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The study investigates the effect of Portland cement and ground granulated blast
furnace slag (GGBFS) added in changed proportions as stabilising agents on soil
parameters: uniaxial compressive strength (UCS), Proctor compactness and perme-
ability. The material included dredged clayey silts collected from the coasts of Timrå,
Östrand. Soil samples were treated by different ratio of the stabilising agents and water
and tested for properties. Study aimed at estimating variations of permeability, UCS
and compaction of soil by changed ratio of binders. Permeability tests were performed
on soil with varied stabilising agents in ratio 𝐻𝑊 𝐿𝐵 (high water / low binder) with
ratio 70/30%, 50/50%, and 30/70%. The highest level of permeability was achieved by
ratio 70/30% of cement/slag, while the lowest – by 30/70%. Proctor compaction was
assessed on a mixture of ash and green liquor sludge, to determine optimal moisture
content for the most dense soil. The maximal dry density at 1.12 g/cm3 was obtained
by 38.75 % of water in a binder. Shear strength and P-wave velocity were measured us-
ing ISO/TS17892-7 and visualised as a function of UCS. The results showed varying
permeability and UCS of soil stabilised by changed ratio of CEM II/GGBS.
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1. Introduction

1.1. Background

The fundamental structure of soil includes important morphometric parame-
ters, such as size, shape and aggregation of granules, size and density of pores and
arrangement of elements within the soil mass. In turn, these largely influence its
physical and mechanical properties, as reported in previous studies: strength [1],
compactness [2–4], penetration resistance, permeability [5, 6], air-filled porosity
[7–9] and gas diffusivity [10]. Besides, the cohesion [11, 12] and friction angle of
soil [13–15] are important parameters that affect slope stability through anisotropy
of the shear strength [16, 17] and have a notable effect on the effective stress and
the dynamic pore pressure in soil [18]. Thus, these soil parameters are crucial
for construction industry when evaluating stability and deformation of geotechni-
cal structures, as soil strength affects stability, durability and safety of structures
[4, 19–22].

The performance of soil properties over time with changing external loads,
treatment chemical agents or varying environmental conditions, such as temper-
ature or humidity, can be evaluated through a series of practical experiments.
These include, among others, measurement of strength, porosity, compactness and
permeability that can be evaluated using various geotechnical devices and exist-
ing practical workflow manuals [23, 24]. For instance, because soil is a complex
structure consisting of solid particles and voids filled with water and/or air, its
compactness and porosity can be assessed by evaluating water content and dry
density [25]. The correlations between hydraulic, physical and mechanical proper-
ties of soil can be found by quantifying water content in its pore structure, which is
possible by measuring soil permeability [26]. Practical engineering testing of soil
is a key procedure for evaluating its bearing capacity in order to ensure safety of
the infrastructure and avoid possible damages [27–30].

Evaluating soil parameters has a goal of assessment its strength prior to the
earthworks, because safety of infrastructure is largely influenced by soil compress-
ibility as much as by compressive strength. Therefore, physical and mechanical
properties of soil should be tested and improved in order to increase strength and
bearing capacity. This is often a case for weak compressible soils, such as silt and
clays. The improvement of properties and behaviour of weak soil is performed
through the stabilization and solidification (S/S). The procedure of soil stabili-
sation is developed and evaluated in many reports on civil engineering [31–34].
They described the improvement of compression characteristics of soil, required
prior to construction or civil objects. The stabilisation improves stiffness and dura-
bility of the soil-binder system because the initial natural voids and pores of the
raw soil structure become filled by binders that increase the soil strength. As
damages or cracks in weak soil may affect lives, the importance of soil testing
is clear.
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The process of soil stabilisation consists in adding stabilising agents, or binders,
into the soil mass. The impact of admixtures on soil strength depends on a variety
of factors, among which soil type is one of the primary ones. Curing conditions are
key factors in soil stabilisation which aims at increasing its strength through mixing
up soil with binding agents [35–37]. Temperature and time are the most important
curing parameters which have a strong effect on soil strength development [38–
40]. In general, the unconfined compressive strength of the stabilised soil increases
along with curing time, as noted earlier in previous works [32, 41, 42]. Other
parameters include curing stress, confining pressure, content and combination
of cement/admixture, proportions of water/binder ratio, soil types, porosity and
organic matter content [43–46]. Besides, changing rate of continued hydration
process and elevated moisture results in binding of cementitious products between
the adjacent soil particles in the course of curing which increases to soil strength.
For example, strength and modulus of soil increase along with curing time and
temperature, as well as ratio of cement in a binder mixture [47].

