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Abstract. The stabilization of soft soils with hydraulic binder is a common technique all over
the world. By means of stabilization the engineering properties of fine-grained soils can be
improved, where settlements or stability problems have to be handled. Lime and cement are
usual binders. The use of industrial by-products as binders has been investigated and some are
already established on the market in combination with cement, as e.g. fly ash or slag. Nowadays
the reduction of C'O; is in focus, leading to a search for more by-products from the industry
that are suitable to use as hydraulic binder. One of these is cement kiln dust (CKD) that is
started to be used commercially as a binder in combination with cement.

Fine-grained soils are often frost susceptible i.e. they show frost heave and/or thaw
weakening. These typical problems are handled by improvement with hydraulic binder in
countries with moderate climate [33]. In countries with cold climate, near surface soil
stabilization with hydraulic binder is less used. One reason for this reduced usage are
uncertainties about the influence of low temperature on the expected stabilizing effects of the
hydraulic binder. Previous research has shown that the strength of the stabilized material is
decreased by frost impact, when compared to without frost. New research results have shown a
recovering of the strength after a reduction due to frost [1; 2].

In the present contribution, a multiple linear regression analysis is presented for identifying
significant influencing factors for soil stabilization of fine-grained subgrade with hydraulic
binders in cold environment. The regression analysis is based on the results from three earlier
published laboratory studies [3-5], where the unconfined compressive strength (UCS) was used
as a measure of strength. The laboratory studies involved different soil types, different binders
(mainly by-products), and varying binder contents.

The results from the laboratory studies show that the strength increases during curing in
cold environment. After twelve freeze-thaw-cycles the strength is reduced for several samples,
compared to without freeze-thaw-cycles, but it is higher than without stabilization. A recovering
of strength after a subsequent curing time after the freeze-thaw-cycles is visible in some cases
for the stabilized samples. The multiple linear regression analysis presented here shows the
influence of the binder content, as well as the freeze-thaw-cycles and the curing time, on the
strength.

1. Introduction

Fine-grained soils are often a challenge for the needs of infrastructure because of their low bearing
capacity as well as their high frost susceptibility. The stabilising effect of lime or cement, so-called
"hydraulic binder”, is commonly used to improve the engineering properties of such soils. The
binder reacts with water and forms new minerals. These new minerals improve the properties
of the soil by connecting the soil particles together [6-10].



The reactions of the binder with the soil are influenced by several factors, mainly the amount
and type of binder, the type and mineral composition of the soil, the water content, the
homogenisation of the soil-binder-mixture, time, and temperature [11]. The reactions of lime
and cement are comparable in their effect on the soil properties and consist of the following:
(i) the initial exotherm reaction with the water, (ii) the puzzolanic reaction, and (iii) the ion
exchange [8; 12; 13]: The heat released by the initial reaction with water can be beneficial in
the short run if the soil need to be dried to get stiffer. This drying is reversible, but depending
on the hydraulic conductivity of the soil, it takes some time for the soil to get weak again. The
puzzolanic reaction forms the new minerals over time: lime has a slower reaction that continues
longterm (years) compared to cement, which reaches the final strength within months. In soils
with clay minerals, ion exchange can take place between the binder and the clay and change its
behaviour to stiffer. The ion exchange builds connections between the layers of the clay minerals
on atomic level.

By-products from the industry are more and more common to be used as binder for soil
stabilisation. They have shown a similar strength-raising effect as lime and /or cement, especially
in combination with them [14-16], and save the environment at the same time by reducing the
needs for landfill and new binder (the production of cement and lime is highly energy-consuming).
The new European standard for Earthworks [17] includes lime and cement but also fly ash and
granulated blast furnace slag as well as mixtures of those, so called hydraulic road binders.

In regions with cold climate and seasonal frost, frost heave and thaw weakening are typical
challenges for road constructions on fine-grained soils [4; 18; 19]. When a soil is classified as
high or very high frost susceptible, the soil has to be replaced or improved to be allowed to
remain under a planned construction (road, parking area, etc.) [5]. Some countries allow soil
improvement by stabilisation with hydraulic binders as a permanent solution in the part of
the soil that is reached by frost action [20], but other countries are doubtful since the frost
susceptibility of the improved soil is not easy to determine [21].

