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Abstract: The carbon dioxide emissions of a low-carbon deep mixing binder can be up to 80–90% 

lower compared with, for example, lime–cement binder emissions. The transition to low-carbon 

binders is ongoing in deep mixing, and thus studying the curing and optimization of the binder content 

of clay stabilized with low-carbon binders is necessary to develop design processes. In Finland, since 

2001, a field to laboratory strength ratio is used to determine the design strength of stabilized clay if 

quality control (QC) soundings of the earlier representative columns are not available. The objective 

of this study was to determine field to laboratory strength ratios for low-carbon binders based on 

laboratory stabilization tests and QC soundings. The data consist of six stabilization test sites 

implemented with 11 different low-carbon binders and lime–cements. The laboratory specimens were 

made with the same clay, binder recipe, and curing time as the test columns. The binders discussed in 

this study are divided into four groups on the basis of their raw material compositions: Calcareous, 

gypsum, blast furnace slag, and fly ash. The results showed that when the laboratory shear strength is 

low, the field-to-laboratory strength ratio is higher than when laboratory shear strength is high. Further, 

with gypsum-, blast furnace slag-, and fly ash-containing binders, higher shear strengths were often 

achieved in the laboratory than in the test columns. With calcareous binders, higher strengths were 

frequently achieved in the test columns than in the laboratory. The extensive data were used to derive 

trendlines (laboratory shear strength versus field to laboratory strength ratio) for the four binder types. 

Trendlines can be used to predict the characteristic shear strength value of stabilized clay from 
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laboratory strength. In addition, the uncertainty related to the prediction was quantified. These 

trendlines for low-carbon binders will be used in the revision of the Finnish guidelines.  

Keywords: clay; deep mixing; low-carbon binder; field to laboratory strength ratio; QC sounding 

 

1. Introduction  

The Institute of Environmental Management and Assessment (IEMA) has presented a hierarchy for 

carbon reduction: Eliminate, reduce, substitute and compensate [1]. The European Federation of 

Foundation Contractors (EFFC) and The Deep Foundation Institute (DFI) have identified the top key 

ways to decarbonize certain parts of geotechnical construction via this hierarchy presented by IEMA: 

Eliminate (e.g., prevent GHG emissions across the life cycle), reduce (e.g., optimize designs and 

approaches), substitute (e.g., purchase materials with lower embodied carbon), and compensate (e.g., use 

technologies that are carbon-negative) [2]. In deep mixing, the abovementioned goals may mean, for 

example, the sustainable life cycle design, the optimization of the binder recipe (quality and content), 

and the use of low-carbon binders, the latter two of which are discussed in this article. Prevention of 

greenhouse gases (GHG) across the life cycle of deep mixed structures is presented elsewhere (e.g., [3,4]). 

A low-carbon waste material-based cement is also a solution that enables the reduction of the carbon 

footprint on an industrial scale by up to 90% compared with traditional cement production [5]. If captured 

carbon dioxide is bound to the deep mixed soil or if biochar is used as a component in the binder, it is 

possible to implement carbon-negative deep mixing (e.g., [6–8]). In the concrete industry, the utilization 

of captured carbon dioxide is more developed, and the manufacture of concrete elements utilizing 

captured carbon dioxide producing carbonated products is already on a commercial scale [9]. For the 

geotechnical engineering industry, the EEFC and the DFI have developed a carbon calculator which 

provides a full cradle-to-grave carbon assessment for a geotechnical solution. According to that 

calculation, the components of the carbon calculation for a typical soil mixing project show that the 

contribution of the materials (mainly binders) is 77% [4]. In dry Finnish deep mixing projects, up to over 

90% of the emissions are related to the production and transport of lime–cement binders [10].  