The type and amount of binder strongly affect the strength of the stabilized soil.
The most common stabilising agents are cement [48], cementitious products, such
as fly ash [49, 50], cement kiln dust [51, 52], and lime [53–56]. The by-products of
the industrial processes or iron and steel-making, such as ground granulated blast
furnace slag (GGBFS) [57] and sludge [58, 59] can also be used as binders. Besides
the type of binders, the process of soil stabilization includes practical estimation
and determining the amount and ratio proportions of admixtures in tested soil
samples, which also affects its compressive strength and microstructure [60, 61].

Soil compactness, permeability and compressive strength are important tech-
nical properties measured during the S/S procedure prior to construction works
[62, 63]. Extensive literature is available on the S/S of soil and measuring its prop-
erties including soil types, testing methods and reported results [64–67]. Fewer
studies focused on soil compaction and the impact of binder ratio on stabilization,
permeability and compressibility [68, 69]. Soil compaction is resorted in a weak
clay aimed at improving its compactness and density by reducing void space, i.e.,
the amount of air between the granules. Hence, the evaluation of soil compactness
is related to the measurement of shape indices of pores and solid phase elements
[70]. The importance of compaction of clayey soil consists in its applicability as a
frequently used material in construction industry due to physical and mechanical
properties of compacted clays [71].

The Proctor compaction test is a commonly used technique for measuring soil
compactness aimed at assessing safety and bearing capacity of roads, pavements
and building foundations. It has advantages in the approach and robustness of
the workflow [72–74]. Its applications include geotechnical engineering [75, 76]
and agriculture [77–80]. Besides Proctor test, existing methods are developed to
standardise the procedure of compaction tests [81, 82]. These are used to deter-
mine the relationship between the moulding water content and dry unit weight of
soils. Other examples of testing soil compactness include gyratory compactor [69],
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vibrating compaction, modified Proctor compaction on the stress-strain character-
istics and shear strength [83] or using oedometer for testing texture and macrop-
ores after compression of the compacted soil [84]. The Soil Classification System
developed by the American Association of State Highway and Transportation Of-
ficials (AASHTO) is used for soil quality assessment in highway construction
industry. For example, it is tested for measuring density and moisture content
of soil [85].

Since soil has a permeable structure due to the voids in pores, testing soil per-
meability is required for a variety of geotechnical works, e.g., analysis of seepage,
dewatering, evaluating possible water flow through soil. The tests on soil speci-
mens are used to measure soil permeability, using laboratory approaches [86] or in
the field using borehole tests [87], by in-situ field measurements [88], e.g., using
piezocone penetration and dissipation tests [89, 90]. A more straightforward and
theoretical approach is a numerical modelling of the pore structures of soil aimed
at computing the coefficient of permeability based on the laboratory evaluations of
soil samples, such as the grain size distribution [91].

The compressive strength of stabilised soil is measured by the unconfined
compression test, a standard approach widely used in various geotechnical engi-
neering applications [92, 93]. The advantages of this method include the reliability
and robustness of the approach, fast workflow process and affordable measurement
equipment. Testing compressive strength is applicable to saturated, cohesive, fine-
grained soil samples [94, 95]. The idea behind the compressive strength testing is
to control strain of soil samples through changes in pores of the soil sample under
pressure. This method enables one to obtain an estimate of the soil strength and to
determine its applicability for effective and safe construction. The compressibility
and strength of soil are a basic frame for the interpretation of the characteristics
and suitability of soil. The physical and mechanical properties of soil depend on
its inherent natural structure, i.e., fabric and bonding characteristics [96]. Binders
react with water and show a bonding effect that contributes to the increase of the
compressive strength of soil. Soil stabilisation results in its higher strength.