So the usability of near-surface soil stabilisation in regions with seasonal frost is dependent
on the changes of their behaviour caused by frost impact. The influence of frost on soft soils
stabilised with hydraulic binders has been investigated both for cement [1; 22-24] as well as for
lime [2; 25; 26], for a combination of cement and lime [27-31] and for some alternative materials
alone [14; 32]. The strength after freezing and thawing is decreased but still several times higher
than the one of the untreated material. The curing temperature in the above named research has
mostly been room temperature or is not mentioned in the publications. Two recent publications
[1; 2] show a healing potential or recovering of the UCS values at a certain time after freeze-thaw
for cement-stabilised silty sand as well as for lime-stabilised clay.

2. Previous studies
Three different laboratory studies were conducted to investigate the influence of a low curing
temperature on the strength increase of soil stabilised with hydraulic binder [3-5]. Further
aspects to investigate were how much the strength is reduced after twelve freeze-thaw-cycles
and if the strength can recover within 28 days of curing after the last thawing. The hydraulic
binders used in the investigations were Petrit T, a by-product from sponge iron production that
is not commercially used for soil stabilisation yet, and MultiCem, a binder that is commercially
used for soil stabilisation and consists of 50 % cement and 50 % cement kiln dust. The studies
contained three different fine-grained soils: a postglacial clay, a silty sand and a silt. Petrit T
was used as binder for the two more fine-grained soils, clay and silt; Multicem was used for the
silty sand. The binder content was chosen according to the German recommendations for soil
improvement [33]: 4% and 7% for the Petrit T with the clay and the silt as well as 6% and 8%
for the MultiCem.

The curing temperature was +4°C to represent curing conditions in northern Sweden. The



samples were cured for 14, 28 or 90 days before twelve freeze-thaw-cycles as well as for 28 days
after the last thawing. The unconfined compressive strength (UCS) was measured at the end
of the respective test time. Three individually samples were tested per binder content and
respective test schedule, they were produced from the same blend at the same time: 81 samples
for the clay and the silty sand, respectively, as well as 54 samples for the silt - 216 samples in
total. The details of the study of the clay with the Petrit T are described in [3], those of the
silt with the Petrit T in [4] and those of the silty sand with MultiCem in [5].

All three laboratory studies show that the UCS values of the tested samples increase in the
given cold environment. The samples of clay with Petrit T show UCS values of at most 100 -
300 kPa, the silt samples with Petrit T 130kPa and the silty sand samples with MultiCem 3000
- 4000 kPa. These values are reached after 28 days of curing for the samples with Petrit T and
after 90 days of curing for the samples with MultiCem, respectively.

The UCS values are reduced to about one-third after the freeze-thaw-cycles in the case of the
clay samples with Petrit T. The study of the silt samples with Petrit T shows also a strength
reduction of the UCS values after the freeze-thaw-cycles, the reduction varies between one-third
and two-third. The silty sand samples with MultiCem show reduced UCS values after the
freeze-thaw-cycles only for the samples with lower binder content after 90 days of curing.

An increase in UCS after the recovering time is visible for the younger samples (14 and 28 days
of curing before the freeze-thaw-cycles), and in the case of the clay with Petrit T also for the 90-
days-samples. The other samples show no further changes after the recovering time. Instead, the
90-days-samples with MultiCem show UCS about half of the value before the freeze-thaw-cycles.

The results of the samples of clay with Petrit T show a high influence of the water content.
As this clay used in this study had the largest spreading of the water content, the binder content
was added for three ranges of water content (28 - 33 %, 34 - 39 % and 40 - 45 %). In addition, the
results of the samples of clay and silt with Petrit T seem to be influenced by a complex binder
reaction in cold environment: slow strength increase and a lower total strength after a longer
curing time. This is caused by a process called ’conversion’ and is described in the previous
publications [3; 4].

