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Abstract

This study is aimed at evaluating the strength of stabilised soil col-
lected from the Port of Norvik, Stockholm, Sweden, where 350,000
m? of clay had to be stabilized. The tests were performed in the lab-
oratory of the Swedish Geotechnical Institute (SGI). The soil was sta-
bilised by binder mixtures using Portland cement clinker (PCC) and
lime and lime kiln dust (LKD). Accelerators (X-seed 100 BASF, PCC,
LKD and salt) were added to the soil samples for quicker stabiliza-
tion. The strength of the stabilised soil was assessed using resonance
frequency measurements of seismic P-waves by an ICP accelerom-
eter in order to estimate the shear strength of the soil and to eval-
uate the effects from the accelerators, binder ratios, and the curing
temperature on the gains in stabilization and strength. Various
proportions of the binders were tested, i.e.: 50/50 cement/lime and
50/50 PCC/lime. The temperature was measured using a calorimeter
in double experiments. The results showed that the accelerators im-
prove the strength in the stabilized specimens and enhance the soil
performance for engineering construction work.

TINTRODUCTION

Fine-grained cohesive soil should be stabilised before its use
in construction work (Dahlin et al., 1999; She et al., 2019; Lindh,
2004; Zhou et al., 2017; Lemenkov and Lemenkova, 2021a).
Stabilisation improves the engineering properties of fine-
grained soil by increasing its compressive strength (Brencich et
al., 2021; Lemenkov and Lemenkova, 2021b; Wu et al., 2021),
reducing its plasticity (Kasprzhitskii et al., 2016) and shrink-
swell potential (Chen et al., 2002; Saride et al., 2013), and im-
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proving its mineralogical, morphological and structural charac-
teristics (James, 2020; Wang et al., 2021). These improvements
result in a higher bearing capacity, reduced settlement, and more
predictable behavior of the problematic soil.

Various methods are employed to achieve more stable soil.
They include mechanical and chemical approaches, as re-
ported in previous studies (Koukouzas et al., 2022; Lindh et
al., 2000; Kéllén et al., 2014, 2016; Lindh and Lemenkova,
2021a). The chemical stabilization of clayey soils is usually
a complex hydration process involving reactions between the
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additive and clay-water systems within the soil structure (Pa-
tel, 2019). The success of soil stabilization strongly depends
on a variety of factors, i.e., the physiochemical properties of
the soil (Zhang et al., 2022); the water-binder ratio (Wang et
al., 2022a); the mixing efforts; the curing conditions; the tem-
perature and the duration of the solidification (Lindh and Win-
ter, 2003); the hydration mechanism of the binders (Scrivener
et al., 2015); the effect of the accelerators added to the bind-
er; and the organic and foreign inclusions or contaminants
in the original soil structure; e.g., clay, silt and fine-grained
or coarse-grained types of soil (Lindh, 2003; Akomah et al.,
2021). Therefore, the final effect on the setting of the soil mix-
ture may vary during the stabilization process.

Binders can either include traditional or novel materials. Ce-
ment is the oldest and most recognized soil binder (Buritatum et
al., 2021) due to its effectiveness; it is the primary hydraulic bind-
er for soil (Young, 2001). However, to improve its speed and ef-
fectiveness, other binders may be included as well. For instance,
lime, polymer-based binders, industrial by-products or cementi-
tious materials, such as fly ash or cement kiln dust, may be com-
bined with cement. Various combinations of the binders are then
tested in a laboratory to determine the most effective and econom-
ic solution (Khabiri and Ebrahimialavijeh, 2021; Lindh 2001).

The search for effective methods of rapid soil stabilization
is one of the fundamental tasks in the construction industry and
particularly in civil engineering. The question of rapid soil stabi-
lization arises with larger treatment quantities (hundreds of tons).
Adding accelerators to traditional binders for soil stabilization
has recently attracted much attention in civil engineering and the
construction industry (Meng et al., 2017; Luo et al., 2021; Kan-
tesaria et al., 2021; Zhang et al., 2021; Zhao and Khoshnazar,
2021; Wang et al., 2022b). Combinations of admixtures signifi-
cantly improve the physical and mechanical properties of clay-
ey soil. Accelerators can be used as catalysts to reduce reaction
times, which lead to higher early strengths, rapid hydration, and
the improved microstructure of cement as a binder for soil sta-
bilization. Adding catalysts as admixtures may also increase the
compressive strength of the materials (Yang et al., 2021).

Quantifying the degree of soil improvement requires field and
laboratory testing. Measuring the soil’s strength (undrained or
drained), stiffness (modulus), and density are typical approaches.
A more recent method measures the vibratory resonance frequen-
cy of a laboratory specimen to evaluate the stiffness and strength
of the stabilised soil (Mamoon and Ahmad, 1990; Coe and Bran-
denberg, 2010; Verastegui-Flores et al., 2015; Lindh and Lemen-
kova, 2021b). A seismic testing procedure has been developed
by the Swedish Institute of Standards (SIS, 2019) and applied for
practical use in the Swedish Geotechnical Institute (SGI).

