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1 Introduction 

Research at NGI has shown that it is possible to reduce the binder content necessary to 
improve soil strength and deformation properties of sensitive clays. However, recent 
results indicate that there is a lower limit to the binder content required to get this 
enhancing process started. Further laboratory testing is needed to define this lower limit 
(i.e. minimum amount) of binder and to quantify the environmental impact of this 
reduction in terms of CO2-emissions. Additionally, the practical evaluation of binder 
reduction needs to be assessed in a real application case. 
 
The project SUstainable Soil Improvement (SUSI) aims to find the most sustainable and 
economical amount and type of binder to improve strength and deformation properties 
of sensitive clays. SUSI is a research collaboration project between Melhus municipality 
(project owner), NGI (project leader), Franzefoss Minerals and JLE Grunnforsterkning; 
financed by RFF Trøndelag through the grant 310057. 
 
The project is divided in three work packages: 

 
The present technical note summarizes the work done in the work package 1. 
 
 
2 Description of WP1 

 
The clay for laboratory tests was taken from the quick clay Norwegian GeoTest Site 
(NGTS) at Tiller-Flotten, Trondheim. Tiller-Flotten is one of the five geotest sites 
established in 2016 with support from The Research Council of Norway (RCN) and 
collaborating partners with the purpose of being used as field laboratories for 
development, testing and verification of new innovative methods for site investigations 

Work package 1: Laboratory 
testing of minimum binder 

content necessary to improve 
strength and deformation 

properties of sensitive clays.

Work package 2: Cost-benefit and 
environmental-benefit evaluation 
for the different binder types and 
amounts used in work package 1.

Work package 3: 
Recommendations for the 

practical application of the results 
obtained and relevance for the 
community by evaluating the 

outcomes in a real case in 
Lundamo, Melhus.

Research question: What is the minimum binder 
content necessary to improve strength and 
deformation properties of sensitive clays?

Proposed solution: Collection of clay samples from 
NGTS Tiller-Flotten and laboratory tests with different 
lime-cement (binder) types and amounts, to find the 
minimum amount necessary to improve strength and 
deformation properties of sensitive clays.
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and testing procedures. The Tiller-Flotten quick clay has been used before for testing 
different binders in other projects.  
 
SUSI project deals with testing of specific lime products which are locally available in 
Trøndelag. Other binder products, like cement kiln dust (CKD) or alternatives like ashes 
are not included in the project. The different types of burnt lime combined with the same 
cement type were tested to see if there is a difference between the binder mixtures used. 
A mixture of lime-cement in a 50/50 ratio was used. The binder content was varied 
around limit values observed in previous results obtained and summarized in NGI 
(2019). The strength and deformation properties of the stabilized clay were measured in 
unconfined compression tests after 28 days of curing. The samples were cured at room 
temperature.  
 
 
3 Experimental work 

 Burnt lime products 
Experiments have been made with four different burnt lime-based binders: LKD, Stabila 
B60, Stabila B80 and Stabila B100. What distinguishes the various Stabila products is 
the content of LKD (Lime Kiln Dust), which is a residual product formed by the 
combustion of limestone. Stabila B100 contains pure burnt lime, which consists mainly 
of calcium oxide (CaO). Stabila B80 contains 15-20% LKD, while Stabila B60 contains 
20-40% LKD. The remaining percentage consists of burnt lime. A flow agent is also 
added during the production of Stabila B60, B80 and B100.  
 
Stabila B100 satisfies the requirements for CL 90-Q in NS-EN 459. B60 and Stabila 
B80 satisfy the requirements for CL 70-Q and CL 80-Q in NS-EN 459, respectively. 
The chemical composition of LKD varies with its production process and depends on, 
for example, the type of limestone is burned and what fuel is used (Latif et al., 2015). 
LKD from Franzefoss Minerals contains mainly burnt lime and calcium carbonate 
(CaCO3). 
 
Table 1 shows the chemical composition and reactivity (t60) in the various Stabila 
products. See Appendix A for a complete analysis report.  
 
Table 1 Overview of constituents in the different types of lime 

Product CaO + MgO [%] CaO-active [%] Reactivity NS-EN 495 
t60 [sec] ∆dT [OC] 

LKD >70 <30 n.a. <20 
Stabila B60 (CL 70-Q) >90 75 ± 5 >500 >40 
Stabila B80 (CL 80-Q) <96 85 ± 5 >180 <50 
Stabila B100 (CL 90-Q) >96 95 ± 5 <180 >50 
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 Cement 

The cement used is a standard cement FA (CEM II/B-M) according to NS-EN 197-1, 
Kjøpsvik. It is composed by 78% clinker, 18% fly ash, 4% limestone, less than 4% 
sulfate (SO3), 1,5% alkalies (Na2O) and less than 0,085% chloride. These values 
according to the product data sheet from Norcem (last revised in August 2017).  
 

 Clay 

The clay is taken from the Norwegian GeoTest Site (NGTS) for quick clay at Tiller-
Flotten, Trondheim. The site is relative homogeneous and well described by L'Heureux 
et al. (2019). The samples were block samples from the borehole TILB19 from depth 
ranging between 8,5-8,9 m and 8,9-9,3 m. The clay is a marine clay with a water content 
of 45%, unit weight near 18 kN/m³, plasticity index of 15% (wP = 21% og wL = 36%), 
salt content (NaCl) of 2 g/l and a clay content near 68% (and a silt content of 32%), all 
these values around the sampling depth. 
 