1.2. Study objectives

The present study examines physical and mechanical properties of soil: com-
pression strength, permeability and compactness. The study goal is to evaluate
the compressive strength, permeability and compaction of the stabilised soil pre-
pared for the construction works. The specific objectives of this study include the
following tasks:

1) to analyse grain size distribution;
2) to determine values of the UCS for each mixture of soil samples stabilised by

various binder/water ratio (low/high) and stabilising agents (cement/slag):
70/30%, 50/50%, 30/70%;
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3) to assess soil permeability through a series of the duplicate tests performed
for different soil/binder proportions (𝐻𝑊𝐿𝐵, 𝐿𝑊𝐻𝐵, 𝐿𝑊𝐸𝐿𝐵) with cemen-
t/slag for high-low soil and binder ratios;

4) to perform Proctor compaction test and visualise soil curves to evaluate the
degree of maximum moisture content at which soil is the most dense and
achieves maximum dry density;

5) to find a correlation between the ultrasonic P-waves velocities and the UCS
of soil with various amount of binder (120 and 150 kg/m3);

6) to observe the variability in values of the P-wave velocity for soil taken
from sample sites A4 and B4 and stabilised by various amount of binder,
and to statistically visualise the difference on the histograms;

7) to compare changes in the P-wave velocity with values of the UCS for all
samples from various phases of the experiment and binder ratios and to
visualise them on a graph.

Existing works in civil engineering and geotechnical testing of soil mostly
focus on the effectiveness of various types of binder as a stabilising agent, e.g.,
lime [97–99], and fly ash [100]. Others reported testing soil types: such as frozen
soils [101, 102], sand soil [103], clay or silt [104]. Some works discuss technical
issues of data processing [102, 105]. In this study we evaluated the effects of
varying ratio of binders assessed as a two-factor experiment. We analysed the ratio
of the binder/water content in a soil mass to find the optimal admixture proportions
to increase soil strength. Finally, we tested the effects of adding the green liquor
sludge and ash on soil compaction. We used two binders: Portland cement and
slag. In the experiment, we used the three technical workflow phases: Phase 1, 2
and 3, where Phases 1 and 2 are the fieldwork-based experiments, while Phase 3
is a scaled-up experiment. We used three levels of binder quantity in kg/m3 of
soil that differed in each phase: 150 kg and 120 kg in Phase 1, 100 in Phase 2 and
150 kg in Phase 3.

2. Methodology

This section describes the type, properties and the origin of the soil material
used in this study, as well as methods used to perform experiments. The evaluation
of the soil properties was based on considering various criteria which include
regional soil type, amount and ratio of binders used for treatment of dredged
samples, and the ISO standard requirements for workflow used from the existing
standards. Soil samples were treated by different ratio of the stabilising agents and
water and tested for physical and mechanical properties. Evaluating soil properties
aimed at assessing its bearing capacity for planned engineering construction works.

A series of the tests was performed on the three soil mixes treated by varied
binder ratios of cement/slag, aimed at determining soil compaction by Proctor
characteristics, UCS and permeability. The methodology included the factorial
experiment which was used for each admixture to evaluate the effects of the changed
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water ratio and the amount of binder as variables. The velocities of the ultrasonic P-
waves were measured using existing methods [32] to determine soil strength. The
techniques were adopted from the standard guidance determining the workflow
for testing soil. This included devices, curing time, workflow, type and amount
of binder used as stabilising agents for soil. The methodology included a series
of experiments performed in the laboratory of the SGI, Gothenburg, including
processing, curing, testing and stabilization. The workflow followed the guidance
documented by the Swedish Institute for Standards (SIS) [106–108].

The samples firstly were compacted and evaluated by Proctor test and then
tested for permeability. Testing soil permeability aimed at estimating possible
danger of soil swelling caused by the effective stress in a non-stabilised soil. For
example, swelling of roads is caused by permeability of soil and excess of water
which depends on the environmental and climate setting. The soil permeability was
measured in the laboratory using SIS methodology [108]. The workflow included
a series of tests made using pressure permeate method (SGI standard, edition 15).

2.1. Materials

Soil samples were dredged from the site prepared for construction works on
behalf of the SCA Biorefinery Östrand AB. The specimens were collected in a test
site located in the coastal area of Timrå municipality, Östrand area of the Bothnian
Bay, Baltic Sea, Sweden, Fig. 1. The sampling has been performed on various sites,
Nr. A1–A8, B1–B24, Fig. 1.