In this paper we have evaluated the effects of adding accel-
erators to soil stabilised with binder mixtures of Portland cement
clinker (PCC), lime, and lime kiln dust (LKD). Various acceler-
ators (X-seed 100 BASF, PCC, LKD and salt) were added, and
their effect on the soil stabilization was assessed using the P-wave
resonance (stiffness) of the laboratory specimens. The measure-
ments were then correlated with laboratory strength tests.

2 FORMULATION OF THE PROBLEM

Traditionally, specimens of stabilized soil have been com-
pacted in piston sampling sleeves with a diameter of 50 mm
and a length of 170 mm (i.e., 5%17 cm). In an external assign-

ment at the Port of Norvik, Stockholm, where 350,000 m* of
clay was to be stabilized, we were given the opportunity to
conduct statistical experiments in an empirical study in order
to evaluate the effectiveness of new and untested binders. A
traditional approach could be to test only a single combination
of binders, while varying the percentage of the binder added
to the soil. However, by altering the composition of the bind-
er itself as well as varying the percentage added to the soil, we
were able to evaluate a broader variety of possible design solu-
tions. Of course, this required a much larger number of tests to
establish a meaningful data set for the statistical tests.

The main approach of this study was to use our laborato-
ry’s geophysical equipment and the resonant frequency meth-
od to quantify the improvement of the soil due to various ad-
ditives. In the traditional packaging of the test sleeves, they
are filled to about an 80 % volume with the stabilized soil
and leaving a portion of the sleeve empty. However, during
the experiments with the resonance frequency measurements
(P-wave), it was found that the empty part of the sleeve gave
a resonance frequency that hides the resonance frequency of
the specimen itself. This could bias the experimental results.
Furthermore, there was a problem with the packed surface not
being flat, which also disturbed the measurements. Therefore,
the solution to these problems was to fill the test specimens
completely with the material, which is similar to the procedure
for surface stabilization. There are two options to achieve this
goal: 1) fill in the standard sleeves completely; 2) make shorter
sleeves that are trimmed (smoothed) immediately after pack-
ing and before the curing soil. We selected the latter technique.

Resonance frequency measurements were demonstrated
to be a useful geophysical technique that provides a high de-
gree of repeatability due to its non-destructive nature. It en-
ables comparing samples stored at different temperatures and
obtaining a correct K-factor for calculating maturity numbers
(Ahnberg and Holm, 1987). Introducing the maturity number
with regard to the development of P-wave velocity enabled
the calculation of the maturity and strength of the soil spec-
imens. In combination with the experimental results of the
P-waves, the maturity number enables evaluating and assess-
ing the shear strength and UCS development of the stabilized
soil. It can be effectively used when measuring P-waves to in-
tegrate field measurements with laboratory experiments. How-
ever, more research is needed to understand the effect of the
stress level on curing the soil. A simple calorimeter measure-
ment has been shown to be a fast and cheap method to check
the reactivity of different binders and their combinations with
accelerators by evaluating the temperature developments in
the binder mixture. This method has a very high degree of re-
peatability using the existing description and approach.

In connection with this method, questions have arisen as
to how such binding agents as accelerators could affect the in-
crease in the strength of the stabilized soil. Due to the fact that
alternative binders are not as reactive as lime and cement, they
produce a slower increase in soil strength. Slower increases of
soil strength are likely to have a negative impact on civil engi-
neering projects, especially those connected with construction
works, e.g., roads or buildings. Furthermore, there have been
considerations as to whether the accelerators would reduce
leaching from any contaminated sediments. This is important
since early gel formation and curing is desirable to prevent the
early leaching of stabilized sediments. The focus of the study
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is to improve the techniques for testing soil specimens stabi-
lised with binders to improve the bearing capacity of soil. The
soil specimens included samples of marine sediments dredged
from the Port of Norvik in Stockholm.

The study investigated whether it is possible to fabricate a
test specimen in a new, more time-efficient way that could be
stored in a sleeve and used for strength estimates by resonance
frequency measurements during the storage period. The objec-
tive of the study is to improve and adapt packaging equipment
for a non-destructive testing of soil strength using geophysical
methods of P-waves in such a way that testing can take place
during the entire curing process of the samples. The aims of the
study were: a) to determine the effects of accelerators on the
speed of soil stabilization; b) to test how the storage tempera-
ture affects the increase in soil strength; c) to verify that the in-
tended method performs well and can be applied as an effec-
tive production method for soil sampling and the measuring of
the strength of the stabilized specimens; and d) to estimate the
effects of using accelerators and different curing temperatures.

3 METHODOLOGY

Three different tasks have been evaluated in the project:
i) adding binders with the subsequent packaging of soil sam-
ples; ii) resonance frequency measurements of the soil using
P-waves aimed at measuring the natural frequencies of the vi-
brations in the tested specimen to indicate the soil strength; iii)
a simplified calorimeter measurement of the reactivity of the
binders used for soil stabilization.