Deep mixing and other ground improvement methods are included in the new draft Eurocode 

proposal (prEN1997-3, Chapter 11). The design of deep mixing according to Eurocode 7 [11] is based 

on a concept of the characteristic strength value of the stabilized clay (soil mix), for which the design 

value is determined by dividing the characteristic value by partial factors. The proposal introduces a 

requirement to determine the strength of the stabilized soil (soil mix) from the characteristic strength 

value determined by laboratory or field tests. According to the guidelines of the Finnish Transport 

Infrastructure Agency (FTIA) [12], the characteristic shear strength value of stabilized soil (stab,k) is a 

cautious average value of the geotechnical parameters based on engineering judgement. The shear 

strength value of the soil mix (stab) is based on stabilization tests in the laboratory, quality control (QC) 

soundings of test columns, or QC soundings of previous stabilization sites in similar geotechnical 

conditions. In Finland, deep mixed columns are commonly used to increase stability and to control the 

settlement of road, street, or railroad embankments founded on soft subsoil such as clay.  
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The strength of the soil mix is affected by various factors such as the soil’s properties (e.g., 

water content, pH, organic content), the type and content of the binder, the mixing degree, and the 

curing conditions. The effects of these factors are quite complex, making it challenging to directly 

determine field strength only through laboratory mix tests. Further, the strength of a soil mix cannot 

be predicted from the in situ characteristics of the soil [13]. When the characteristic shear strength 

of the soil mix (stab,k) is based on the mean shear strength obtained from stabilization tests, in Finnish 

practice, it is reduced using the field to laboratory strength ratio (kF/L) (i.e., a correction factor) to 

consider the difference between field and laboratory conditions. Graphs showing the values of the 

field to laboratory strength ratios have been presented in the literature (e.g., Figure 1). In Japan, the 

strength ratios determined from cores from (mainly) dry mixed columns (DDM) and laboratory 

samples of cement range from 0.5 to 2, with most values being from 0.5 to 1.0 [13]. In other words, 

field strength tends to be lower. Indeed, the EuroSoilStab [14] guideline proposes that the field to 

laboratory strength ratio should be 0.2–0.5. The Federal Highway Administration’s (FHWA) design 

manual Deep Mixing for Embankment and Foundation Support indicates that the field to laboratory 

strength ratio should be at least 0.5 [15].  

For soft Bangkok clay, for a given water to cement ratio and for all curing times, the field to 

laboratory shear strength ratio is reported to be 0.7–1.0 for DDM columns when the assessed field 

strength is based on cores [16]. Madhyannapu et al. [17] found the field to laboratory strength ratio of 

0.67–0.86 for wet mixed columns field cores to be of the same magnitude as DDM columns through a 

the comparison (binder lime–cement: 25–75%). Timoney [18] studied stabilized cement (CEMI) mini 

columns in the laboratory and carried out stabilization tests, for both of which, the soil mix was mixed 

with a large pan mixer and both were built by layered compaction. Columns were tested by pull-out 

resistance tests (PORTs) or push-in resistance tests (PIRTs). In Sweden, a PORT is referred to as a 

FOPS (förinstallerad omvänd pelarsondering, pre-installed reverse column penetrometer). In this 

article, a PIRT is referred to as a column penetrometer (CP) test. Column strengths in PORTs and CP 

tests were found to predominantly vary between 0.8 and 1.2 times that of the respective stabilization 

test shear strengths (PORT: 0.7–1.3; CP: 0.8–1.2). The variations in the ratios are due to different 

curing temperatures and densities, and the effects of trimming the column samples [18]. Andersson 

and Vesterberg [19] presented field and laboratory results of lime–cement mixing results with curing 

times of 7, 28, 50, and 91 days. The increase in strength in the field is significantly greater than in the 

laboratory over 7 d of curing time. In 28 to 91 d, the field to laboratory shear strength ratio seems to 

decrease compared with that for 7 days of curing, which is probably caused by the greater heat 

generation in the field in the early stages of curing. Field to laboratory strength is mainly about 0.6–2 

for curing times 28 to 90 d (estimated from the figures of the report [19]). Paniagua et al. [20] reported 

higher field to laboratory shear strength ratios due to the combined effect of higher curing temperatures 

and stresses acting on the lime–cement column during curing. 
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a) 

 

b) Legends: 

Strength ratio of cores from DDM  
column to laboratory specimen results 

Strength ratio of the column QC 
soundings to laboratory specimen 
results 
 

 

Fi
el

d
 t

o
 la

b
o

ra
to

ry
 c

o
m

p
re

ss
io

n
 

 

st
re

n
gt

h
 r

at
io

 [
-]

 

 

 

 

 

 Compression strength of laboratory 

stabilized soil [kPa] 

 Compression strength of laboratory 

stabilized soil [kPa] 

Figure 1. (a) The field to laboratory compression strength ratio for cores from DDM columns 

and laboratory samples (modified from [13]). (b) Ratios presented by Savila et al. [21] added 

to the figure.  