The results of the samples of silty sand with MultiCem as well as of the clay with Petrit T
show a sort of remaining strength at the end of the test series. The UCS values seem to be the
same for the same amount of binder after the freeze-thaw-cycles and the recovering time. The
time of curing before the freeze-thaw-cycles seem to be less important for the strength at the
end of the test series.

3. Regression analysis

3.1. Goals

A multiple linear regression analysis is a method to evaluate data with several input variables and
one output variable. The linear regression analysis examines linear relations between metric data
consisting of values of one dependent variable (also called response variable or measurement)
and of one or more independent variables (also known as explanatory variables or predictors)
[34]. The multiple linear regression analysis presented here is conducted on the data that is
generated by the combination of the three previous studies [3-5]. Since the test setup of the
laboratory analysis is similar, the comparability of the data is assured. The significance of the
tested four influencing factors in the studies is analysed. The significance is later compared
with the interpretation of the results from the previous studies. Additionally, the influence of
the water content is studied, because the water content changes the behaviour of natural fine-
grained soil significantly. The water content was measured for all samples. It was needed for
the determination of the amount of binder to be added (given in % of dry mass) but not chosen
beforehand as a variable in the test setup.



3.2. Preparing the data

The data from the three different laboratory studies are summarized in individual matrices.
Each matrix contains the unconfined compressive strength (UCS) as output variable as well as
the input variables from the test setup: binder content (Bc), days of curing (db), freeze-thaw-
cycles (ft), days of curing after freeze-thaw-cycles (da). The water content (w) at the time of
the UCS test is added to the respective matrices as an input variable for the regression analysis
as well. The UCS range differs several decades for the different soil-binder-combinations. To be
able to compare the data in terms of significance, the data needs to be normalized. This means
that the data range of the UCS for each matrix is converted into a range between zero and one
for each soil-binder-combination separately. The data is normalized in the following way: the
maximum UCS is set to “1” and the minimum to “0”. The UCS values in between are set to
a value below one, corresponding to the percentage of the respective value in relation to the
difference between the maximum and the minimum value, according to the following formula:

outputporm = (output — output,my,)/(output mes — output,,in) (1)

The input variables were normalized in a similar way.

A correlation indicates the strength and direction of a linear relationship between two random
variables. The coefficient of correlation is tested for the UCS and all individual input variables
(Be, db, ft, da). If a correlation is found between the respective input variables, they cannot
be seen as independent of each other. However, correlation of independent variables leads to
multicollinearity and jeopardises the regression analysis model. In this case a threshold of 0.7
was chosen, i.e. independent variables were only chosen if their correlation coefficient with any
of the other independent variables was below 0.7.

3.3. Results of the multiple linear regression analysis

The regression analysis is conducted for the three different laboratory studies individually
including the binder content ”zero”, i.e. the soil without binder. The outcome of a multiple
linear regression analysis is an equation that describes the dependent variable as a linear function
of the independent variables with their respective coefficients (b-values). For the data used in
the present contribution, this model can be used to estimate the UCS being calculated with the
different influencing factors meaning binder content (Bc), curing time in days before freezing
(da), presence of freeze-thaw (ft), curing time in days after freez-thaw cycles (da) and the water
content (w):

UCSnorm = bO + bl * Beporm + b2 * dbnorm + b3 * ftnorm + b4 * danorm + b5 * Wnorm (2)

The coefficients can be positive or negative, depending on the direction of influence of the
respective input variable on the output variable. In the test setup presented here, the binder
content (Bc), the days of curing before (db) and the days of curing after the freeze-thaw-
cycles (da) are expected to have a rising effect on the UCS, that means the b-values of these
independent variables are expected to be positive. The freeze-thaw-cycles (ft) and the water
content (w) are expected to have a lowering effect on the UCS, which means the b-values of
these independent variables are expected to be negative. The higher the absolute b-value of the
respective independent variable, the higher the influence of this variable on the UCS.

The b-interval gives the lower and upper confidence bounds for coefficient estimates, which
describes the uncertainty of the coefficient (b-value). If the b-interval reaches from a negative
to a positive value, the direction of the influence is unclear.