3.1 Mixing and packing of soil samples

The mixing experiments involved an initial homogeniza-
tion of the soil aimed at building a uniform cylindrical soil col-
umn with a sample. The specimens used in this study included
fine-grained ML-silt types according to ASTM. These include
inorganic silts, very fine sand, rock flour, silty or clayey fine
sands, and clayey silts with a slight degree of plasticity (in-
dex <4). Such soil types exhibit little or no strength when air
dried, according to the ASTM D2487-06, Unified Soil Clas-
sification System (Howard, 1986). The particle size distribu-
tion (grading) of the soil samples was determined according to
the Swedish standard SS-EN ISO 17892-4:2016 (SIS, 2016)
with a maximum <20 mm diameter of the larger element par-
ticles. Most of the grain size particles were less than 0.06 mm,
i.e., the mechanical behavior of the soil was affected by its
fine fractions. The mineralogical identification of the speci-
mens shown in addition to the silt (grain size <0.063 mm) also
included the occasional occurrence of well-graded sands and
gravelly sands (SW), poorly graded sands (SP), and silty sands
(SM) (grain size 0.063-2 mm). Sometimes, silty gravels as
well as gravel-sand-silt mixtures were found (GM) and clayey
gravels with gravel-sand clays (GC). The specimens also very
rarely had inclusions of well-graded gravels, gravel-sand mix-
tures (GW), and poorly-graded gravels and gravel-sand (GP)
(2-8 mm grain size diameters).

The dry specimens were thoroughly mixed with distilled
water in a mixing bowl by a large mixer for 5 minutes. Water
was added during the mixing process, and the samples were fur-
ther mixed continuously until the consistency limits and linear

Fig. 1 Lefi: Photo showing packaging equipment for packing specimens with a height of 100 mm. Right: UCS testing apparatus showing a

specimen after the UCS test. Photo source: Per Lindh
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shrinkage were achieved. Afterwards, the binder blends and ac-
celerators were added to these samples in different proportions
(cement, lime, LKD, X-seed 100 and salt) and mixed with the
soil for 5 minutes for homogenization. Immediately after mix-
ing, the soil was packed into sampling sleeves, i.e., into plastic
containers, which had a diameter/height of 5x17 cm. The spec-
imens were packed in long sleeves and short sleeves with sim-
ilar densities of the samples. The trimming of the sleeves af-
ter packing and before curing demonstrated their effectiveness.
During the placement of the specimens, the sleeve was shaken
on the table to loosen the air pores and ensure the even distribu-
tion of the soil. The optimal water ratio was determined based
on the dry density of the soil using the SIS standard (SIS, 2003)
as a volume fraction on the basis of the ratio of the measured
water content mass to the known dry bulk density material. The
amount and combination of the binder were determined before
mixing based on the various percentages by weight.

Ordinary sampling sleeves with a height of 170 mm were
used where the sleeve was manually packed in layers up to ca.
150 mm. The soil samples were trimmed to 100 mm to produce
an L/D ratio of the specimen as 1/2, so that the end effects did not
dominate the compressive behavior. In the traditional methods,
the samples are usually packed directly into the sleeves without
any holders. In this study, we applied the modified variants with
100 mm long sleeves. Fig. 1 (left) shows the equipment used
for the study, which included a cylindrical mould with a brack-
et to hold it down to the base. The UCS tests were carried out in
a 10-ton testing apparatus, Fig. 1 (right). The tests were run for
the deformation control of the soil samples according to the SS-
EN 13286-41 standard with a breaking load reached within one
minute and a deformation rate of 3 to 4 mm/s.

3.2 Resonance frequency measurements by P-waves

The strength of the stabilized soil was evaluated using the
non-destructive method of measuring the P-wave velocities,
based on the theory of waves and the geophysical properties of
soil as a porous media. The advantages of using P-waves for
testing the physical properties of soil is that they are sensitive
to the material’s structure and travel through all kinds of media,
including porous and solid structures, liquids and gases. More-
over, among the other elastic seismic waves, i.e., Rayleigh,
Love, shear (S), and compression (P), P-waves have the greatest
velocity, which is convenient for measuring material properties.
Seismic P-waves transmit energy by the vibration of the soil
particles, which vibrate in the direction of the wave propagation.

The seismic tests included measurements of the veloci-
ty of the P-waves propagating through the soil. A compar-
ison of the different specimens enabled assessing the gains
in soil strength obtained through the addition of binders. The
core idea is that the values of the P-wave velocity correlate
with the strength of the soil. Seismic measurements were per-
formed using the proprietary software of the Swedish Geo-
technical Institute (SGI). The equipment for the P-wave mea-
surements included the lightweight ceramic shear response
(ICP) Accelerometer (PCB Piezotronics Group Inc. (2013).
The resonance frequency measurement was performed using
a vibration source and vibration receiver in the ICP Acceler-
ometer. The receiver was connected to a computer for data
collection (Figs. 2 and 3). The P-wave velocity was measured

Fig. 2 Setup of seismic experiments for measuring P-wave velocity.
Photo: Per Lindh

using a standard device setting with a frequency range of 2 to
10000 Hz (+5%).