Aalto [22] and Larsson [23] have compiled an extensive collection of field to laboratory shear 

strength ratios from the 1980s and 1990s from, e.g., Sweden, Finland, Norway, and Japan. The results 

presented by the Nordic researchers are mainly from lime cement column sites; Therefore, the graph 

compiled by Aalto (Figure 2b) represents deep lime cement column mixing and corresponds 

reasonably well with the FTIA’s graph representing mixing with lime cement (Figure 2a). It should 

be noted that there are different views regarding the value of laboratory tests: Some researchers think 

that laboratory tests can only be used to optimize binder contents, some assume that there is a 

correlation between the strength obtained in a laboratory and the strength obtained in the field, and some 

assume that there is no correlation at all [24]. In the FTIA’s guidelines, estimation of the design strength 

and the binder recipe from stabilization test results is performed, based on the first two assumptions. The 

procedure for the estimation of design strength for deep mixed columns from laboratory test results was 

first presented in the Deep Stabilisation Design Guide published in 1997 [25]. The field to laboratory 

strength ratio (kF/L) nomogram was subsequently presented in the next design guide of the Finnish 

National Road Administration (FinRA) in 2001 [26], and the same nomogram is still in use (Figure 

2a). The nomogram was originally presented without literature references, but in the 1990s, there 

were several deep stabilization studies undertaken at the Technical Research Centre of Finland (VTT) 

and Helsinki University of Technology (HUT), among others, and the consensus is that the 

nomogram was based on those results, adjusted by FinRA. In the nomogram, the kF/L ratio ranges 

from 0.6 to 1.0 for lime cement and from 0.4 to 0.7 for cement. The monogram does not present the 

low-carbon binders currently in use and under development, nor cement grades CEM III/A or CEM 

III/B. When the determination of the characteristic shear strength value of stabilized soil (stab,k) is 
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based on the stabilization test results, the nomogram of the FTIA (Figure 2a) is used as follows: If 

the stab from stabilization tests is 150 kPa (e.g., 91 d of curing), the kF/L ratio can be read to be 0.93 

for lime cement from the field to laboratory ratio axis. By using this kF/L ratio, the stab,k is 140 kPa 

for a curing time of 91 d.  
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Figure 2. (a) The maximum value of the laboratory to field shear strength ratio kF/L for 

DDM in the Deep Stabilisation Design Guide of the FTIA (modified from [12]). (b) The 

kF/L ratio results from Sweden and Finland from the 1980s and 1990s for (predominantly) 

lime cement stabilized soil mixes (modified from [22]).  

Larsson [27] stated that empirical relationships can only be found if the processing parameters of 

the laboratory tests are within the range of application of the method. This should be considered, and 

the minimum requirement would be that the factors which can be influenced by humans on the value 

of the kF/L ratio should be standardized: (1) All laboratories should carry out stabilization tests using 

the same procedure, (2) the determination of the design strength is specified in a guideline, (3) deep 

mixing is carried out in accordance with the same general work specification, and (4) QC soundings 

are carried out using the same procedure. In Finland, all four of these points have been realized since 

2018: Points (1) and (2) are presented in the FTIA guideline [12], Point (3) in the general code of 

practice for construction of infrastructure [28] and Point (4) in both above. Before 2018, there was no 

national guideline for conducting stabilization tests, and laboratories conducted the tests using slightly 

different procedures. This problem has been observed elsewhere as well, e.g., [24].  

Despite the shortcomings of the Finnish nomogram, it has been used for more than two decades, 

and it is likely that the absence of low-carbon binders in the nomogram and the lack of guidance have 

led to unnecessarily large binder dosages, ignoring low-carbon binders and thus causing additional 

binder costs and CO2 emissions. Considering the above, the general consensus in the Finnish deep 

stabilization industry is that the nomogram is outdated and should be revised to include low-carbon 

binders that have been or are in the process of being used in deep mixing in production. The redefined 

kF/L nomogram will be based on test columns and stabilization tests carried out since 2018.  