Data provided by NGTS project describes that the clay mineralogy of Tiller-Flotten 
quick clay is dominated in the clay fraction (< 2 µm) by biotite (26%) and illite / 
muscovite (23%), followed by chlorite (16%), plagioclase (13%), amphibolite (7%), 
quartz (7%) and potassium feldspar (4-6%). In the bulk fraction, the clay has 21% illite, 
19% quartz, 19% biotite, 17% plagioclase, 9% chlorite, 8% amphibolite and 4% 
potassium feldspar. A chemical analysis of the same clay shows a predominance of SiO2 
(53%), followed by Al2O3 (17%), Fe2O3 (9%), MgO (6%), K2O (4%), CaO (3%) and 
Na2O (2%).  
 
Tiller-Flotten clay is classified as a low plasticity clay and agrees well with the range 
observed for other Norwegian clays (NGI, 2018) as presented in Figure 1. 
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Figure 1 Summary of Atterberg limits of block samples in GEODIP's high quality database (NGI, 
2018). The values for Tiller-Flotten are superposed in the figure. CL = low-plasticity clay, CH = 
high-plasticity clay, ML = low-plasticity silt, MH = high-plasticity silt, OH = high-plasticity organic 
soil, OL = high-plasticity organic soil 

 
 
Composition of quick-clays: additional comments  
The composition of Norwegian marine clays is (surprisingly) similar. Grain size 
distribution analysis show commonly higher weight percentage of the silt fraction 
compared to the clay fraction, and the dominating minerals in the clay fractions are illite 
and chlorite. The clay deposit at Tiller, Trondheim, is an exception, with clay fractions 
from 53 to 67% at depths 7,2 to 20,7 m (Hilmo, 1989), indicating that this clay was 
deposited in a ‘brackish water’ of Trondheimsfjorden at the time of deglaciation (10800-
10000 years BP). Here also, the clay fractions are dominated entirely by illite and 
chlorite. This is also described by L'Heureux et al. (2019), where the clay content of the 
quick clay at Tiller-Flotten varies between 70% at 7.5 m to a value of 50% at 19 m, with 
also biotite, illite and chlorite as dominating minerals.  
 
A large part of the material in the clays are derived from glacial abrasion of the bedrocks, 
and in Mid-Norway, this includes abrasion of shales, which contain abundant illite, mica 
(biotite and muscovite), and chlorite. These minerals (larger flat particles) are also found 
in the silt fractions, having an impact on the grain texture of the clays. 
  
Investigations of boreholes at Dragvoll, Trondheim, some 10 km north of Tiller, show 
clays with significant lower clay fractions: 33 to 38%. But the dominating clay minerals 
are also illite and chlorite.  
 

Tiller-Flotten 
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Both clays, Dragvoll and Tiller, are classified as quick clays  (remoulded shear strength 
< 0,5 kPa). The pH is 8,5 and 8,7, respectively. Tiller-Flotten has a pH value of 8,5 (as 
it will be presented later in this report). 
 
Hilmo (1989) investigated whether there were peptizing substances (i.e. a product that 
enhances dispersion of a substance, such as clay, into colloidal form) in quick clays, 
which could explain some of its sensitivity, e.g. silicic acid dissolved from the minerals 
in the clay system. One of the questions addressed was the effects of pH value. It was 
concluded that clays with Skempton activity < 0,1, are all characterized by high pH 
values, from 8,4 to 9,2. The effects of these pH values may be that magnesium- and 
calcium-ions have precipitated as solid salts in the pore space, thereby reducing the 
activity of these cations in the pore water. Furthermore, that the high pH values have led 
to the release of silicic acid from the fine-grained quartz in the clay, and that this 
dissolved silicic acid may act as a peptizing agent in the clay. 
 

 Laboratory program 

The laboratory analyses include UC tests, pH, water content and plasticity measurements 
performed at NGI laboratory in Oslo. Scanning Electron Microscope (SEM) analyses in 
selected samples were performed at University of Oslo. XRD and XRF analyses were 
performed in selected samples at the Norwegian Geological Survey (NGU) in 
Trondheim. 
 
The clay samples were mixed in the lab with a binder composed of burnt lime product 
and cement in a 50/50 proportion. The binder content was varied according to Table 2. 
The samples were cured at room temperature (around 20°C) and tested in unconfined 
compression (UC) at 28 days curing time. Three samples per mixing were tested. The 
method for sample preparation follows the one proposed by NGF (2012). 
 
The pH of the mixed samples was measured at 0 (1 hour after mixing), 1, 2, 3, 7, 14, 21 
and 28 days of curing. 
 
The plasticity of the mixed materials was measured right after mixing (0 days) and after 
24 hours of curing (1 day). The water content was taken at 0, 1 and 28 days of curing. 
 