Fig. 1. Study area: coastal area of Timrå municipality, Bothnian Bay, Baltic Sea. Numbers (A1–A8,
B1–B24) indicate position for taking sites where sediment samples were collected and groundwater

samples taken. Figure source: SCA Biorefinery Östrand AB
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The sieve analysis was used to determine grain size distribution. The soil types
of the samples are presented by the boreal clays and loamy silts followed by sand and
gravel. The grain distribution analysis was performed on the aggregated dredged
samples to determine the ratio (%) of size of soil grains in the soil samples and to
predict soil behaviour based on the morphology and size of the soil granules. The
curvature of the soil grain distribution reflecting particle size analysis was used to
classify soil types. The results of test are shown in Fig. 2 which visualises grain size
distribution curve for a selected specimen using random soil sample. The sample
volume was 3.212 g.

Fig. 2. The grain distribution diagram for aggregated sample collected from the site B6b. The
laboratory tests of soil sieve analysis and curve plotting were performed at the SGI by Per Lindh

The results of the sieve analysis show that the dominating type of samples was
fine-grained silt, followed by a fraction of coarse sand and gravel, Fig. 2. The sifted
test amount included 586.6 g of the material samples with size of < 20.0 mm,
that is, a fine-grained silt. The largest grain size was detected as 8 mm of size,
Fig. 2. The basic mineral formatting element in a tested material is Silicon (Si).
The grain density was 2.70 t/m3. The clay content in percentage of the tested soil
material < 0.06 mm was 7.6%. A large proportion of fibre was also presented in
the samples, Fig. 3.

Two types of binders were used as stabilising agents: Portland cement (type
Basement CEM II / A-V, SS EN 197-1) and ground granulated blast furnace slag
(GGBFS). The cement is of composite type with mixtures of Portland cement,
slag and Pozzolana. It is a Portland-fly ash cement with proportions of mixture of
clinker between 80–94%, siliceous fly ash in between 6–20%, and minor additional
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constituents between 0–5%. The slag Bremen, or GGBFS, is a mineral additive
material (type II) with latent hydraulic properties, used as a binder according to
the standard SS 137003 [109].

Fig. 3. Photo showing dried material after washing sieving. Note the amount
of fibre at the top of the image. Photo by Per Lindh

The slag Bremen comes from iron production in Germany from where it
derived its name, and is a quality-assured and CE-marked additive material that
meets the requirements of SS EN 151671 and 151672 standards. The slag Bremen
has a compact density of 2900 kg/m3, which can be compared with cement which
has a density of about 3100 kg/m3, and a bulk density is ca. 1150 kg/m3 (cement
is ca. 1250 kg/m3) [110].

2.2. Sampling process

The sampling method has taken as the input a set of the bottom sediments which
were collected using the bucket with size of about 1 m3. The main steps of sampling
are as follows: soil was dredged in the sampling points by one scoop per point. We
placed soil sediments from each test point into the separate containers, in order to
localise the samples. The representative sediments were kept below the water level
to maintain natural conditions of the marine sediments. We extracted a set of soil
samples from each soil container and sent to the SGI for further processing and
tests which included measuring compaction, performing Proctor test, evaluating
compressive strength ratio, permeability and sieve analysis of soil. The soil sample
were homogenised in each corresponding container by mixer during five minutes
to achieve the representative samples. Afterwards, binder mixed with soil samples
in different proportions and water ratio. The stabilized soil samples were then filled
into plastic containers by filling fifteen sampling sleeves. The specimens were
stabilized in varied recipes and kept in the containers with closed lids.
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2.3. Phase 1

The stabilisation of soil adopted existing general procedure requirements de-
veloped by CEN [107]. To optimise the workflow, a special methodology was used
based on the statistical experimental planning. The experimental trials of the soil
mixture were used to find the optimal ratio of water and binder. We used Portland
cement and GGBFS as stabilising agents of soil in mixes in three varied proportions
in the following ratios: 70/30%, 50/50%, and 30/70% of cement and slag.

The mixes contained silt, followed by insignificant amount of sand and gravel.
Following the pre-processing and curing of samples, we tested strength (UCS),
compactness (Proctor modified compaction test) and permeability of soil. Three
different binder combinations and ratio between binder and water content were
evaluated, Fig. 4. In addition, the effect of varied water ratio was tested with
different quantities of the stabilising agents (cement and slag) in Phase 1.

