismic CPT
is the up hole technique for quality control of the lime/
cement columns. This methodology involves the in-
stallation of the pipe in or near the centre of the
column which means that the pipe is installed using
lime/cement column machine. Such technology was de-
veloped for installation of the measuring pipes and
reported in previous investigations of the SGI in SD
Technical Report 35. This can be a good solution to
quick and easy installation of the pipes for drilling.

After the initial hardening of soil specimens, the
measurements of soil strength were performed using
the following techniques. On the top of the lime/ce-
ment column, four accelerometers were installed, po-
sitioned with a 90○ angle between the accelerometers.
The test included the evaluation of the P- and S-wave
sources which were lowered into the pipe to the target
depth, after which the probe was clamped as a “packer”,
the waves were excited and their velocity was mea-
sured, Fig. 8. The experiment was repeated in the di-
rections where the accelerometers are placed. After the
measurements are finished on one level, the probe is
moved up to the next level, where the measurements
continued in an iterative manner.

The advantage of this method is that it ensures
a good contact between the columns and the ac-
celerometers. Besides, the excitation wave and the lo-
cation of the seismic source are very well defined. More-
over, an additional advantage is that the measurements
can be carried out by one person without costs for
drilling rigs, which significantly decreases the financial

z

x

Accelerometers

Seismic 
source

Fig. 8. Schematic sketch of the “up hole” measurements
of the lime/cement column.

costs in the project. However, there are also some dis-
advantages of this method which should be mentioned.
The quality of the columns is usually the worst at the
top. This can be solved either by excavating the top
or by attaching the accelerometers at a deeper level.
Another disadvantage compared to the seismic CPT is
that it is necessary to decide in advance which columns
are to be measured. Therefore, in order to obtain a di-
rect comparison with the limestone probe, a slotted
pipe can be used for the up hole measurements, after
which a normal test with the limestone probe is carried
out.

2.5. Shear strength evaluation from CPT

The evaluation of the CPT probe has been per-
formed using Conrad software, version 3.1. In a fine-
grained soil, shear strength is primarily evaluated as
the net peak pressure. An alternative method for clays
is to use the generated pore overpressure. The em-
pirical relationships developed for the conditions of
Swedish soil are based on the evaluated dataset con-
taining field measurements and laboratory data from
a variety of soil types collected in Sweden. For nat-
ural clay soil, the relationship between the net peak
pressure and shear strength is sensitive to the yield
strength of soil (WL) and to some extent also to the
degree of the overconsolidation ratio (OCR), which is
described according to Eq. (3):

cu =
qt − σν0

13.4 + 6.65WL

(OCR
1.3
)−0.2. (3)

In cases where values of the yield strength of clay
are missing, Eq. (4) is used instead:

cu ≈
qt − σν0

Nkt

, (4)
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where Nkt (empirical confactor) is set to 16.3 for clay.
In the Conrad evaluation software, Nkt is denoted
by N11. For a binder-stabilized soil, there is not the
same amount of the empirical evidence and therefore,
not much literature about which value of Nkt should
be used. There are recommendations that Nkt val-
ues should be set between 17–20 for a stabilized soil
(Larsson, 2017; Makusa et al., 2014). Furthermore,
there are limitations in evaluation of the firmness in
different layers of highly layered soil, because the tip
pressure is affected from the above as the underlying
layer at a distance of 5 to 20 times tip diameters. To
evaluate a firmer layer in a loose soil using this method,
the thickness of the layer should be between 4.4–4.7 m.
In the opposite case, with a looser layer in a firmer
soil, the thickness of soil layer should be between 0.2
to 0.4 m. This means that the diapason of weakness in
a lime/cement column can easily be missed in the CPT
evaluation. This becomes the most important issue for
the evaluation of a lime/cement column reinforcement
in the shear zone.

In a binder-stabilized soil, the pozzolanic reactions
take place and continue for many months, therefore
the properties of the stabilized soil (texture, struc-
ture, strength, etc.) partly change over time. For in-
stance, change in the texture of clay is based on the
exchange of ions in the clay and change in the water
ratio. The ion exchange is described by the lyotropic
series:

Li+ < Na+ < H+ < K+ < NH+
4
≪Mg++ < Ca++ ≪ Al+++.

The change in the structure of the clay mineral is
shown in Fig. 9.

Fig. 9. Change in texture and water-holding of clay as it
moves from a sodium saturated system to a calcium-satu-

rated system.