The same clay type had been previously tested by NGI (2019) with binder contents 
varying as follows: 30, 60 and 90 kg/m³ for the same binders used in this research. Also, 
samples with 90 kg/m³ and either 100% cement, 100% LKD or 100% Stabila B100 were 
prepared and tested in UC. In addition, experiments were performed with 110 kg/m³ for 
LKD and Stabila B80 to compare the results with NGI (2011). The laboratory results of 
these tests are presented in NGI (2019) and NGI (2011). They are taken in this technical 
note for comparison. Table 2 summarizes the laboratory program for the new and the 
existing data. 
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Table 2 Laboratory program for testing of binders (new and previous tests) 

Binder 
content 
[kg/m³] 

Number of UC tests per binder 
LKD + cement 

50/50 
B60 + cement 

50/50 
B80 + cement 

50/50 
B100 + cement 

50/50 
B40 

100% 
B100 
100% 

Cement 
100% 

10 - 3 3 3 - - - 
15 - 3 3 3 - - - 
20 - 3 3 3 - - - 
25 - 31 31 31 - - - 
30 3* 3*,2 3*,2 3*,2 - - - 
35 3 - - - - - - 
40 3 - - - - - - 
45 3 - - - - - - 
50 31 - - - - - - 
60 3*,2 3* 3* 3* 3* 3* 3* 
90 3* 3* 3* 3* 3* - - 

110 3* & 4** - 3* & 4** - - - - 
*(NGI 2019) 
**Clay from Sognsveien 72. UC performed after 2 and 28 days. Curing temperature was 8°C. 
1One sample analysed by SEM 
2One additional sample analysed by XRD and XRF 
 
 
4 Mechanisms of stabilization with lime and cement 

When stabilized with lime and cement, there are several reactions in the soil that 
contribute to increased strength and stiffness. The chemical process is mainly composed 
of five reactions: hydration of the binder (dehydration or drying of the clay), ion 
exchange & flocculation, pozzolanic reactions and carbonation.  
 
The main reaction products are different variants of calcium silicate hydrate (C-S-H) 
and calcium aluminate hydrate (C-A-H), which are formed by hydration of cement and 
by pozzolanic reactions (Bergado et al., 1996). C-S-H and C-A-H are solid crystal phases 
that harden over time. The crystal phases fill the cavities and forms permanent bonds 
between the soil particles, which increases the strength in the stabilized masses (Kok & 
Kassim, 2001) 
 

 Hydration 
Cement is a hydraulic binder which mainly consists of calcium silicates and calcium 
aluminates, that hydrate to form primary-calcium-silicate-hydrate and secondary-
calcium-alumina-hydrate, C-S-H and C-A-H. These products contribute to the short- and 
long-term increase of strength and stiffness. The reaction also produces Ca(OH)2. 
 
Lime is a binder that does not have hydraulic properties, but which reacts exothermic in 
contact with water. Burnt unslaked lime is mainly CaO which reacts immediately by 
reaction with water and forms Ca(OH)2 (slaked lime) and liberates heat. Ca(OH)2  
dissolves in the pore water and gives an increase in pH in the soil (pH = 12-13). 
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In both cases, the clay will reduce its pore water content (will dry) and the pH will 
increase. 
 

 Ion exchange & flocculation 
The ion exchange takes places by replacing Ca+2 from the lime cement positive ions in 
the clay minerals, usually Na+ and K+ (Prusinski and Bhattacharja, 1999). The addition 
of calcium ions causes the clay to flocculate and have a coarser and firmer structure 
(Åhnberg et al., 1995). How much effect this has on the development of strength depends 
on clay ion exchange capacity, which in turn depends on the pH value, the surface area 
of the clay minerals and the clay geological origin (Åhnberg et al., 1995; Bergado et al., 
1996). 
 

 Pozzolanic reactions 
High pH causes silicon and aluminium to be released from the clay minerals. This 
enables pozzolanic reactions in clay. Pozzolans consist mainly of silicon or aluminium 
compounds (SiO2 and Al2O3), which are common constituents of clay minerals and 
quartz (Bergado et al., 1996). In pozzolanic reactions, silicon and aluminium react with 
calcium hydroxide which to form C-S-H or C-A-H. These reactions lead to the strength 
and stiffness gradual development (Cherian and Arnepalli, 2015). Pozzolanic reactions 
are temperature dependent and require also the presence of water. 
 

 Carbonation 
Carbonation occurs when clay stabilized material encounters CO2 in the atmosphere or 
in the earth. CO2 decomposes in the pore spaces of clay transforming Ca(OH)2 or C-S-
H into water and calcium carbonate (CaCO3). This reduces the pH value (Bergado et al., 
1996; Xu et al., 2020) and might delay or stop the pozzolanic reactions (Winterkorn & 
Pamukcu, 1991). 
 
Stabilizing quick clay: additional comments  
As described above, there is a set of reactions that help to stabilize the soil. In the case 
of quick clays, which consist mainly of silt (particle sizes between 2 µm to 63 µm) and 
a clay fraction (particles < 2 µm), there are additional factors contributing to the strength 
increase. In Central Norway, the content of clay fraction is about 30% by weight +/- 
10%. Quick clay from Tiller is exceptional, as it contains between 60 and 70% by weight 
in the clay fraction. This is of great importance for explaining how the clay is 
consolidated, for example when drying coarse silt, the main product is a loose powder 
with almost not binding properties, however, when drying clay, the material become 
stronger in compression without adding any other material like cement. This is largely 
due to the attractive van der Waals forces between the clay particles, which come into 
contact with each other during drying. The addition of cement in wet quick clay is in a 
sense a drying process, in which the van der Waals forces make a strong contribution. 
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This should be studied further, since it is out of the scope for this project, by comparing 
two clays like one with a 30% clay fraction vs. a clay like Tiller-Flotten with ~ 65% clay 
fraction. 
 