(a) (b)

Fig. 4. (a) Binder combinations of Portland cement and slag (GGBFS); (b) Factorial experiment
with water ratio and amount of binder as variables

The samples included mixes of cement and slag with appropriate proportions
at 120 and 150 kg of binder volume per m3 of the dredged silt. The workflow
included simultaneous evaluation of soil mixes that consisted of the dredged masses
of silt. Tested samples consisted of various binder proportions and water ratio
which provided information on soil properties that can be used to control the
in-situ earthwork process in the field. A graph in Fig. 4a shows the three tested
binder combinations of Portland cement and slag (GGBFS). The cement tested was
Bascement and the slag was Bremen slag. The graph in Fig. 4b shows a factorial
experiment with water ratio and amount of binder as variables.
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High and low water ratios in these tests consisted of 190 or 139% (that is, excess
of water), while high and low amount of binder consisted of 150 and 120 kg/m3

of binder per m3 of the silt mass, respectively. The combination of the high water
ratio (𝐻𝑊 ) and low amount of binder (𝐿𝐵) constitutes a “worst case scenario” as
the material risks having a higher permeability and lower technical strength. The
scenario will be referred to as “high water – low binder” (𝐻𝑊𝐿𝐵). The opposite
case, “low water content – high amount of binder”, gives ‘the best case’, i.e., a
material with low permeability and high technical strength. This combination is
further referred to as (𝐿𝑊𝐻𝐵). Fig. 5 shows the best and worst ratios marked
in a matrix based on factor experiments, i.e., two variables tested at two levels
mentioned as “high” and “low”).

Fig. 5. Graph showing the setup of Phase 1 and 2 of the experiment. Here Phase 1 is indicated by the
blue dots, Phase 2 – by the red dots. Blue circles show where Phases 1 and 2 overlap. High and low
water ratios in these experiments consisted of 190%, respectively 139% (that is, excess of water).

High, low and extra low amount of binder consisted of 150, 120 and 100 kg/m3
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2.4. Phase 2

Upon the trial testing and evaluation of soil mixtures in Phase 1, suitable
recipes were selected in Phase 2. The additional amount of binder was added to
soil samples in Phase 2: 100 kg of binder per m3 of soil. Compared with the
experimental setup in Phase 1, the minimum amount of binder was reduced to
100 kg/m3. The reduction was based on the existing technical requirements on
strength and permeability of the stabilised soil. The goal of the Phase 2 was to
optimise the cost of the recipe without losing technical / environmental quality of
soil. The optimisation of the recipe also contributed to the decline in CO2 emissions
during the industrial works. The performed test combinations are presented in Fig. 5
which shows the experimental setups of Phase 1 and 2. Here the Phase 1 is indicated
by the blue dots and the Phase 2 – by the red dots, respectively. High and low water
ratio in tests consisted of 190% and 139% (excess). High, low and extra low amount
of binder consisted of 150 kg and 120 kg for 100 kg/m3. Compared to the Phase 1,
the minimum amount of binder was reduced to 100 kg/m3 of the dredged material.

2.5. Phase 3

The Phase 3 refers to the scaled-up experiment. This part of the experiment
included adding 150 kg of binder to the tested soil mass. Notable results from the
Phase 3 include the highest values of the velocities of P-waves which indicated
high strength. This is caused by the maximal amount of binder used in this part of
the experiment, which contributed to the overall increase of strength of soil.

3. Results and Discussion

3.1. Proctor compaction test

The Proctor compaction test was performed on soil samples using an addition
of mixture of ash and green liquor sludge from the SCA’s plant. The aim was to
determine the optimal moisture content at which soil becomes the most dense and
reaches a maximal dry density. The Proctor test was applied in a modified approach
which enables us to evaluate the compaction of soil after stabilisation and changed
content of structure within the soil mass. The mutual ratio was 50/50% calculated
on the dry material. The Proctor tests were performed according to the Swedish
standard SS027109 (Laboratoriepackning (Proctor) per packat prov, SS027109).
The optimal water ratio was recorded as about 39% at which level it was possible
to achieve the best compaction of soil, i.e., the highest dry density (Fig. 6). The
maximal dry density at 1.12 g/cm3 was achieved by 38.75% of water in a binder.
The obtained data were statistically processed and tested using the Least Square
method, Singular Value Decomposition (SVD) algorithm.
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Fig. 6. Results of the Proctor compaction tests of green liquor sludge and ash. 𝑊opt ∼ 39%.