Thus, the stabilized clay has a change in plasticity,
yield strength, and other parameters. The degree of
change depends both on the type of clay mineral and
on the type of binder. The changes in the structure of
the stabilized clay mean that the empirical relation-
ships that exist between the tip pressure and shear
strength of the original non-stabilised clay differ for
a stabilized clay. To evaluate samples cured at different
temperatures, soil specimens can be compared between
laboratory-processed samples cured in climate rooms
at 7○C and those fabricated in situ under the differ-

ent temperature conditions. In this case, the maturity
number MT is defined according to Eq. (5):

MT = [20 + (T − 20) ×K]2 ×√t, (5)

where T – temperature (○C), t – time (days), K –
material-dependent empirical constant. The material-
dependent empirical constant K is calculated by curing
samples at different temperatures, e.g., 7○C and 20○C.
The samples were then measured with the resonance
frequency measurement at different time intervals. The
results from the seismic measurements were used to fit
the curves so that they coincide, i.e., different values
of K are used, after which the curves are compared.
A common value of K accepted in this study is 0.5,
although literature has also shown K ≈ 1 (Åhnberg,
Holm, 1987).

3. Results and discussion

3.1. Results of the lime/cement column recipes

3.1.1. Strength determination

In the testing of binder combinations, a referen-
ce recipe of the OPC CEM II/A and QL were used
in a mutual ratio of 50/50%. The evaluated shear
strength for reference samples at different curing times
is reported in Fig. 10. Here the quantities of binders
represented 80, 100, and 120 kg of binders per m3 of
clay. The samples were stored in a climate room with
a temperature of 7○C. The results show the higher
strength in the samples stabilized with 120 kg of bin-
ders per m3 of clay, while the lowest values for the
80 kg of binder. Thus, on the 80th day of stabilization,
the highest values of shear strength reached 430, 445,
and 465 kPa for soil mixtures stabilized with 80, 100, and
120 kg of binders, respectively. This indicates that
the amount of binders directly affects the strength of
soil in the final output.

Curing time [days, by 7°C]
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th

 [k
Pa

]

Fig. 10. Shear strength as a function of curing time for test
specimens stabilized by a combination of CEM II/A and

burned lime (50/50).
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In order to evaluate the effects of different combina-
tions of binders on shear strength of the stabilized soil
material, a test setup was used supported by Pareto
diagrams, Fig. 11. The Pareto chart shows the effect of
the different components of binders on the stabilization
results with the achieved significance value p = 0.05.
For a binder amount at 80 kg/m3, the results show
a clear positive interaction between various compo-
nents (OPC, QL, and LKD) in a binder combination,
Fig. 11. The direct and positive interaction means that
binder components generate a higher strength than can
be expected from a linear regression between the effects
of the individual binders. The model has an explana-
tion rate of 95%, i.e., it explains 95% of the variations
in shear strength. The setup of test for binder amount
of 100 kg/m3 clay contains an extended number of
tests. For comparison with other amounts of binders,
the analysis was performed with the same number of
trial points as for 80 and 120 kg of binders, respec-
tively. The results of this analysis show a lower positive
interaction between the binders. However, this should
be compared with the result from the analysis of the
extended trials. In a trial setup with more internal trial
points, the resolution increases, and the degree of the
explanation rate of the model increases as well, from
95% to 97.5%. The extended model shows a greater in-
teraction between various binder components for a mix
amount corresponding to 120 kg of binder per m3

of clay. At this mix amount, the positive interaction of
the binder components was insignificant. The degree
of explanation of the response surface, according to
the Response Surface Methodology (RSM) (Myers,
Montgomery, 1995; Montgomery, 1996) was 98%.

Pareto chart, standardized pseudo-comps; variable: cu [kPa]
3 factor mixture design; mixture total = 1, 18 runs

DV: cu [kPa]; MS residual = 181.932 

Standardized effect estimate [absolute values]
p = 0.05

Fig. 11. Pareto chart showing the effects of binders on soil
stabilization with the significance level 0.05 for a mixture

of 80 kg of binders per m3 of soil.

3.1.2. Seismic measurements

Seismic measurements included the evaluation of
the velocity of P-waves, according to the resonance
frequency method. The P-wave is an axial wave pass-

ing through the cylindrical specimen. In this case,
the P-wave was correlated against the shear strength
of the stabilized soil specimens. For the dimensioning of
the lime/cement columns, the values of shear strength
of the material were used. Various binder recipes were
assessed for shear strength of soil specimens obtained
after a certain curing time. The connection between the
P-wave velocity and the compressive strength is indi-
rect and material-dependent, i.e., based on the compo-
sition of the soil material. A correlation between the
S-wave velocity and shear strength of the stabilized soil
is reported in Fig. 12a.
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Fig. 12. Shear strength as a function of: a) S-wave speed for
stabilized clay from Norvik; b) P-wave rate for stabilized

Norvik samples.