The p-value presents the probability for the null-hypothesis being able to be rejected. The
threshold usually is 5%. So if the p-value is below 5% it can be assumed that the null-hypothesis
(no correlation existing) can be rejected (i. e. correlation exists).



The R? value gives the percentage, how much of the output value that can be explained by
the tested independent variable(s). When the R? value is close to 1, and the p-value is less than
the default significance level of 0.05, a significant linear regression relationship exists between
the response and the predictor variables.

Table 1 presents the results of the multiple linear regression analysis for the three different
laboratory studies including the soil without binder. The table shows the b-values and b intervals
for the combination of all independent variables on the UCS of the samples tested for the three
different soil-binder-combinations, clay with Petrit T [3], silt with Petrit T [4] and silty sand
with MultiCem [5].

Table 1. Coefficients with their confidence interval for the multiple linear regression analysis
about the influence of the independent variables on the UCS of the tested samples for different
soil-binder-combinations

Clay with Petrit T Silt with Petrit T Silty sand with MC

Independent variable biow b bnigh | biow b brigh | biow b bpign
Binder content 0.17 023 029] 038 0.45 053] 045 0.52 0.58
Days of curing before FT'  -0.07 -0.01 0.04 | -0.24 -0.16 -0.07 | 0.08 0.14 0.20
Twelve Freeze-thaw-cycles -0.28 -0.23 -0.18 | -0.28 -0.19 -0.09 | -0.05 0.02  0.09
Days of curing after FT -0.03  0.02 0.08 |-0.08 0.01 0.10|-0.09 -0.03 0.03
Water content -0.47 -0.36 -0.25 | -0.56 -0.37 -0.18 | -0.33 -0.19 -0.06

The b-value with the highest absolute value for the results of the clay samples with Petrit T
is -0.36 for the water content. For the results of the silt samples with Petrit T and the silty
sand samples with MultiCem, the binder content has the highest b-value with 0.45 and 0.52,
respectively (marked in bold in table 1).

The b-intervals show also some intervals with a negative lower and a positive upper value,
as e.g. the days of curing before the freeze-thaw-cycles in the case of the results of the clay
samples with Petrit T. So the direction of influence is not clear in these cases (marked in grey
in table 1). Therefore, the regression analysis was performed stepwise adding one independent
variable at a time. The binder content is supposed to be the main influence factor, so therefore
the binder content is tested alone first. Then the binder content is tested in combination with
one of the other independent variables, then a combination of the binder content with two of
the other and finally the combination of all independent variables. Table 2 shows the R?-values
for the different steps of this multiple linear regression analysis of the three different laboratory
studies including the water content (w) at the time of the UCS test as well as the soil without
binder. The other independent variables and their combinations listed in the first column are
binder content (Bc), days of curing before the freeze-thaw-cycles (db), freeze-thaw-cycles (ft)
and days of curing after the freeze-thaw-cycles (da).

The R? values for the results of the clay samples with Petrit T to the left reaches from 0.35
to 0.77, those for the silt samples with Petrit T (in the middle) are between 0.60 and 0.81 and
the R? values for the results of the silty sand samples with MultiCem to the right are between
0.69 and 0.81. The p-values are all very small and far below 0.05.

The independent variables with an uncertain direction of influence in table 1 (marked in grey
there) show also a small increase of the R2-values in table 2 (marked in grey there as well). The
small increase in R2-values is another indicator that the influence of this independent variable
is low. The independent variables with b-intervals with an uncertain direction of influence
were therefore excluded from the analysis. The combinations of a few independent variables
that show the same R2?-value as the combination of all independent variables were investigated



Table 2. Results of the stepwise multiple linear regression analysis about the influence of the
independent variables: binder content (Bc), days of curing before the freeze-thaw-cycles (db),
freeze-thaw-cycles (ft) and days of curing after the freeze-thaw-cycles (da) on the UCS of the
tested samples for different soil-binder-combinations