 
5 Results 

 Water content and plasticity 
Figure 2 presents the water content measurements for the samples at 0 days of curing, 1 
day of curing and 28 days of curing. The measurement of the water content is according 
to NS-EN ISO 17892-1:2014. The in-situ water content of the clay is close to 45% at the 
depth of 9 m (where the samples were taken from). The samples before mixing match 
the in-situ water content with an uncertainty of ± 3%. The results show that in general 
the water content slightly reduces with time from the mixing day to the testing time at 
28 days, and the combination of Stabila B100 + cement reduces less the in-situ water 
content of the clay.  
 
The reduction of the water content indicates the dewatering of the soil ("soil drying") to 
hydrate the added binders.  
 

 
Figure 2 Water content measurements at different curing times. The samples before mixing 
match the in-situ water content with an uncertainty of ± 3%. 
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Figure 3 presents the plasticity measurements (according to NS 8002:1982 and NS 
8003:1982) for the samples at 0 days of curing and 1 day of curing. The in-situ plasticity 
index of the clay is close to 15% at the depth of 9 m (where the samples were taken 
from). The results show that in general the plasticity slightly reduces after one day of 
mixing and that the mixed clay has a larger plasticity than the intact clay (the quick clay 
from Tiller-Flotten is a low plastic clay). The combination of Stabila B100 + cement in 
the clay gives more stable plasticity values from 0 to 1 day of mixing.  
 
In general, there is an increase in both the plastic and liquid limit (respect to the in-situ 
state) due to the addition of burnt lime and cement, which also has been observed for 
Swedish clays (Åhnberg et al. 2003). Then, from day 0 to day 1, the plasticity index 
reduces slightly, mainly due to the reduction in the liquid limit. The reduction in 
plasticity after mixing is an indication of the ion exchange (in this case from day 0 to 
day 1) in the sample reaction, as commented by DiSante et al. (2014) for clayey soils 
treated with lime. 
 
 

 
Figure 3 Atterberg limits (wL: liquid limit, wP: plastic limit, PI: plasticity index) measurements at 
two different curing times. In-situ values are shown as a reference. 
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 pH value 
The pH value measurements of the sample mixtures, with curing time from zero to 28 
days, are shown in Figure 4. The method for the pH value measurements follows NGI 
internal instruction based on Houba et al. (1989). The in-situ pH value of the clay used 
in these experiments is 8,5 and the addition of burnt lime and cement increases the pH 
value to values between 11.5 to 12.2, depending on the type and amount of cementitious 
material. Measurements of pH value after 28 days shows values ranging between 10.7 
and 11.6, with highest values for the samples with highest contents of binders. 
 
As expected, the pH value measurements are responding very well with the hydrolysis 
reactions of the added cementing substances (DiSante et al. 2014). The rapid hydrolysis 
reactions of burnt lime and cement lead to a fast increase of pH value during the first 
hours, and the temperature of the samples is expected to increase (note that the 
temperature was not monitored as part of this project). This process also consumes 
significant amounts of porewater, and calcium hydroxide dissociates in the remaining 
porewater. This new composition of the porewater is quickly leading to cation exchanges 
on the clay mineral surfaces, which were initially saturated with mainly sodium and 
potassium ions in exchangeable positions. Since the divalent calcium ions are balancing 
more efficiently the electrical charges at the mineral surfaces compared to the 
monovalent sodium and potassium ions, the electrostatic repulsive forces on the mineral 
surfaces are also reduced, and the attractive van der Waals forces will dominate. All 
these reactions contribute to stabilizing the sensitive clay.  
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Figure 4 Measurements of pH value at different curing times 

 
When all the cementitious materials have hydrated, and new cement minerals have 
crystallized, there is less porewater and less dissociated OH- ions in the porewater. At 
this stage, the pH value of the residual water is expected to stabilize in equilibrium with 
the new cementing minerals. In addition, the cement used in this project (standard 
cement FA, CEM II B-M) involves fly ash (pozzolan) which needs an activator (like 
Ca+2) to react as cement minerals do, this contributes to the reduction in Ca(OH)2 and 
therefore in pH value. Excess Ca(OH)2 will give an equilibrium pH value between 11 
and 12, as seen on samples with high contents of burnt lime and cement (e.g. pH value 
11,7), while other minerals, like calcium silicates and calcium-aluminium-silicates, will 
have lower pH value of equilibrium. Marine clays commonly contain some calcite (shell 
materials), which give an equilibrium pH value close to 10. Similar pH value is expected 
with non-calcinated lime in e.g. LKD.  
 
One should also bear in mind that marine clays contain significant amounts of fine-
grained quartz. Quartz is a very stable mineral at ambient conditions, but solubility of 
quartz in water increases exponentially with increasing temperature and pH value (above 
pH value 9). It is therefore expected that some dissolved quartz contributes to the 
formation of calcium-silicate during the curing of lime/cement stabilized clay.   
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 Strength 
Figure 5 presents the measurements of strength from unconfined compression (UC) tests 
of stabilized clay samples at 28 days of curing time, for different binder contents and 
binder types. The method follows NS-EN ISO 17892-7:2017.  
 