Here, the shear wave velocity is adjusted according
to Eqs. (6) and (7) (Verástegui-Flores et al., 2015):

τfu = 0.0424 × Vs
1.462, (6)

τfu = 0.0021 × Vs
1.9244. (7)

Here Eq. (6) comes from a reference data using Re-
port 35, and Eq. (7) comes from the data investigation
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using stabilized clay from Norvik. The results from the
above measurements can be used for the shear strength
prediction based on measured P- and S-wave veloci-
ties from the in situ measurements, e.g., with down
hole measurements. For the Norvik project, the major
measurements were the P-waves where a correlation
between the P-wave velocity and the shear strength
of the soil samples was evaluated and presented in
Fig. 12b. The relationship between the P-wave and
shear strength corresponds to Eq. (8):

τfu = 0.0004 × Vp
2.0497. (8)

To make a correct comparison between the differ-
ent stabilized soil samples solidified with varying cur-
ing ages, the ambient temperature was taken into ac-
count. Thus, in the laboratory tests, the specimens
were stored in the climate rooms with a constant tem-
perature maintained at 7○C, where exothermic energy
from specimens is cooled away, which affected strength
development in soil. In contrast, the temperature in the
field is significantly higher due to the less effects from
cooling.

The temperature in the field also depends on the
amount and type of binder. The comparison between
the samples hardened at different temperatures is most
appropriately done using the maturity numbers. In
Fig. 13, the P-path measurements are reported as
a function of curing time and recalculated to the ma-
turity numbers on soil samples cured in 7 and 20○C.
In the calculation of the maturity rate (Eq. (5)), the
K factor was set to 0.55 by the empirical fitting. Figu-
re 13 shows the differences in the evaluated strength
between the samples cured in the laboratory conditions
with those from the in-situ field measurements before
the final strength is achieved. In the Norvik project,
no temperature measurements were carried out in the
field. The degree days were used as measurement pa-
rameters of curing progress of soil hardening to replace
the maturity numbers.

Table 1. Compilation of data from probed columns.

Column

ID

Top

level

of

column

Bottom

level

of

column

Stabilized

column length

for binder

LC/SC 50 kg

Drilling

below

column

[m]

Average

binder

content

[kg/m]

Lifting

speed

[mm/

revolution]

Production

date

SCPT

date

Curing

time

[days]

ACS155 −0.9 −25.1 24.2 0.8 51.0 20 2016.10.12 2016.11.08 26

ACW151 −0.7 −24.2 23.5 0.8 50.3 20 2016.10.11 2016.11.08 28

ADA147 −0.7 −24.2 23.5 0.8 50.2 20 2016.10.10 2016.11.08 28

ADC148 −0.6 −24.2 23.6 0.8 50.0 20 2016.10.10 2016.11.09 29

AEA358 0.1 −12.0 12.1 0.8 50.5 20 2016.10.31 2016.11.09 9

AEG35 −0.5 −11.5 11.0 0.8 51.1 20 2016.09.19 2016.11.07 49

AEE356 – – – – – – – 2016.11.10 –
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Fig. 13. P-wave rate as a function of: a) the curing time;
b) the maturity number (MT ).

3.2. CPT soundings

The results from the CPT soundings are reported in
Figs. 17–22. In total, 7 different lime/cement columns
with a varying curing age between 9 days and 49 days
were examined. The data for the investigated columns
are summarised in Table 1. Here the drilling below
the column refers to the penetration level of the tool,
which is 0.8 meters below the stabilised part. This is
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due to the fact that the mixing tool releases the bin-
der above the bottom of the tool and normally it is not
as much as 0.8 meters. The rise indicates the lifting, or
the ascend speed of the tool for each revolution while
drilling cycle.

Since there are significant uncertainties related to
the evaluation of shear strength of the stabilized soil
based on the peak pressure or the pore pressure eval-
uated from the CPT sounding, this study includes
the comparison of the standardised values between the
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[Fig. 14a-f]

peak pressure qc and standardised results from seismic
measurements. The normalisation was carried out by
dividing the results by the largest value. Seismic mea-
surements were recorded in the three lines, of which
x- and y-lines represent shear wave measurements and
z-line represent the compression wave measurements.
The evaluations are reported in Figs. 17–22.