Clay with Petrit T  Silt with Petrit T  Silty sand with MultiCem

R? R? R?
Be 0.35 0.60 0.69
Be & db 0.36 0.63 0.78
Be & ft 0.63 0.71 0.69
Be & da 0.40 0.61 0.70
Be & w 0.52 0.66 0.75
Be & db & ft 0.64 0.74 0.79
Be & db & da 0.40 0.64 0.79
Bec & db & w 0.52 0.72 0.81
Be & ft & da 0.64 0.71 0.70
Be & ft & w 0.77 0.75 0.75
Bc & da & w 0.56 0.68 0.75
Be & db & ft & da 0.64 0.74 0.79
Bec & db & ft & w 0.77 0.81 0.81
Bc & db & da & w 0.57 0.74 0.81
Bc & db & ft & da & w 0.77 0.81 0.81

Table 3. Detailed results of the multiple linear regression analysis for the combination of
relevant independent variables (bold values in table 2) on the UCS of the tested samples

Clay with Petrit T | Silt with Petrit T | Silty sand with MC
blow b bhigh blow b bhigh blow b bhigh
Binder content 0.17 023 028 038 045 0.53| 045 0.52 0.58
Days of curing before FT — — — | -0.24 -0.16 -0.07 | 0.09 0.14 0.20
12 Freeze-thaw-cycles -0.26 -0.22 -0.17 | -0.26 -0.18 -0.10 — — —
Water content -047 -0.37 -0.26 | -0.56 -0.37 -0.19 | -0.31 -0.19 -0.08

further. The RZ?-values for these relevant combinations of independent variables are marked
with bold numbers in table 2. The table 3 presents the b-values and b-intervals of the multiple
linear regression analysis for these combinations of independent variables.

3.4. Clay

Table 2 shows that in the case of the investigations on clay samples with Petrit T, the
independent variable “freeze-thaw-cycles” (ft) explain one third of the UCS: the R? value rises
from 0.35 to 0.63 only by adding this input variable to the independent variable “binder content”.
The independent variable “water content” shows the second highest factor: R? value rises from
0.35 to 0.52 for the combination of the independent variables “binder content” and “water
content”. The maximum R? value reached with all independent variables is 0.77, and this
is already reached by the combination of “binder content”, “freeze-thaw-cycles” and “water
content”. The adding of the independent variables “days of curing before the freeze-thaw-cycles”



(db) or “days of curing after the freeze-thaw-cycles” (da) do not rise the R? value appreciably.

The b-values presented in table 3 instead clearly mark the independent variable “water
content” as the highest influence factor with -0.37. The independent variables “binder content”
as well as “freeze-thaw-cycles” have lower b-values, 0.23 and -0.22, respectively. This means
that the influence of these independent variables on the UCS of the tested clay samples with
Petrit T is lower than the influence of the independent variable “water content”.

3.5. Silt
Regarding to the R?-values in table 2, for the investigations on silt samples with Petrit T, the
independent variables that explain the most of the UCS are the same as for the clay samples:
“freeze-thaw-cycles” followed by “water content”. By adding the independent variable “freeze-
thaw-cycles” to the independent variable “binder content” in the regresion analysis, the R? rises
values from 0.60 to 0.71. By adding the independent variable “water content” to the independent
variable “binder content” in the regresion analysis, the R? rises values from 0.60 to 0.66. The
maximum R? value is 0.81 when all the independent variables are included. The influence of the
days of curing before or after seems to be much lower, they do not rise the R? value appreciably.
This picture is also given by the b-values in table 3: the independent variable “binder content”
shows a b-value of 0.45, which is the highest absolute value of b, followed by the independent
variable “water content” which shows a b-value of -0.37. This means that the influence of these
independent variables on the UCS of the tested silt samples with Petrit T is the highest one
of all of the tested independent variables. The b-values (interpreted as the influence on the
UCS) of the independent variables “freeze-thaw-cycles” as well as “days of curing before the
freeze-thaw-cycles” are much lower and very close to each other, -0.18 and -0.16, respectively.