 

 
Figure 5 Average strength from unconfined compression tests of stabilized clay samples at 28 
days of curing time. The line bars in each column indicates the standard deviation. 
 
The binder content for LKD + cement is larger than the binder content used for the other 
binder types, which also reflected in the magnitude of strength values reached. The in-
situ strength of the clay from UC tests varies between 50-75 kPa at 9 m depth (area 
marked in orange in the plots). The samples with the largest binder content (i.e. 25 
kg/m3) of Stabila B60 + cement and Stabila B80 + cement reach strength values over 
the in-situ. This behaviour is not observed for Stabila B100 + cement with the same 
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binder content. This might be due to insufficient hydration of the binder, as the water 
content measurements show (Figure 3); however, this needs to be further studied by also 
adding temperature measurements during curing time, for example. This comparison is 
done in  general to show the capabilities of the binder mixtures to improve the in-situ 
strength and stiffness of the clay, without accounting for the curing stress conditions (i.e. 
unconfined conditions in the lab vs. in-situ stress in the field). 
 
Appendix B presents all the data from the laboratory results.  
 
 

 
Figure 6 Average stiffness E50 from unconfined compression tests of stabilized clay samples at 
28 days of curing time. The line bars in each column indicates the standard deviation. 
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 Stiffness 
Figure 6 presents the measurements of stiffness from unconfined compression (UC) tests 
of stabilized clay samples at 28 days of curing time, for different binder contents and 
binder types. The binder content for LKD + cement is larger than the binder content used 
for the other binder types, which also reflected in the magnitude of stiffness values 
reached. The in-situ stiffness (E50) of the clay from UC tests is around 2,5 MPa. An 
increase in the stiffness from the in-situ value is observed from a binder content near 15 
kg/m3 for all types of binder, except for LKD + cement where this increase is observed 
at 40 kg/m³.  
 
Appendix B presents all the data from the laboratory results.  
 

 SEM investigations 
Appendix C presents the results of a scanning electron microscope (SEM) analyses 
performed at the University of Oslo with the objective of obtaining high-magnification 
imaging and mineral chemistry. Four samples were tested in SEM with 50 kg/m³ for 
LKD + cement and 25 kg/m³ for the rest of binder types. All binders were added in a 
50/50 ratio. The samples were 98-102 days old (∼3 months) from the mixing day.   
 
The images for samples stabilized with B40 + cement show needle structures that may 
indicate products of the pozzolanic reactions. These structures were not observed in the 
other samples tested. This might be due to the age of the samples since at the time of 
SEM imaging, the cementitious reactions might have stopped for these samples. 
 
Further analysis of SEM images  
In standard cement FA is commonly added 2-5% gypsum as a retarder. During the initial 
hydration of the cement (4 to 6 hours), this gypsum binds the tricalcium aluminates 
(C3A) to form ettringite. The SEM micrographs in Appendix C, Figures 2A and 2B show 
these needle shaped ettringite crystals. This is indicated by higher sulphur values on EDS 
data. The patchy distribution of ettringite crystals in the sample is probably due to the 
initial distribution of gypsum particles. 
 
The longer ettringite crystals bind the cement and clay particles together. During the 
further hydration of the clinker materials, long intertwined fibres of calcium silicate 
hydrate crystals are formed (mainly from tricalcium silicates, C3S) which further 
consolidate the particle structure. 
 
After one day of hardening, the interstices of the clay-cement mixture are filled with 
various hydration products and the strength is further increased. These new products of 
hydration are difficult to identify on EDS since their composition is similar to the 
background. 
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 XRD & XRF investigations 
The XRD and XRF analyses (in bulk samples) of stabilized clay samples were 
performed at NGU at 28 days of curing. The complete analysis report is presented in 
Appendix D. Four new samples were mixed for these analyses: 

 Stabila B40 + Cement, binder content = 60 kg/m³ 
 Stabila B60 + Cement, binder content = 30 kg/m³ 
 Stabila B80 + Cement, binder content = 30 kg/m³ 
 Stabila B100 + Cement, binder content = 30 kg/m³ 

 
 

 
Figure 7 Results of the XRD analyses on selected samples of stabilized clays. The composition of 
Tiller-Flotten clay is presented as a reference. 
 

 
Figure 8 Results of the XRF analyses on selected samples of stabilized clays. The composition of 
Tiller-Flotten clay is presented as a reference. 
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The results for XRD and XRF analyses are presented in Figure 7 and Figure 8, 
respectively. The XRD results show a lower content of quartz and no presence of 
potassium feldspar in the stabilized clay respect to the original clay material. There is 
also an increase on calcite in the stabilized clay respect to the original clay. There are 
not significant differences in the mineral composition of the stabilized clays with the 
different burn lime types.  
 
The XRF results show that the SiO2 reduces in the stabilized clay compared to the  
original clay material and that this reduction is similar for all types of cementitious 
materials added. The CaO increases in the stabilized clay compared to the original clay 
materials. 
 