The procedure included the following workflow: The soil
specimens tested in the cylindrical form were placed on a foam
rubber pad substrate in order to vibrate freely. An impulse
force was excited in the specimens with a transient impulse
source (Impact Resonance Testing) through oscillation by a
hammer force. The vibrations in the samples were detected by
the ICP Accelerometer attached to the specimens. The vibra-
tions were measured as a function of the time of the P-wave
velocity propagation through the specimens. The data were re-
corded and transformed to the resonance frequency (Hz) via
a software program (see Fig. 3, which illustrates the process).

The receiver was adjusted on one end of the sample. An
impulse force was excited by the hammer at the other end of
the sample. The arrival time was used to estimate the P-wave
travel time. The velocity of the P-wave was calculated from
the travel time of the pulse of the wave propagating through
the specimens. The data on the P-wave velocities were re-
corded in the computer. The post-processing of the data on
the P-wave velocity measured on the specimens was based on
a methodology developed by SIS using ‘Free-free resonance
column’ software developed at SGI by Martin Holmen, Fig. 3.
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Fig. 3 Seismic program testing the bend mode on a stabilized soil
specimen
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The P-wave velocity was estimated as V = L/t, where
V = velocity (m/s), L = sample length (m) and T = travel
time (s) which was adapted from previous works (Ismail and
Ryden, 2014). The P-wave velocity of the indicated strength
of the soil specimens was stabilised by different binders. The
P-wave velocities (Vp-value) increased with the curing time
and with the percentage of the cementitious binder. The speed
of the compression P-waves was measured in the specimens
for the whole period on days 28 (Fig. 7), 50 (Fig. 8), 41 (Fig. 9
and 10) and 100 (Fig. 11). There are three fundamental oscilla-
tion modes for the cylindrical test body. These included: 1) the
axial 2) bending and 3) torsional modes. The axial oscillation
mode generates a compression wave (primary wave, P-wave).
The torsion mode generates secondary waves and S-waves. P
and S-waves are those waves that are primarily used in surface
wave seismic tests, as well as in crosshole and downhole seis-
mic tests. These were used to measure the shear and P-wave
velocity profiles of the soil according to the standards (SIS,
2019).

B2

Fig. 4 Photo showing a simplified calorimeter consisting of
a thermos and a temperature logger. Photo source: Per Lindh

The S-wave has an advantage in that it is not significant-
ly affected by the degree of the water saturation of the mate-
rial. The P-wave, on the other hand, is greatly affected by the
degree of water saturation. In an unsaturated sample body, the
P-wave measurement gives the P-wave velocity of the materi-
al, while in a water-saturated sample body, water contributes
to an increase of the speed of the P-wave evaluated. This is
caused by the geophysical properties of P-waves: the P-wave
velocity of water is usually greater than the P-wave velocity of
a solid soil body. This phenomenon can be used to determine
whether a specimen is saturated with water or not.

The bend mode generates a wave, which can be described
simply as a combination of S and P-waves. This wave is very
easy to excite and usually gives the best signal, see Fig. 2, which
results in its wide application in seismic experiments. Similar
approaches have been applied in earlier works, e.g., longitu-
dinal resonance tests (Drnevich and Ashlock, 2017), torsional
resonance tests (Lo Presti et al., 1997, 2007; Drnevich et al.,
1987; Isenhower et al., 1987), resonance column tests (Vrettos
and Banzibaganye, 2022); and bender element tests. Besides,
some cases report the incorrect calculation of the shear wave
from the bending wave measurements (Verastegui-Flores,
2015). Therefore, the use of the bending mode to calculate the
shear wave velocity gives an overestimation of its value. The
plots showing the results and demonstrating the P-wave veloc-
ity developed over the curing time are given in Figs. 7-11. The
seismic velocities were measured as a function of the curing
time to evaluate the strength development in the stabilized soil.

3.3 Simplified calorimeter

The simplified calorimeter consisted of a steel thermos
equipped with a thermometer, Fig. 4. The variations in the
temperature of the binder slurry (water, binder and acceler-
ants) were measured in the thermos. Here, the ratio between
the weight of the water and the weight of the binder was 1.0.
A WBR of 1.0 means an equal weight of water and binder,
i.e., the water/binder ratio is 1:1. The water used in the experi-
ments was at room temperature. The experiment compared the
exothermic properties of the different mixtures. The difference
in the heat capacity between the binders could be calculated.
However, the method has been developed for a direct compar-
ison of the temperatures.