3.6. Silty sand

For the results of the investigations on silty sand samples with MultiCem, the independent
variable that rises the R? value is different, see table 2: the R? values rises the most (from
0.69 to 0.78) by adding the independent variable “days of curing before the freeze-thaw-cycles”.
But the independent variable “water content” has an almost similar high factor: the R? values
rises from 0.69 to 0.75. The maximum R? value of is 0.81 when all independent variables are
included, and this is already reached by the combination of “binder content”, “days of curing
before the freeze-thaw-cycles” and “water content”. The adding of the independent variables
“freeze-thaw-cycles” as well as “days of curing after the freeze-thaw-cycles” to the regression
analysis do not rise the R? value appreciably.

The b-values presented in table 3 instead clearly mark the independent variable “binder
content” as the one with highest influence factor (0.52). The independent variable “water
content” shows a much lower absolute b-value of -0.19, followed by the independent variable
“days of curing before the freeze-thaw-cycles” with a b-value of 0.14.

4. Discussion

The strength increase in cold environment can be seen in the results of the multiple linear
regression analysis in the b- and R2-values for the independent variable “binder content” alone.
In the case of the results of the investigations on clay samples with Petrit T, the b-value of the
independent variable “binder content” (0.23) is lower than the absolute one for the independent
variable “water content” (-0.36), and has the same absolute value as the independent variable
“freeze-thaw-cycles” (-0.23). The R2-values for the independent variable “binder content” is
0.35, so the binder content describes in this case approximately one third of the maximum
strength. In addition, the results of the investigations on silt samples with Petrit T and silty
sand samples with MultiCem show the highest b-value for the independent variable “binder
content” (0.45 and 0.52, respectively). Also the R?-values are much higher than the ones from



the clay samples with Petrit T, 0.6 and 0.69, respectively, so the independent variable “binder
content” in the case of of the investigations on silt samples with Petrit T and silty sand samples
with MultiCem explaines about two third of the maximum strength.

The strength reduction due to freeze-thaw-cycles is clearly visible in the R?-value for the
results of the investigations on clay samples with Petrit T, where the adding of the independent
variable “freeze-thaw-cycles” to the independent variable “binder content” rises the R2-value
from 0.35 to 0.63. In the case of the results of the investigations on the silt samples with
Petrit T, there is still a rise in the R?-value from 0.60 to 0.71, which indicates an influence.
On the contrary, for the results of the investigations on the silty sand samples with MultiCem
the R?-value remains the same, so there is no influence of the independent variable “freeze-
thaw-cycles” on the UCS shown in the multiple linear regression analysis. The b-values show
an influence of the independent variable “freeze-thaw-cycles” on the UCS for the results of the
investigations on the clay samples with Petrit T (-0.23) and the one on the silt samples with
Petrit T (-0.19), but not for the silty sand samples with MultiCem (-0.02).

An influence of the curing time after the freeze-thaw-cycles on the strength can not be seen in
general in the multiple linear regression analysis, both the b-values and the change in R2-values
are small (0.05 at the most).

The more fine-grained a soil, the lower the hydraulic conductivity, and the higher the water
content can become. So the influence factors shown for the water content are partly based on
the content of fine grains in the soil. The stabilisation with hydraulic binder is dependent on the
water content: both too little and too much water lead to a lower strength than the maximum
possible strength. The water content has an influence on the effect of the freeze-thaw-cycles
as well: the stress on the surrounding soil matrix created by the expanding volume during ice
formation is rising with increasing degree of saturation. The higher the degree of saturation,
the less air volume. The air volume is the space where the ice can expand to without creating
pressure on the surrounding soil matrix. If there is no air volume left, the whole expansion
pressure stresses the surrounding soil matrix.