 
6 Comparison with previous data 

The data obtained in the present study has been compared to the data obtained by NGI 
(2019). Figure 9 and Figure 10 present the data from unconfined compression tests of 
stabilized clay samples at 28 days of curing time. The highest strength values (i.e. 700 
kPa) is reached with Stabila B80 + cement and 110 kg/m³, followed by 500 kPa for all 
binder types added as 90 kg/m³ (excepting LKD and B100, in 100% proportion, which 
reached 250 kg/m³). Strength values over 300 kPa are obtained for 60 kg/m³ of LKD + 
cement and 30 kg/m³ for Stabila B60 + cement, Stabila B80 + cement and Stabila B100 
+ cement. 
 
 

 
Figure 9 Strength from unconfined compression tests of stabilized clay samples at 28 days of 
curing time: data from SUSI and data from NGI (2019). The values marked with * were cured at 
8°C. 
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Figure 9 and Figure 10 also show that the shear strength increases with increasing binder 
content. However, the increase is not linear, so that a doubling or tripling of the binder 
content from 30 kg/m³ to 60- or 90 kg/m³ does not give a doubling or tripling in the 
strength. At the same time, there is a clear increase in strength with an increased 
proportion of burnt lime in the binder, from LKD to Stabila B60. From Stabila B60 up 
to Stabila B80, the difference is not large, but here the difference in the proportion of 
CaO-active is also small. The reason why the strength does not increase further is 
unknown but might be due to a lack of access to water in the stabilized material, so that 
the binder does not react completely. 
 
 

 
 
Figure 10 Strength from unconfined compression tests of stabilized clay samples at 28 days of 
curing time: data from SUSI and data from NGI (2019). 
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It is possible to identify (Figure 10) that the trend of the data seems to plot in a S-shape 
curve, where the points of maximum curvature may indicate the minimum binder 
content necessary to improve strength and deformation properties of this sensitive clay 
(see Table 3).  This trend is clearer when plotting the average values (Figure 11a) and 
adding a proportional correction for binder content due to the amount of CaO-active 
(assuming that the cement has 100% activity), see the (Figure 11b). 
 

 
 
Figure 11 Average strength from unconfined compression tests of stabilized clay samples at 28 
days of curing time: data from SUSI and data from NGI (2019). 
 
Table 3 Optimal values of binder content necessary to improve strength and deformation 
properties of Tiller-Flotten quick clay. 

Binder type, 50/50 Binder content (kg/m³) Reached shear strength at 
28 days (kPa) 

LKD + cement 60 300 
Stabila B60 + cement 30 300 
Stabila B80 + cement 30 300 
Stabila B100 + cement 30 300 

 
The values from Table 3 are easily identified when looking at number of CO2-
equivalents from production divided by the strength achieved (Figure 10). This also 
gives an indication of the climate effect of the different binder types. A minimum value 
is reached for 60 kg/m³ of LKD + cement and for 30 kg/m³ of the other binder types.  
The results indicate the beneficial climate effect when using a binder with a low 
proportion of burnt lime (CaO) and a reduced binder content.  
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Figure 12 Number of CO2-equivalents from production normalized by the average strength 
from unconfined compression tests of stabilized clay samples at 28 days of curing time: data 
from SUSI and data from NGI (2019). 
 

Regarding the stiffness values (E50), Figure 13 shows that stiffness values over 100 MPa 
are reached for samples stabilized with 100% cement added as 90 kg/m³, LKD + cement 
added as 90 kg/m³, Stabila B60 + cement and Stabila B80 + cement both added as 30 
kg/m³. Samples stabilized with Stabila B100 + cement tend to have a stiffer response 
after 30 kg/m³ of binder content without reaching 80 MPa. A large stiffer response is 
observed at 60 kg/m³ for samples stabilized with LKD + cement. 
 

 
Figure 13 Average stiffness E50 from unconfined compression tests of stabilized clay samples 
at 28 days of curing time: data from SUSI and data from NGI (2019).  
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7 Conclusions 

Based on the results, the following conclusions can be drawn: 
 The water content of the clay reduces when adding cementitious binders. The 

reduction continues with time.  The reduction of the water content indicates the 
dewatering of the soil ("soil drying") to hydrate the added binders.  

 The plastic and liquid limit increases due to the addition of cementitious 
binders. Then, with the time, the plasticity index reduces slightly, mainly due 
to the reduction in the liquid limit. 

 The pH value of the clay increases when adding cementitious binders and then 
reduces with time. 

 Stabilized clay shows a reduction in quartz and SiO2, and an increase in CaO 
from the natural state. 

 A change in the curing temperature from 8°C to 20°C gives an increase in the 
strength of around 50%, for binder contents of 110 kg/m3. 

 Based on SUSI and previous results, the optimum amount of binder for increase 
in strength and stiffness is 60 kg/m3 for low reactivity binders (LKD + cement) 
and 30 kg/m3 for higher reactivity binders (B60 + cement, B80 + cement, B100 
+ cement). 

 Measurements of water content, Atterberg limits (plasticity) and pH value tend 
to stabilize at similar values near the optimum amount of binder mention in the 
previous point. 

 The optimum binder contents give a strength increase (in unconfined 
conditions) up to 300 kPa. These optimum values for binder content correspond 
also to the minimum number of CO2-equivalents from binder production. 