4 RESULTS

4.1 Mixing and packing of soil in short sleeves

The increased P-wave velocity of the soil samples is asso-
ciated with the increased strength of soil stabilized with bind-
ers. In this experiment we employed three different binders,
i.e., as cement, lime, LKD, and X-seed 100 accelerators to test
the effect of the stabilizer contents on the improved proper-
ties of the soil tested by seismic tests. Three different types of
binder mixtures were tested as shown in Tab. 1. One can see
that Case No. 1 was based on a mixture of the soil with a ce-
ment/lime/LKD blend; Case No. 2 — with cement/lime binders
and the accelerator X-seed 100, and Case No. 3 with cement/
lime and salt.
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Tab. 1. Stabilizing agents (binders and accelerators) included as the
components to the soil mixture in Cases Nos. 1, 2 and 3.

Case Cement | Lime LKD X-seed 100 Salt
1 X X X - -
2 X X - X —
B X X - — X

The first binder mixture used cement, lime and lime kiln
dust (LKD). LKD is not a standardized product, which is why
the chemical composition has greater variations compared to
the traditional binders. The second binder mixture consisted of
cement, lime, and accelerator X-seed 100, BASF. The X-Seed
100 was developed by BASF Technology Center in Trostberg/
Germany (TBA Trimmiser Baustoffe AG, 2010). This technol-
ogy is based on an injection of the pore solution of the cement
with synthetically manufactured calcium-silicate-hydrate crys-
tallites as liquid admixtures (TBA Trimmiser Baustoffe AG
2010). The X-Seed 100 accelerator is an effective strength-en-
hancing admixture solution, which notably improves the de-
velopment of strength in the Portland cement used in the con-
struction industry and for soil stabilization. The third binder
mixture contained cement, lime and salt.

The percentage of the admixture of X-seed 100 for each of
the three cases was 2.5%, 5% and 7.5%, respectively, which
was defined based on the amount of the binder. Adding the
X-Seed 100 as an accelerator enabled the promotion of better
soil hardening at room temperature, which contributed to the
stabilization of the soil. In the third mixture, cement, lime and
salt were used as accelerators and demonstrated the develop-
ment of strength in the soil samples stabilized by the binders
in proportions of 40/60%, 50/50% and 25/75% of the cement/
lime and 40/40/20% of the cement/lime/salt combination. For
the samples stabilized with salt, 20,10 and 55% weight per-
centages (%) of salt were used for Case No. 3, based on the
amount of the binder. The combination of binders and acceler-
ators totals 100%, see Table 2. However, the results show no
significant difference between the samples stabilized with or
without salt, see Figs. 9 and 10 for a comparison. The mean
and standard deviations of the packed samples were calculated
to verify the quality of the packaging, Fig. 5. The components
of the binders and accelerators were mixed together with dif-
ferent ratios in mixtures, Tab. 2.

Tab. 2. Mixtures of the proportions of stabilizing agents (binders
and accelerators) in Cases Nos. 1, 2 and 3 and the samples a, b and
¢ tested.

Binders Accelerators
ICase
Cement Lime LKD | X-seed 100 Salt
la,b,c | 60,40,40 40,40,30 | 0,20,30 - -
2a,b,c | 60,50,40 | 37.5,45,52,5 - 2.5,5.0,7.5 -
Ba,b,c | 40,50,25 40,40,20 - - 20,10,55

To compare the present results with those from the exper-
iments on the packaging traditionally used, a compilation was
made from a previous study (Norvik), where the specimens
were packed in a 170 mm sleeve and then trimmed down to
a 100 mm sleeve in connection with the routine testing. The

Binder blend 1: N = 24; Mean = 1575.6; StdDev = 6.7; Max = 1590.1; Min = 1565,4
Binder blend 2: N = 39; Mean = 1571.1; StdDev = 6.7; Max = 1594.4; Min = 1556,3
Binder blend 3: N = 32; Mean = 1548.0; StdDev = 8.5; Max = 1563.4; Min = 1530.8
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Fig. 5 Density of the soil specimens packed in short sleeves.
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soil density was estimated according to the existing methods
of the Swedish Institute of Standards (SIS, 2017a) using the
trimmed specimens.

A statistical summary is presented in Fig. 6 with the stan-
dard deviation varying between 10.8 and 12.9. The colours on
the graph in Fig. 6 correspond to the amounts of the binder
blends (binder and soil) in kg, as follows: the blue is for Blend
No. 1, which has 80 kg, the orange stands for 100 kg of Blend
No. 2 and the green stands for Blend No. 3 (120 kg of materi-
als). The results indicate the slightly higher values of the mean
and smaller standard deviations, according to the new meth-
od. However, future studies should include a t-test designed
with the zero hypothesis that there is no difference between
the methods.