The reason for using alternative binders is not only to decrease cost but to decrease environmental 

impact [24]. The emission factor of a traditionally used lime cement binders is up to 5–10 times higher 
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than that of a low-carbon recycled binder [29,30]. The significance of binders for the carbon dioxide 

emissions of the site that is preconstructed with deep mixing can be illustrated by the preconstruction 

of the Malminkenttä area (Helsinki). According to the emission calculation, over 96% of the total 

emissions were caused by deep mixing with lime cement. With low-carbon binders, the emissions 

related to deep mixing can typically be reduced by 60–70%, which means a reduction in carbon dioxide 

equivalents of 200–240 million kg CO2e in the preconstruction of Malminkenttä [30].  

Some low-carbon binders have been studied since the 1980s, such as gypsum [31,32]; fly ash 

(FA); blast furnace slag (BFS) [18,33–35]; FA (goal), desulfurated waste, and BFS [36]; gypsum, FA, 

and BFS [37–39]; and gypsum and slag [40]. In Finland, lime cement has been the state-of-the-art 

binder since the early 1980s. The low-carbon binder GTC (GTC = gypsum, calcium hydroxide and 

cement 1:1:1, FTC until 2008) has been used since the 1990s, but for most of the low-carbon binders, 

there is no such long-term experience.  

The aim of this paper is to present the field to laboratory strength ratios (kF/L)_ of soil mixes 

stabilized with calcareous, gypsum-, BFS-, and FA-containing binders and to analyze the results via 

statistical methods. The laboratory shear strength was determined by uniaxial compression tests and these 

results were compared with the QC sounding results of the in situ soil mixes. The laboratory test results 

used in the determination of the kF/L ratio and their statistical data, such as the coefficient of variation 

(COV) are presented in this article. COV is a unitless measure of data dispersion, which can be used to 

quantify variability and uncertainty [41]. COV in the field strength results used to determine the ratio 

kF/L has been discussed elsewhere [42]. It is noteworthy that field strength can also be determined from 

samples taken from cured stabilized columns [21] or from test specimens made from uncured soil mixes 

in the field [13]. Likewise, the determination of the kF/L ratio is affected by uncertainty, and hence this 

article investigates the extent of data scatter around the newly derived nomogram’s trendlines.  

2. Materials and methods 

2.1. Determination of the laboratory to field shear strength ratio kF/L  

The field to laboratory shear strength ratio kF/L is determined by dividing the average shear 

strength of parallel QC soundings by the average shear strength from parallel uniaxial compression 

(UCS) test results (Equation 1, where laboratory shear strength is the compression strength divided by 

two, lab = UCS/2). 

kF/L = field / lab           (1)  

Test columns and stabilization test samples are stabilized with the same binder recipe using the 

same clay and curing time. The comparison with the QC sounding result (field) is made at the depth 

from which the clay samples were taken. When the result pairs (kF/L and laboratory shear strength lab) 

are available from several sites and soil layers where the strengths of the soil mixes vary over a 

sufficiently wide strength range, it is possible to create nomograms from the resulting pairs.  

The principle of determination of the resulting pairs of field shear strength + laboratory shear 

strength is shown in Figure 3. In total, 83 similar figures have been processed, but the other 82 

analogous figures are not presented in this article. Each figure has one to three pairs of results, 
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depending on how many depths clay samples have been taken from for the stabilization tests. In practice, 

clay samples have been taken for the stabilization tests from depths ranging almost up to 1 m, so a 

reference value for field shear strength field has been determined for a depth interval of 1 m, 

corresponding to the sampling depth. Figure 3 presents a depth profile (0–9 m depth) with the line 

representing the mean shear strength according to QC soundings (in general, a mean of three to five 

parallel soundings). The short dashed vertical lines at depths of 2–3 m and 5.5–6.5 m represent the 

sampling depth of the clay used in the stabilization tests and the shear strength determined in the 

stabilization tests (lab). As shown in Figure 3, the shear strength based on QC soundings varies 

considerably between 5.5 and 6.5 m, so the chosen shear strength value field represents the averaged 

values. On the other hand, the shear strengths determined by QC soundings can stay almost constant. 