The results of the test are presented in Fig. 6 (Proctor compaction test) showing
correlation of soil compaction through the dry density of soil and water content
in a binder. Thus, there is a correlation between the soil composition, the degree
of carbonation of the ash and the water ratio of the green liquor sludge. Changes
in the maximal dry density depending on water content in a binder indicated that
wetness of soil processed by the green liquor sludge and ash could be used to predict
variation of soil compactness with changed ratio of water in the diapasons between
30%–65% (Fig. 6). The maximal peak of the dry density of soil was achieved by
water content of 38–39% in the soil mass. After that, the soil dry density decreased
exponentially along with the increase of water content in the soil sample until 65%
(i.e., a maximally measured value). The results of the Proctor tests demonstrated
that dry density is sensitive to the changes in soil wetness.

3.2. Soil permeability

The evaluation of permeability included the calculation of the permeability
coefficient in treated samples, compared for each case of various ratios of binder and
water, Table 1. In general, within each group of tested soil samples, the permeability
decreases along with the increasing amount of added cement, Fig. 7. This is
explained through the bonding of the soil particles together and water proofing
by the binding agents. Thus, adding binders to soil improves its strength and
increases resistance to softening by water. The test has been performed using a
double sampling method where data distribution within each group demonstrates
a decrease along with the increasing amount of binder: cement and slag.
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(a) Permeability of 𝐻𝑊 𝐿𝐵 with cement/slag
ratio: 70/30%, 50/50%, 30/70%

(b) Permeability duplicate tests for the different
soil and binder ratios (all samples)

Fig. 7. Permeability tests on the stabilised soil with varied stabilising agents in different binder ratios

The specimens tested for permeability in Phase 1 were considered for the worst-
case scenario, i.e., only samples from the 𝐻𝑊𝐿𝐵 series ratio, i.e., ‘high water / low
binder’. Despite this, the results showed ’low to very low’ degrees of permeability,
see Fig. 8. As a result of testing, samples with an increased slag content gave
a denser material. The eight permeability tests were performed in total in the
laboratory during the Phase 2 of the experiment. The optimal recipe consisted of
30% cement and 70% slag at the two different amounts of binder and water quotas,
which made it possible to achieve the quality requirement of 10−8 m/s, that is, low
water and low binder ratio (sample 1, 𝐿𝑊𝐿𝐵), high water and high binder ratio
(sample 4, 𝐻𝑊𝐻𝐵) and low/high water and high binder ratio (samples 6 and 8:
𝐿𝑊𝐻𝐵 and 𝐻𝑊𝐻𝐵), respectively. The results are shown in Table 1.

(a) Permeability of 𝐻𝑊 𝐿𝐵 with cement/slag
ratio 70/30%, 50/50%, and 30/70%

(b) Permeability duplicate tests for the different
soil and binder ratios (all samples)

Fig. 8. Permeability tests on the stabilised soil with varied stabilising agents
in different binder ratios



680 Per LINDH, Polina LEMENKOVA

Table 1. Coefficient of permeability K tested in SGI laboratory during Phase 2 of the experiment
No. Water ratio (%) Binder (kg/m3) Permeability, K (m/s)
1 140 100 1.9 𝐸−8

2 140 120 3.2 𝐸−8

3 190 100 8.7 𝐸−8

4 190 120 1.4 𝐸−8

5 140 100 3.7 𝐸−8

6 140 120 1.4 𝐸−8

7 190 100 9.2 𝐸−8

8 190 120 1.1 𝐸−8

The response area from the analysis is reported in Fig. 7 (permeability of
𝐻𝑊𝐿𝐵 with changed cement/slag ratios and permeability duplicate tests for all
samples). In the yellow-red areas, a significant interaction is shown between the
change in the amount of binder and water ratio. The correlation results in a sharp
deterioration in soil quality through the increased permeability from 10−7 m/s to
10−8 m/s. Strong interaction demonstrates the importance of working with finely
adjusted recipe optimisation at the laboratory level during soil testing.

Changing binder ratios enabled a better control of the mixing process in the
in-situ field sampling, so that quality requirements were achieved and project un-
certainties were reduced. A robust recipe of the soil mixture with binders included
120 kg of binder per m3 of the dredged silt aimed at providing a sufficiently low per-
meability level at several different water quotas during the tests. A graph showing
the permeability of the 𝐻𝑊𝐿𝐵 with changed ratio of binders Portland cement/slag
is shown in Fig. 7a. The results of the permeability tests show different materi-
als and binder ratios. The duplicate experiments have been performed on all the
samples. The permeability gradually decreased along with added slag and reduced
Portland cement, and vice versa, within each case of mixture, Fig. 7b.