The most probable explanation for the differences between
the two methods is that there is less friction in a cylindrical soil

Binder blend 1: N = 24; Mean = 1575.6; StdDev = 6.7; Max = 1590.1; Min = 1565,4

Binder blend 2: N = 39; Mean = 1571.1; StdDev = 6.7; Max = 1594.4; Min = 1556,3
Binder blend 3: N = 32; Mean = 1548.0; StdDev = 8.5; Max = 1563.4; Min = 1530.8

[ Binder blend 1
[ Binder blend 2
[ Binder blend 3
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N A o ©

Number of observtations
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1590 1600
Fig. 6 Density of the specimens packed in long-sleeves (standard
procedure).

column when packing according to the new method, which
gives a higher degree of packing, fewer deformities, and thus
a higher density of the soil samples.
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4.2 Results of the resonance frequency
measurements

In the experiment, UCS testing was performed on all the
soil specimens using Swedish standard SS-17892-7:2017
(SIS, 2017b). Each specimen was loaded until the peak stress
was obtained. The tests included the addition of various per-
centages of binders (cement/lime/LKD, and X-seed 100 and
salt accelerators) to the specimens. The specimens were treat-
ed for different curing periods, i.e., a total of over 3 months
(28, 41, 50 and 100 days); they were then extracted from the
sleeves, subjected to UCS testing, and tested by the P-waves.

Fig. 7 shows the results of the P-wave velocities tested on
the stabilized specimens by 20 °C from Day 1 to 28. The in-
dices of the curves include the temperature and the number of
the sample. Thus, 720 x means a storage temperature of 20°C
and that it is Sample No. X. Index A indicates that the sample
contains an accelerator. From Fig. 7 we can conclude that the
P-wave velocity increased from the initial speed of 450 m/s
until 750 m/s in 7 days of curing in the five soil-binder mixture
specimens tested with the addition of accelerators X-seed and
salt, after which the P-wave speed stabilized, increased slight-
ly, and reached a maximum of 900 m/s on Day 28 of the cur-
ing period.
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Fig. 7 P-wave velocity as a function of the storage time at 20 °C.

The evaluation of the accelerators (X-seed 100 and salt)
using the P-wave velocity did not indicate a significant differ-
ence in the curing process either at a curing temperature of 7°C
or at a temperature of 20°C, see Figs. 7 and 8 for a comparison.
From Fig. 8 we can also see that the speed of the P-waves cor-
relates well to the curing time for several of the single speci-
mens stabilized with binders and accelerators. Thus, Fig. 8 dis-
plays the speed-ups for the P-wave velocities from Day 7 to
Day 50 owing to the increase in strength in the specimens over
the time of curing due to the accelerants added into the binder
mixtures. Thus, compared to the results of previous studies on
the measured strength of the fine-grained soil using traditional
methods (Lindh, 2001, 2004), the addition of the accelerators
increased the gain in strength in the soil specimens.

The curves in Fig. 8 correspond to the speed of the P-waves,
which increased from 500 m/s to 780 m/s starting from Day
7 to 50 of the curing. Adding the accelerators to the cement,
lime and LKD caused a maximum increase in the P-wave with
the addition of 2.5%, 5% and 7.5% of the X-seed, respective-
ly. It is worth noting that the velocity of the P-waves gained

in speed during the initial curing period (days 1 to 7), after
which it stabilized. We can further conclude that the speed-
ups of the P-waves differed by the various temperatures. Thus,
Fig. 7 shows the P-waves measured at a 20°T, while Fig. 8 is
at 7°T. Comparing these two figures, one can see that the high-
er temperature (20°T) resulted in the increased speed of the
P-wave. For instance, on day 14, the P-waves increased up to
820 m/s at 20°T (Fig. 7), while Fig. 8 shows that at 7°T, the
measured P-wave velocities on the same day (14) did not ex-
ceed 620 m/s, which points at the effects from the temperature
on the curing.
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Fig. 8 P-wave velocity as a function of curing time at 7 C°. T7 x
means a storage temperature of 7 C° and Sample No. X. Index A
means that sample includes an accelerator.

Fig. 9 shows the results of the tests at 20°C. The indices
of the curves signify the temperature and number of the sam-
ple. Thus, BT 20 Sy x means curing T at 20 °C, and Sy indi-
cates that the sample contains salt as an accelerator; x means
the sample number. Index y varies from 1 to 4, where 1 indi-
cates that the sample contains 1 % salt based on the amount of
the binder. Fig 9 demonstrates that adding salt as an accelera-
tor (in a content of 1 % with respect to the binder amount) in-
creased the P-wave velocities up to 1050 m/s on day 41 by a
curing temperature of 20°C.
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Fig. 9 P-wave velocity as a function of the curing time at 20 °C.

It also seems that the increase in speed is slightly more
compared to Fig. 7, where the speed of the P-waves stabilized
after day 21 at the same curing temperature. This indicates the
positive contributions from the salt added as an accelerator on
the continued gain in strength in the soil specimens. For the
samples stabilized with salt as an accelerator, 1, 2, 3 and 4 %
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by weight of the salt were used based on the amount of the
binder. The results do not show any significant difference in
the P-wave values between the samples with and without salt,
see Figs. 9 and 10 for a comparison.