The measured parameters for the lime/cement co-
lumns are reported in Fig. 14. The results show a large
variation and a very low tip resistance at the depth
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Fig. 14. Evaluated results from the CPT probing of the lime/cement columns (start and end depths of the seven test
columns): a) ACS155 (2.00–10.22 m); b) ACW151 (2.00–13.50 m); c) ADA147 (2.00–12.50 m); d) ADC148 (2.00–12.98 m);

e) AEG35 (2.00–12.62 m); f) AEE356 (2.00–7.48 m); g) AEA358 (2.00–14.56 m).

between 2 and 2.5 m below the ground surface, after
which the tip pressure increases up to about 10 MPa
at the level of 3.5 m. Between 5 and 8 m, the peak
pressure reaches values of 1–3 MPa; at 8 m of depth it
rises steeply to over 10 MPa. The sounding was inter-
rupted at the depth of 10 m due to the stop caused by
a high tip pressure. The measured friction shows the
consistent results, although with some delay at the end
of the probe. The results from seismic measurements
show a good agreement between the shear waves in the
x- and y-directions.

However, the high peak pressure around the level
of 3.5 m is not achieved. The compression wave shows
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[Fig. 15ab]

a better agreement with the peak pressure and the
evaluated P-wave velocities for various columns, see
Fig. 15. The P-wave velocity down to the level of 7 m
is within the compression wave velocities measured in
the laboratory, see Fig. 17a and Fig. 12b. The values
are, however, quite high, especially considering that
the curing age of the column at the time of probing
was only 26 days.

The measured shear wave speed for the columns
is reported in Figs. 17 to 22 for various directions.
The graph shows the results from the evaluated shear
wave excited from both right and left in x -direction,
the means of signals. The results show generally low
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Fig. 15. Normalized peak pressure, S-wave and P-wave for the lime/cement columns: a) ACS155; b) ACW151; c) ADA147;
d) ADC148; e) AEA358; f) AEG35
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Table 2. Table showing evaluated results from seismic CPT for column ACS155.

Depth

[m]

P-wave

[m/s]

Ext. cu
from P-wave

[kPa]

S-wave,

x-dir.

[m/s]

S-wave,

y-dir.

[m/s]

S-wave mean

[m/s]

Ext. cu
from S-wave

[kPa]

2.25 852 406 98.94 105.27 102.11 15

2.75 877 431 121.06 115.52 118.29 20

3.25 739 303 123.13 122.65 122.89 22

3.75 766 326 127.60 125.87 126.74 23

4.25 785 343 123.17 135.54 129.36 24

4.75 620 212 149.97 158.20 149.09 32

5.25 507 140 144.83 194.82 169.83 41

5.75 410 91 152.01 200.14 176.08 44

6.25 284 43 194.30 276.78 235.54 77

6.75 750 313 245.61 274.35 259.98 93

7.25 1395 1115 280.15 383.49 331.82 149

7.75 1427 1169 325.17 488.08 406.63 220

shear wave velocities. Table 2 shows P- and S-wave
velocities for column ACS155. The table also contains
calculated shear strength values based on the correla-
tion determined in the laboratory. It is clear that the
soil strength evaluated using P-wave measurements is
relatively high with values above the actual strength,
while strength evaluated using S-wave measurements
shows values clearly below the expected results. Down
to a depth of 6 m, the evaluated strength values are
only slightly above the initial strength values of na-
tural clay. Figure 14 shows the results of testing var-
ious columns. These results in the column ACS155
(Fig. 14a) indicate a significant difference compared
to a probing in natural clay, cf., Fig. 14f in the col-
umn AEE356. The results from the probing of column
ACS155 indicate that based on the seismic CPT sound-
ing, the soil has been reinforced with a very solid part
around 3.5 m below the ground surface.

The evaluated CPT sounding for the column
ACW151 is reported in Fig. 14b. The peak pressure
varies from <0.5 MPa to >4 MPa. This may appear to
be low for a column that was cured during 28 days
at the time of probing. For the column ACW151, the
standardised values between the peak pressure, P- and
S-wave show rather poor agreement, see Fig. 15b. The
evaluated S-wave here gives a fairly good agreement
between the x- and y-directions, but does not fol-
low the results from the peak pressure. The highest
evaluated P-wave velocity is almost 5000 m/s, which
is in parity with the velocities in steel columns. The
probing results from the CPT of the column ADA147
are reported in Fig. 14c. Here the tip pressure varies
from about 0.5 MPa up to over 6 MPa. This shows
a very large variation in strength and indicates diffi-
culties in assessing the strength of a column based on
the CPT. Figure 15c shows the standardised values for

the column ADA147. The shear wave velocities show
low strength values, Fig. 21. Seismic testing gives bulk
modulus values which do not have large variations in
the peak pressure but rather an average value. The cor-
relation between the peak pressure and shear wave ve-
locities is low. The evaluated compression wave speed
shows values above 2000 m/s.