But that the freeze-thaw-cycles show the highest influence in the case of the Petrit T as binder
can also, partly, be depending on the complex binder reaction mentioned above. Therefore the
dependency of the UCS of the tested samples on the independent variable “days of curing before
the freeze-thaw-cycles” is not as clear as for the MultiCem with the usual cement reaction.
The Petrit T reaches in total lower strength values as the Multicem. Lower strength is often
combined with a lower amount of connections between the soil grains, formed by the reaction
products of the hydraulic binder. The pressure of the expanding ice during freezing has less
resistance in a stabilised soil with lower strength than in one with higher strength. This can
explain why the freeze-thaw-cycles have a high influence on the soils stabilised with Petrit T. A
higher binder content could possibly change this dependency.

The MultiCem (with a faster reaction even in cool environment) shows the “days of curing
before the freeze-thaw-cycles” as independent variable with the highest influence. This is
interpreted as a proove that soil stabilised with a binder with a faster reaction and a higher
strength development is less affected by freeze-thaw-cycles. With a faster reaction, a higher
strength is reached before the freeze-thaw-cycles starts - for the samples with MultiCem, the
strength is by factor 10 higher than in the samples treated with Petrit T. With more and stronger
connections between the soil grains, formed by the reaction products of the hydraulic binder,
the impairing effect of the freeze-thaw-cycles is reduced.

5. Conclusions
The results of the multiple linear regression analysis show that:

(i) the strength increase in cold environment can be seen clearly in the results for the coarser
soils with binder and also, but less distinct, for the finest soil-binder-combination tested.



(ii) the strength reduction due to freeze-thaw-cycles is clearly visible for the clay with binder,
to a lower extent also for the silt with binder, but not for the silty sand with binder.

(iii) an influence of the curing time after the freeze-thaw-cycles on the strength can not be shown
in general in the soil-binder-combinations tested here.

The results above confirm most of the observations described in the investigations on the
stabilised soil samples in the previous publications [3-5].

The multiple linear regression analysis show also that the strength of the finest stabilised soil
is depending not only on the binder content, but to a similar degree also on the water content.
The water content is still important for the other two soil-binder-combinations.

Acknowledgement
The authors thank the Swedish research council for sustainable development (FORMAS) and
the Swedish Transport Administration (Trafikverket) for the funding.

References
1] Jamshidi R and Lake C 2015 Canadian Geotechnical Journal 52 283 — 294 ISSN: 00083674

[

[2] Tebaldi G, Orazi M and Orazi U 2016 Journal of Materials in Civil Engineering 28
[3] Rothhdmel M, Rosenberg M and Laue J 2020 Bauingenieur 95 ISSN: 0005-6650
[4]

4] Rothhamel M, Al-Jabban W and Laue J 2019 2nd event for special sections of geotechnic
- interdisciplinary forum (2. Fachsektionstage Geotechnik - Interdisziplindres Forum,)

[5] Rothhdmel M and Laue J 2020 ICE-Proceedings Ground Improvement ISSN 1755-0750
https://doi.org/10.1680/jgrim.18.00121

[6] Bell F 1996 Engineering Geology 42 223-237 ISSN: 0013-7952

[7] EuroSoilStab 2002 Development of design and construction methods to stabilize soft organic
soils: design guide soft soil stabilization, industrial and materials technologies programme
((Brite-EuRam IIT), European Commission)

[8] Lottmann A, Wienberg N and Konig M 2008 Reduction in the frost sensitivity of
soils by treating them with quicklime and lime hydrate. In German (Verringerung der
Frostempfindlichkeit von Bdden durch die Behandlung mit Branntkalk und Kalkhydrat)
Forschung Straflenbau und Stralenverkehrstechnik, Heft 990 (Wirtschaftsverlag NW,
Bremerhaven, Germany) ISBN: 9783865097880

[9] Ardah A, Chen Q and Abu-Farsakh M 2017 Transportation Geotechnics 11 107 — 119 ISSN:
2214-3912

[10] Ho L S, Nakarai K, Duc M, Kouby A L, Maachi A and Sasaki T 2018 Construction and
Building Materials 166 634 — 646 ISSN: 0950-0618

[11] Ahnberg H, Johansson S E, Retelius A, Ljungkrantz C, Holmgqvist L and Holm G 1995
Cement and lime for deep stabilisation of soil (Swedish Geotechnical Institute, Linkoping,
Sweden) ISSN: 0348-0755