However, the performance of the gain in strength differs
by the changed temperatures. Thus, Fig. 9 shows the tests per-
formed at 20°C, while Fig. 10 shows tests performed at 20°C.
Comparing these two graphs, we can see that the increase in
P-wave speed (i.e., gain in strength) occurs more promptly and
then stabilizes at 20°C, while it increases more moderately at
7°C, which indicates the external effects of the ambiance while
testing the samples. Fig. 9 shows the increase in P-waves from
450 to 1400 for the samples stabilised with the added salt at
T 20°C during the curing period from 1 to 41 days, while Fig.
10 shows the almost linear increase of the P-wave speed from
400 to 800 m/s for the period of Days 2 to 41 at T 7°C, where
the lower parameters of the speed correspond to the lower tem-
perature, respectively.
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Fig. 10 P-wave velocity as a function of storage time at 7 °C. BT 7 _
Sy _x means a storage temperature of 7 °C, and Sy indicates that
the sample contains salt, while x means the sample number. Index
vy varies from 1 to 4, where 1 indicates that the sample contains 1%
salt based on the amount of binder:

However, adding various binders and accelerators con-
tributes only slightly to the gain in strength, for example, in
the case of Portland cement clinker (PCC) with a low gypsum
content; a faster development of strength is obtained compared
with a case of ordinary cement, see Fig. 11.

Fig. 11 shows the curves of the P-wave velocities versus
the curing time (Days 1 to 100) for the six different cases of
clay stabilized with 50/50 Portland cement type 1A / lime and
50/50 PCC / lime with added Portland cement clinker (PCC)
with a low gypsum content. Comparing the cases of the add-
ed PCC and normal Portland cement, we can conclude that
the final strengths achieved higher values by PCC, see Fig. 11
where the dots correspond to the added PCC, while the trian-
gles denote cement as the binder. For example, the reduction in
the curing time in these cases is calculated as follows: on day
21, the values with added Cem IIA/QI show the speed of the
P-waves for sample 1 as 850 m/s, for sample 2 as 900 m/s, and
for sample 3 as 865 m/s. In contrast, we can see that the added
PCC increased the speed of the waves up to 970 and 980 m/s,
respectively for the two different samples.

Likewise, on Day 42, the values with added Cem I1A/QI
show the speed of the P-waves for sample 1 as 960 m/s, for
sample 2 as 985 m/s, and for sample 3 as 940 m/s. In con-

trast, the added PCC increased the speed of the waves above
1000 m/s with values of 1030, 1040 and 1055 m/s, respective-
ly, for the three different samples. This difference in the speed
of 70 m/s continues and can be clearly seen as a distance gap
between the batches of curves for the PCC-stabilized and ce-
ment-stabilised soil, respectively (Fig. 11). This illustrates cer-
tain benefits of the accelerators added to the binders for the soil
hardening process.
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Fig. 11 P-wave velocity as a function of the curing time for clay
stabilized with 50/50 cement / lime and 50/50 PCC / lime. In the
experiment, triple samplings were made for the statistical soundness
of the test. Note the significant difference between the different
groups.

These effects can be explained by the properties of PCC,
which contains a lower amount of gypsum. As a result, this gives
a faster reaction compared to traditional cement, which can be
clearly seen in Fig. 11. This faster reaction could be used to re-
duce processing time or to apply it in combination with a slow
curing binder in order to obtain a satisfactory curing process.

The application of the resonance frequency measurements
on the stabilized soil specimens is a proven technique with
high repeatability due to its non-destructive nature (Barnaure
et al., 2021; Dimter et al., 2016; Multon et al., 2022; Di Sante
et al., 2022). Figs. 7 to 10 show the results from the P-wave
measurements. The advantages of this method include the pos-
sibility of measuring the same soil specimen for a longer pe-
riod of time without having affected its initial structure. This
method can be used in this way to easily calculate the K-factor
in the equation of the maturity number (M,,), using the existing
formula, see below (Ahnberg and Holm, 1987).

M =[20+(T- 20)+K [t

where
T = temperature (°C)
t = time (days)

By storing specimens at different temperatures, e.g., 7 and
20 °C, see Fig. 12, the correct value of the M. can be calculat-
ed, and a correct comparison between the different curing tem-
peratures can be performed. For example, the M, of soil treat-
ed at T 7°C (red line in Fig. 12) at the speed of P-waves of 400
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Fig. 12 P-wave versus the maturity number for soil samples cured at
different temperatures.

m/s shows a value of 350 and then gradually increases in an
almost linear way until 1100 by a P-wave velocity of 790 m/s
with observations at T 7°C.

The M, measured at T 20°C started at a P-wave speed of
550 m/s and coincided with those values at T 7°C; afterwards,
the measurements continued with a similar correlation (the
blue line in Fig. 12), showing, for instance, that the M, 2000
is achieved by P-waves at 1000 m/s, after which the increase
in M gradually stabilized and reached the maximal measured
value of 2550 by P-waves at 1030 m/s, Fig. 12.