The column ADC148 also shows large variations
in the measured tip pressure. The CPT appears to
have exited the column about 9 m below the ground
surface, Fig. 14d. This column shows an abnormally
large difference in the shear wave between the values
measured in x-direction and y-direction. Neither the
S- nor P-wave velocities show a good agreement with
the tip resistance, Fig. 15d. The P-wave velocities here
vary between 1000 and 2000 m/s which does not re-
flect the expected strength. The sounding result from
the column AEA358 shows a similar pattern to the
other columns, Fig. 14g. The peak pressure here shows
very low values at 7.5 m of depth. The evaluated shear
wave velocities here give the credible values of shear
strength, c.m.f., Fig. 20, but does not reflect the varia-
tion in the peak pressure, Fig. 15e. The test results for
column AEG35 are reported in Fig. 14e. This sounding
also shows large variations in the tip pressure, which
makes it difficult to find a connection between the CPT
sounding results and the shear wave velocities, Fig. 15f.

4. Conclusion

The laboratory testing showed a high repeatabil-
ity between the trials of seismic measurements. The
variation in values of the compressive strength and
shear strength slightly increased during the period of
soil stabilization and increased strength of soil. This
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is explained by minor defects and inaccuracies in the
test specimens which have a greater effect on strength
and result in higher resistance. The results from the
field tests show large variations in the tip resistance,
but also large variations in shear and compression wave
velocities. These results were partly expected but the
hypothesis was to find the same trends in the peak
pressure and in seismic results. At the seismic CPT,
there are several uncertainty factors regarding the seis-
mic measurements which will be investigated in further
steps of research. These include the question of how
the generated S- and P-waves are transmitted to the
column and whether there are cross signals originat-
ing from other sources of vibration. Further, the issues
include the investigation of how well shear and com-
pression waves are generated at greater depths, and
to precise the position of probe within the column.

Seismic CPT has many advantages over the tradi-
tional CPT. To ensure that the CPT probe is in the
column, a resistivity CPT can be connected there be-
cause the stabilized soil has a much lower resistivity
due to free ions. One of the great advantages of seis-
mic CPT is that it enables to measure the compres-
sive strength and to apply seismic measurements as
determination of the P- and S-wave velocities. Another
important parameter for seismic CPT is the financial
costs of the works and technical equipment. Here, both
a drilling rig and a special expensive equipment are re-
quired. This results in the fact that this method is
currently quite time-consuming and financially costly.
By using a better signal source in seismic methods,
some of the disadvantages of the methods can be elim-
inated. Therefore, this methodology can be a way to
evaluate the effects of the lime/cement columns but
cannot compete in terms of cost with the limestone
column probes.
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Appendix A. An example of the protocol

evaluated using Conrad v.3.1
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Fig. 16. Protocol with standard scales evaluated using Con-
rad software, version 3.1.
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Appendix B. Supplementary material

a) Borehole: AEG35, x-direction – mean signal b) Borehole: AEG35, y-direction – mean signal

Time [ms]

D
ep

th
 [m

]

Time [ms]

D
ep

th
 [m

]

c) Borehole: AEG35, z-direction – p-signal

Time [ms]

D
ep

th
 [m

]

Fig. 17. Signals for AEG35 column.

a) Borehole: ADC148, x-direction – mean signal b) Borehole: ADC148, y-direction – mean signal
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c) Borehole: ADC148, z-direction – p-signal
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Fig. 18. Signals for ADC148 column.
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a) Borehole: ACS155, x-direction – mean signal b) Borehole: ACS155, y-direction – mean signal
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Fig. 19. Signals for ACS155 column.

a) Borehole: AEA358, x-direction – mean signal b) Borehole: AEA358, y-direction – mean signal
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c) Borehole: AEA358, z-direction – p-signal
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Fig. 20. Signals for AEA358 column.
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a) Borehole: ADA147, x-direction – mean signal b) Borehole: ADA147, y-direction – mean signal
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Fig. 21. Signals for ADA147 column.

a) Borehole: ACW151, x-direction – mean signal b) Borehole: ACW151, y-direction – mean signal
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c) Borehole: ACW151, z-direction – p-signal
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Fig. 22. Signals for ACW151 column.