 There is a beneficial climate effect when using a binder with a low proportion 
of burnt lime (CaO) and a reduced binder content 
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Appendix  A 
DESCRIPTION OF LKD, STABILA B60, STABILA 
B80 AND STABILA B100 

 
 
 
 
 



Produkt: Stabiliseringsprodukter Stabila B40 Franzefoss Minerals AS
Stabila B60 Olav Ingstads vei 5
Stabila B80 NO-1309 Rud
Stabila B100

Metode: Kjemi WD-XRF ASTM-E1621-13 Analyserapport: 19-0036
CaO-aktiv ASTM C25 Oppdragsgiver: FMI

Reaktivitet t 60, DdT NS-EN 459 Dato :  06.09.19
Mineralogi Rietveld ekstern Forfatter: mame

40 60 80 100

CaO + MgO [%] >70 >90 <96 >96

ASTM C25 CaO-aktiv (a) [%] <30 75±5 85±5 95±5

Beregnet CaCO3 ber. fra CO2-rest (b) [%] >70 20±5 10±5 <3

S Kalk (a+b) [%] 100 100 100 100

t 60 [sek] n.a. >500 >180 <180

DdT [%] <20 >40 <50 >50

Brentkalk CaO [%] - - - >96

Kalsitt CaCO3 [%] - - - <3

Stabila B produkter: Kjemi, Reaktivitetskurver, Partikkelfordeling

06.09.19 Martin Mengede
Dato Godkjent

Analyseresultatene gjelder kun denne analyserapporten og er bare gyldig ved godkjenning. Kopiering av analysen må godkjennes.

NS-EN 459

Rietveld

ASTM-E1621-13

Analyserapport
AR-FMI-19-0036

Telefon: +47 05255
E-post: post@kalk.no
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Appendix  B 
LABORATORY RESULTS 

Contents 
B1 Stabila B40 + Cement 2 
B2 Stabila B60m + Cement 2 
B3 Stabila B80m + Cement 3 
B4 Stabila B100m + Cement 3 
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B1 Stabila B40 + Cement 

B2 Stabila B60m + Cement 
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B3 Stabila B80m + Cement 

B4 Stabila B100m + Cement 
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SEM ANALYSIS 
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C1 Method 

A scanning electron microscope (SEM) at the University of Oslo was used to obtain 
high-magnification imaging and mineral chemistry. Samples were carbon coated and 
analysed with a Hitachi SU5000 FE-SEM scanning electron microscope. Images were 
acquired using detectors for secondary-electron images (SEI), backscattered electron 
images (BSE) and ultra-variable detector (UVD). Mineral chemistry analysis was 
performed with a Dual Bruker XFlash30 Energy Dispersive X-ray Spectroscopy (EDS). 
The samples were 98-102 days old (∼3 months) from the mixing day.   
 
 
C2 LKD + cement (B40) 

Figure 1 shows an overview image of the B40 sample. In the image clay minerals are 
observed as the ground mass of the sample where larger minerals are embedded. The 
larger mineral grains appear detrital due to common rounding and lack of minerals 
showing euhedral shapes. The sample does not show any preferred mineral orientations. 
 
 

 
Figure 1 Overview image (BSE) of the B40 sample. 
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In some locations, small minerals (maximum size 10 µm) showing a needle like form 
can be observed (Figure 2A and B). They are present with a patchy occurrence in sample 
B40. The appearance of the mineral suggests a secondary origin. EDS measurements of 
the needle like minerals are difficult due to a large analytical volume, but they have 
slightly elevated sulphite (S) and calcium (Ca) measurements indicating possible 
gypsum or anhydrite.  
 
The SEM-EDS analysis do not show any strong evidences for secondary minerals 
besides the abovementioned needle like minerals.   
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Figure 2 A. Overview of possible secondary minerals with a needle structure. B. close-up image 
of the same minerals in A. 

A 

B 
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C3 Stabila B60 + cement (B60), Stabila B80 + cement 
(B80) & Stabila B100 + cement (B100) 

Samples from B60, B80 and B100 are described together as they show they appear 
similar under SEM analysis. All samples contain a significant amount of clay minerals 
where larger grains are embedded (Figure 3 A, B and C). EDS analysis of the larger 
grains show typically quartz and feldspars, these minerals appear detrital.  
 
There are some minerals, based on appearance, that may be secondary (Figure 4).  These 
are most prominent in the B60 and B80 samples. It is not possible to identify the mineral 
species based on appearance alone, EDS analysis of the minerals are not available. 
 

 

A 
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Figure 3 Overview images of: A. B60, B. B80 and C. B100. Note difference in scale. 

C 

B 
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Figure 4 Possible secondary minerals in A. B60 and B. B80. 
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Appendix  D 
XRD & XRF ANALYSES 

 
 
 
 
 

















Kontroll- og referanseside/ 
Review and reference page 

\\xfil1\ProData$\2020\00\20200055\Delivery-Result\Tech-Notes\20200055-01-TN\Rev1\20200055-01-TN rev. 1.docx 

20
15

-1
0-

16
, 0

43
 n

/e
, r

ev
.0

3 

Dokumentinformasjon/Document information 
Dokumenttittel/Document title 
Work package 1 - Laboratory testing results 

Dokumentnr./Document no. 
20200055-01-TN 

Dokumenttype/Type of document 
Teknisk notat / Technical note 

Oppdragsgiver/Client 
Regionale Forskningsfond Trøndelag 

Dato/Date 
2020-12-08 

Rettigheter til dokumentet iht kontrakt/ Proprietary rights to the document 
according to contract 
NGI 