The geotechnical tests included testing the hardening pro-
cess of the material, i.e., evaluating how much the strength de-
veloped after a certain number of days of curing at a certain tem-
perature, which is of importance for both the geotechnical and
environmental types of assessment. The testing strength was
performed according to the Swedish standards for the uniaxial
(unconfined) compressive strength (UCS) of soil (SIS, 2017b).
The environmental assessment could also profit from the geo-
physical applications, which are of great importance in deter-
mining at what time leaching tests should be performed based
on the curing time and temperature. A summary of how the shear
strength relates to the P-wave velocity is presented in Fig. 13.
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Fig. 13 Graph showing the P-wave velocity as a function of the
shear strength of the tested soil stabilized by various combinations
of binders (Portland cement and lime) and accelerators. The
accelerators include LKD in Mixture 1, X-seed 100 in Mixture 2 and
salt in Mixture 3.

As shown in Fig. 13, adding accelerators to the stabilized
soil has an effect on the increase in shear strength and the cor-

responding increase in P-wave velocities. The results are gen-
eralized as an exponential curve with three major clusters of
data that correspond to the groups of soil specimens tested.
Here, the shear strength and P-wave velocity are evaluated
for the three control groups of soil stabilized by the binders
(Portland cement and lime) and accelerator (LKD in Mixture
1, X-seed 100 in Mixture 2, and salt in Mixture 3). Thus, Fig.
13 indicates that by adding the accelerators, the shear strength
of the soil in the first group of measurements was estimated to
be in a range between 300 to 380 kPa, with P-waves from 720
to 760 m/s. The speed of the P-waves increased slightly af-
ter the gain in strength, which corresponds to the P-waves at
the interval between 830 and 890 m/s and the shear strength
at 420-560 kPa (the second cluster in Fig. 13). The maximal
P-waves are due to the strength developed during the curing
time, which corresponds to the P-waves of 970—1060 m/s and
the shear strength at the interval of 685-910 kPa (the third clus-
ter in Fig. 13). In such a way, the maximal increase in strength
will slightly increase by adding the X-seed and salt acceler-
ators as the stabilizers to the soil (lime, LKD and cement),
which is reflected in the P-wave speed.
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Fig. 14 Temperature measurements for various binders and binder
combinations

4.3 Results of simple calorimeter measurements

The method of measuring the development of the tempera-
ture in a binder slurry using a simple calorimeter results in a
high repeatability in double experiments, see Fig. 14. Note that
slightly higher temperatures are recorded when using salt wa-
ter and X-seed 100 accelerators. A further increase in tempera-
ture can be obtained with a cement paste with a low gypsum
content. This can be partly used to achieve higher tempera-
tures in the stabilized soil samples but also to start the reac-
tions of binders with a lower degree of reactivity.

5 CONCLUSIONS

By adding accelerators to the binders, we evaluated the shear
strength, UCS, and the stiffness of soil using laboratory experi-
ments and statistical analysis. We performed a soil stabilization
of soft and expansive fine-grained clays collected in southern
Sweden. We evaluated alternative accelerators (X-seed, PCC,
LKD and salt) as strength-enhancing admixtures used for sta-
bilization of the soil. Although the major effects came from the
binder themselves, a certain contribution to the gain of strength
was also noted from the accelerators. Besides, we analysed the
effects of varying the curing temperature on the properties of
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the specimens stabilized. To this end, we evaluated the proper-
ties of soil at two temperatures (7°C and 20°C) using a simpli-
fied calorimeter and thermos. Moreover, we experimented with
fabricating the samples and determined that specimens with an
initial height of 100 mm worked well. Our method resulted in a
lower standard deviation, compared to the traditional approach-
es. However, this should be verified by supplementary experi-
ments in future studies. The total time required for the fabrica-
tion, trimming, and handling of the specimens was slightly lon-
ger compared to the traditional procedures.

Adding accelerators as additional materials along with the
use of traditional binders for improving stabilization is worth-
while, even to a minor degree. In addition to the technical bene-
fits, some of the residual products, such as fly ash, have a lower
reactivity and are usually less exothermic. The results indicat-
ed that the accelerators tested do not work in conjunction with
the dry method, which is the most common method of testing
soil in Sweden, where the binder is mixed dry. The reason for
this is assumed to be due to the lack of free water in the matrix.
However, adding PCC with a low gypsum content to the soil
mixture worked satisfactorily with regard to the dry method. In
this study we evaluated the effects from the accelerators using
the wet method, which means that the binder is initially mixed
with water and then with soil. Furthermore, this technique has
potential in connection with the stabilization of dredged soil to
accelerate the curing and to reduce or prevent early leaching.
The study included specimens cured under different tempera-
tures and stabilized by different binder mixtures with and with-
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