Fig. 8a shows a 2D response area for the permeability tests. The results show
a strong negative interaction between the binder content and water ratio. Fig. 8b
shows a 3D response area for the permeability tests. The results show a strong
negative interaction between binder content and water ratio. Thus, at higher water
ratio and lower amount of binder, the permeability increases in 10 times for both
cases, Fig. 8a and 8b. All tests are performed as double tests during Phase 2.

3.3. Compressive strength

The use of the ultrasonic P-waves in geotechnical tests is a modern non-
destructive method aimed at analysing the strength of the stabilised soils. The
applicability of this method consists in the relationship between the velocity of
P-wave propagation and mechanical, structural and elastic properties of soil that
largely control the velocity of P-waves. Solving the inverse problem, the measured
P-wave velocity can indicate the soil strength. Besides that, evaluating P-wave
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velocity provide a rapid, robust and reliable approach as an alternative to the
existing traditional methods of testing soil strength. For example, it can be used for
detecting early micro damages in building materials [111]. Therefore, we estimated
P-wave velocities to evaluate strength of the stabilised soil.

The soil specimens had a diameter of ca. 50 mm and a height of ca. 100 mm.
The compressive strength of soil was determined according to the ISO/TS 17892-7
standard using technical guidance of SIS [106]. The deformation rate was about
1% / min which gives an approximate speed of 1 mm/min of wave propagation
through a specimen. The results of the UCS tests are shown in Fig. 9. The shear
strength and the P-wave velocity of soil were measured using the CEN 16907-4
standard and visualised as a function of the UCS. The shear strength of the tested
samples was obtained by multiplying the UCS values by 0.5. All the recipes meet
the requirements for a minimum compressive strength of 280 kPa, compared with
the laboratory tests. The UCS and P-wave velocities were recorded for the samples
taken from the sites A4 and B4 with 120 and 150 kg of binder per m3 of soil. The
graphs have been visualised as statistical plots for each mixture in 4 cases (Figs 9
and 10).

Fig. 9. Uniaxial Compressive Strength (UCS) tests for each mixture

The results of the UCS tests for each mixture are shown in Fig. 9. For material
taken from the A4 site (see map with location of test sites in Fig. 1) with a water ratio
of about 135%, an increase in the amount of binder means a doubling in strength.
This effect is not visible for the soil material taken from the B4 site (Fig. 1) where
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Fig. 10. Histogram showing P-wave velocity for materials taken from the A4 and B4 sample sites
with 120 and 150 kg of binder per m3 of the dredged material

the water ratio was about 69%. Different amounts of binder are shown in the legend
of Fig. 9: 120 and 150 kg for each case, respectively. The variation in the P-wave
velocity with changed compression characteristics of the stabilized soils was also
evaluated.

Fig. 10 shows the histograms for the P-wave velocity of soil specimens collected
in sites A4 and B4. Similar to the results of the UCS tests, this graph shows
the empirical data distribution for each case. Scattering increases along with the
increasing P-wave velocity. However, the increase in data distribution is in general
lower and the overlap between the B4_120 and B4_150 is considerably lower. The
B4_120 shows the graph for soil collected from the test site B4 stabilised by 120 kg
of binder, while B4_150 is the same, stabilised by 150 kg of binder.

The P-wave velocity has been measured for each case of binder combinations
(𝐻𝑊𝐿𝐵, 𝐿𝑊𝐻𝐵, 𝐻𝑊𝐸𝐿𝐵, 𝐿𝑊𝐸𝐿𝐵), that is, the abbreviations stand for “High Wa-
ter / Low Binder, Low Water / High Binder, High Water / Extra Low Binder, Low
Water / Extra Low Binder” (Fig. 11). The highest values of the P-waves were
recorded in the case of Phase 3, where the experiment included 150 kg of binder as
an admixture to the soil (red stars in the graph). The lowest values were recorded
for the Phase 2 of the experiment, where 100 kg of binders were added. In Phase 1,
two levels of binder quantity per 𝑚3 of the dredged material were tested: 150 kg
and 120 kg: red squares in Fig. 11.
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Fig. 11. The correlation between P-wave velocity and compressive strength of soil for all samples
tested at various phases of the experiment and using different binder ratios

Fig. 11 shows the results of the measured P-wave velocity in soil as a function
of the compressive strength and the admixture of binders in various ratios. The
compressive strength shows a complex characteristics of the soil largely influenced
by the soil structure. This includes a variety of parameters, such as voids, pores,
imperfections, specific local defects in a given specimen. Therefore, a relationship
between the compressive strength and the velocity of P-waves is shown as a curve
rather than a direct straight line. Nevertheless, a higher P-wave velocity is in general
associated with a higher compressive strength of soil, Fig. 11.