[12] Janz M and Johansson S E 2002 The Function of Different Binding Agents in Deep
Stabilization. In Swedish (Olika bindemedels funktion vid djupstabilisering) (Swedish Deep
Stabilization Research Centre c/o Swedish Geotechnical Institute, Linkoping, Sweden)
ISSN: 1402-2036

[13] Ahnberg H 2006 Strength of stabilised soils - a laboratory study on clays and organic soils
stabilised with different types of binder (Swedish Geotechnical Institute, Linkdping, Sweden)
ISBN: 978-91-628-6790-4, ISSN: 0281-6679

[14] Rosa M, Cetin B, Edil T and Benson C 2017 Journal of Materials in Civil Engineering 29
04017015



Shibi T and Kamei T 2014 Cold Regions Science and Technology 106-107 36-45

Wisotzki E 2008 Soil improvement with mixtures of lime and granulated blast furnace slag
(Bodenverfestigungen mit Kalk-Hiittensand-Gemischen) Ph.D. thesis University Rostock,
Institute for Environmental engineering, Rostock, Germany ISBN: 9783860090596

EN 16907-4 2018 Earthworks — Part 4: Soil treatment with lime and/or hydraulic binders
(European committee for standardization, Brussels, Belgium)

Andersland O and Ladanyi B 2004 Frozen Ground Engineering (John Wiley and Sons, Inc.,
Hoboken, New Jersey) ISBN: 0471615498

Zeinali A 2018 Thaw Mechanism in Subgrades Licentiate thesis (Lulea University of
Technology) ISBN: 978-91-7790-209-6

TPBF-StB 2012 Part 11.1.: Performance test for soil improvement with binder. In German
(Eignungsprifung bei Bodenverfestigungen mit Bindemitteln) Test instructions for soil and
rock in road construction, B (Road and Transportation Research Association (FGSV),
Committee Earthworks) ISBN: 978-3-86446-032-6

Franzén G, Lindh P, Ahnberg H and Erlingsson S 2012 In situ stabilisation of sub-grade
material — knowledge overview. In Swedish (Terrasstabilisering - kunskapsdokument) (VTI

report no 747) (Swedish National Road and Transport Research Institute, Linkoping,
Sweden) ISSN: 0347-6030

Shihata S A and Baghdadi Z A 2001 Journal of Materials in Civil Engineering 13 161-165
Eskigar T, Altun S and Kalipcilar T 2015 Cold Regions Science and Technology 111 50-59
Jamshidi R, Lake C and Barnes C 2015 Journal of Materials in Civil Engineering 27

Aldaood A, Bouasker M and Al-Mukhtar M 2014 Cold Regions Science and Technology 99
38-45

Hotineanu A, Bouasker M, Aldaood A and Al-Mukhtar M 2015 Cold Regions Science and
Technology 119 151 — 157 ISSN: 0165-232X

Bozbey I, Kamal N and Abut Y 2017 Road Materials and Pavement Design 18 1098-1116
ISSN: 21647402

Makusa G, Macsik J, Holm G and Knutsson S 2016 Canadian Geotechnical Journal 53
1038-1045

Solanki P, Zaman M and Khalife R 2013 Sound Geotechnical Research to Practice (Geo-
Congress 2013, ASCE)

Wang S, Lv Q, Baaj H, Li X and Zhao Y 2016 Canadian Journal of Civil Engineering 43
865874

Wang D, Zentar R and Abriak N 2018 Journal of Materials in Civil Engineering 30
04018013

Kalkan E 2009 Cold Regions Science and Technology 58 130-135

ZTVE StB 2009 Additional technical contract conditions and rules for earthworks in road
construction. In German (Zusdtzliche Technische Vertragsbedingungen und Richtli nien fir

Erdarbeiten im Strafienbau) (FGSV Verlag, Cologne, Germany) ISBN 978-3-939715-84-9

Backhaus K, Erichson B, Plinke W and Weiber R 2006 Multivariate Analysemethoden
(Springer-Verlag, Berlin, Germany)