Rev.nr. & dato/Rev.no. & date 
 1 / 2020-12-10   

Distribusjon/Distribution 
FRI: Kan distribueres av Dokumentsenteret ved henvendelser / FREE: Can be distributed by the Document Centre 
on request 
Emneord/Keywords 
quick clay, lime, cement. soil stabilization 

 

Stedfesting/Geographical information 
Land, fylke/Country 
Norway, Trøndelag 

Havområde/Offshore area 
 

Kommune/Municipality 
Melhus & Trondheim 

Feltnavn/Field name 
 

Sted/Location 
Lundamo & Tiller-Flotten 

Sted/Location 
 

Kartblad/Map 
 

Felt, blokknr./Field, Block No. 
 

UTM-koordinater/UTM-coordinates 
Zone:   East:   North:  

Koordinater/Coordinates 
Projection, datum:   East:   North:  

 
Dokumentkontroll/Document control 
Kvalitetssikring i henhold til/Quality assurance according to NS-EN ISO9001 

Rev/ 
Rev. 

Revisjonsgrunnlag/Reason for revision 
Egenkontroll 

av/ 
Self review by: 

Sidemanns- 
kontroll av/ 
Colleague 
review by: 

Uavhengig 
kontroll av/ 
Independent 

review by: 

Tverrfaglig 
kontroll av/ 

Interdisciplinary 
review by: 

0 Original document 
2020-12-04 
Priscilla Paniagua 

2020-12-07 
Vidar Gjelsvik  

      

1 Correction in text 
2020-12-10 
Priscilla Paniagua 

2020-12-10 
Vidar Gjelsvik  

  

  
    

  
    

  
    

  
    

 
Dokument godkjent for utsendelse/ 
Document approved for release 

Dato/Date 

10 December 2020 

Prosjektleder/Project Manager 

Priscilla Paniagua 



 

 

 

Neither the confidentiality nor the integrity of this document 
can be guaranteed following electronic transmission. The 
addressee should consider this risk and take full responsibility 
for use of this document. 
 
This document shall not be used in parts, or for other purposes 
than the document was prepared for. The document shall not 
be copied, in parts or in whole, or be given to a third party 
without the owner’s consent. No changes to the document 
shall be made without consent from NGI. 
 
 
Ved elektronisk overføring kan ikke konfidensialiteten eller 
autentisiteten av dette dokumentet garanteres. Adressaten 
bør vurdere denne risikoen og ta fullt ansvar for bruk av dette 
dokumentet. 
 
Dokumentet skal ikke benyttes i utdrag eller til andre formål 
enn det dokumentet omhandler. Dokumentet må ikke 
reproduseres eller leveres til tredjemann uten eiers samtykke. 
Dokumentet må ikke endres uten samtykke fra NGI. 

NGI (Norwegian Geotechnical Institute) is a leading international centre 
for research and consulting within the geosciences. NGI develops 
optimum solutions for society and offers expertise on the behaviour of 
soil, rock and snow and their interaction with the natural and built 
environment. 
 
NGI works within the following sectors: Offshore energy – Building, 
Construction and Transportation – Natural Hazards – Environmental 
Engineering.  
 
NGI is a private foundation with office and laboratories in Oslo, a branch 
office in Trondheim and daughter companies in Houston, Texas, USA and 
in Perth, Western Australia 
 
www.ngi.no 
 
 
NGI (Norges Geotekniske Institutt) er et internasjonalt ledende senter for 
forskning og rådgivning innen ingeniørrelaterte geofag. Vi tilbyr 
ekspertise om jord, berg og snø og deres påvirkning på miljøet, 
konstruksjoner og anlegg, og hvordan jord og berg kan benyttes som 
byggegrunn og byggemateriale.  
 
Vi arbeider i følgende markeder: Offshore energi – Bygg, anlegg og 
samferdsel – Naturfare – Miljøteknologi.  
 
NGI er en privat næringsdrivende stiftelse med kontor og laboratorier i 
Oslo, avdelingskontor i Trondheim og datterselskaper i Houston, Texas, 
USA og i Perth, Western Australia. 
 
www.ngi.no 



 

 

 
 
 


	Sustainable Soil Improvement (SUSI)
	Work package 1 - Laboratory testing results
	Contents
	1 Introduction
	2 Description of WP1
	3 Experimental work
	3.1 Burnt lime products
	3.2 Cement
	3.3 Clay
	3.4 Laboratory program

	4 Mechanisms of stabilization with lime and cement
	4.1 Hydration
	4.2 Ion exchange & flocculation
	4.3 Pozzolanic reactions
	4.4 Carbonation

	5 Results
	5.1 Water content and plasticity
	5.2 pH value
	5.3 Strength
	5.4 Stiffness
	5.5 SEM investigations
	5.6 XRD & XRF investigations

	6 Comparison with previous data
	7 Conclusions
	8 Acknowledgments
	9 References
	Appendix A - Description of LKD, Stabila B60, Stabila B80 and Stabila B100
	Appendix B - Laboratory results
	Appendix C - SEM analysis
	Appendix D - XRD and XRF analyses
	Review and reference page