As mentioned above, the velocity of P-waves passing through the soil sample
generally increases with the increasing compressive strength of this soil specimen.
However, a certain difference between the laboratory results and the scaled-up
experiments can be seen for each recipe of binder ratios tested during different
phases of the experiment. Thus, the Phase 1 was the initial stage of the laboratory
experiments, while the Phase 2 is a supplement with a lower binder content, which
included the optimisation phase aimed at finding a lower limit for the amount of
binder. The Phase 3 refers to the scaled-up experiment in this study.

The results show similar patterns of strength for different phases with various
amount of binder added into the soil masses. The difference in variation is also
supported by the results received from other previous projects, e.g., Arendal 2,
Gothenburg and Kolkajen, Stockholm. A certain displacement can be discerned by
comparing these data, i.e., slightly lower strength at the same P-wave velocity for
the scaled-up experiment in Phase 3. The results are in general consistent with the
expected variation based on the comparable similar geotechnical surveys of soil.
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The compressive strength of soil correlates with the stiffness of the specimens
collected from the testing sites A4 and B4 during Phases 1, 2 and 3 of the experi-
ment. It is reflected in variations of the velocity of the P-wave propagation in var-
ious binder ratios (𝐻𝑊𝐿𝐵, 𝐿𝑊𝐻𝐵, 𝐻𝑊𝐸𝐿𝐵, 𝐿𝑊𝐸𝐿𝐵). The relationship between
the P-wave velocity and the compressive strength of soil changed in various combi-
nations of binders (Portland cement/GGBFS) and water for each mixture, as shown
in Fig. 11. The trends observed in the comparison of “P-wave velocity-compressive
strength” graphs are pronounced and show the direct correlation between the pa-
rameters of P-wave propagation and soil stiffness.

4. Conclusions

This study presents the evaluation of soil strength, compactness and perme-
ability with a case of stabilised loamy silts. We used methods of UCS, permeability
tests and modified Proctor test. Soil density was assessed using the modified Proc-
tor compaction tests by heavy laboratory compaction. The Proctor method was
effective in evaluating the compactness of soil and demonstrated a tight correlation
between water ratio in the pores and dry density of soil.

Soil strength was estimated using applied geophysical methods. We evaluated
the velocity of P-waves passing through the soil samples stabilised by various pro-
portions of cement/slag for comparison of their effects. The amounts of binder/wa-
ter were also changed to find the optimal ratio with the best effect on stabilisation.
Using the experimental changes of binders we have demonstrated their effects on
soil strength. Estimating P-wave velocities proved to be a fast, robust and reliable
method for evaluating soil strength. Its advantages include repeatability of testing,
reduced number of tests and optimised workflow.

We demonstrated that the stabilisation of soil by various amount of binder im-
proves its parameters: increased compressive strength, compactness and decreased
permeability. The P-wave velocity increased along with the increasing soils strength
and time of curing. Higher velocities were recorded for soil stabilised by binder
with higher ratio of slag, while lower velocities were obtained for higher ratio of
cement, respectively. The effectiveness of P-waves for measuring soil strength is
explained by its physical nature, as it passes along the fastest path in the structure
of the soil, which is directly related to the strength and stiffness of specimen.

Overall, the experiments proved the direct effects of the proportions of binders
on the permeability, compactness and strength of the stabilised soil. For comparison
we used the experiments on three different rations of binders added to soil samples.
The highest permeability of soil was recorded by samples with increased amount
of cement, while the lowest permeability was recorded by increased proportions
of slag. Thus, the stabilised soil with higher binder ratio shown higher strength
and increased velocity of P-waves compared to the samples with the higher water
content. Our results can be considered in similar studies on dredged silts using
admixture of the stabilising agents in various ratios to increase soil strength. Future
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research can also include the experiments on changing binder ratio and developing
more criteria for the S/S treatment of silts.
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