Results where the strength varies are common, so instead of individual result pairs, it is more appropriate 

to examine the results derived from the nomograms formed from pairs of results (see Section 3.3).  
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Legends:  

Horizontal line = soil layer boundary line 

 
 
 
 
 
 
 

→ kF/L pair = field / lab = 119 / 192 = 0.62 

 

 Shear strength [kPa]  

Figure 3. The average shear strength of parallel QC soundings and UCS tests, and the 

determination of kF/L pairs. Curing time, 91 d; test site T1 (S6), and GREEN binder.  

2.2. Test sites and soil properties 

The data in this study are from six different column stabilization test sites: Malminkenttä 

(Helsinki, T1), Luhtitie (Vantaa, T2), Kuninkaantammi (Helsinki, T3), Topinpuisto (Turku, T4), 

Länsiranta (Porvoo, T5), and Ilokkaanrinne (Tampere, T6). The city and object ID for each site are 

shown in parentheses. The locations and other information of the sites are presented in detail by 

Forsman et al. [42]. Sites T1, T2, and T4 are located in Southern Finland near Helsinki; Site T3 is 
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about 160 km west of Helsinki; and Site T6 is about 170 km north of Helsinki. At all sites, column 

stabilization is designed to be used as soil improvement for streets or yards to reduce settlement and 

to increase stability. All the studied columns are single columns, and the test sites do not include 

column lamellae where the columns intersect each other. The number of test fields is 91, with different 

binder recipes used at the six test sites. The index properties of the clay samples and the corresponding 

in situ vane shear strength for the test sites are presented in Table 1. All the stabilized soil layers 

examined in this study are clay, organic clay, or silty clay, with clay having at least 30% of grains with 

a particle size of 0–0.002 mm, and where the largest grains are in the fine silt grain range of 0.002–

0.02 mm. The water permeability of Finnish clay is typically 10-9–10-11 m/s. 

The clay mineral composition of Finnish clays is predominantly illite and chlorite. Besides these, 

small proportions of vermiculite and kaolinite have been observed [32,43,44]. The soils prevailing 

in Finland were, for the most part, formed during the late glacial period 10,000–12,000 years ago. 

Very soft and watery fine-grained clays are primarily found in the coastal regions. The average clay 

thickness is about 10 m but can increase up to 60 m. Clays can be organic (i.e., organic content more 

than 2%) and they can be divided into geological sediment groups on the basis of the evolutionary 

stage of the Baltic Sea: Baltic Ice Lake, Yoldia Sea, Ancylus Lake, and Littorina Sea [45].  

At some of the test sites, column-stabilized subsoil contains acid sulfate soil and sulfide-bearing 

soil (potential acid sulfate soil). Most of sulfide clays and organic clays have been identified in the 

coastal areas of the Baltic Sea, specifically in areas confined by the Littorina Sea. The Littorina Sea 

appeared in areas where the land level today is 35 m above sea level [46]. In test areas T3 and T6, the 

ground level is ≥30 and ≥105 m above sea level, respectively, so the presence of sulfide clay is unlikely. 

Sulfide clay is present in test areas T1, T2, T4, and T5. In test area T1, sulfide clay is active in the dry 

crust layer, and at a depth of about 1–3.5 m, it is potential [47]. None of the result pairs (kF/L and 

laboratory shear strength lab, see Section 2.1) are from dry crust layers with active sulfide clay. When 

sampling and performing stabilization tests on potential sulfide clay, special care has been taken to 

ensure that the clay samples are not oxidized before the stabilization test is performed.  

Table 1. Index properties of the clay or organic clay at test stabilization sites T1–T6. “S1” 

means subarea [42].  

Site Level (m above sea level)  Soila wb (%) LOIc (%) pHd (–) stot
e (g/kg) v

f (kPa) 

T1, S1 +15 to +14.2 Dry crust  120 – 3.9–5.9 6.0–13.6 – 

 +14.2 to +11 Organic clay 110–120 4.2–4.6 6.1–8.2 1.0–1.4 12–40 

 +11 to +8.5 Clay 85–135 3.8–4.7 6.1–6.9 1.8 8–9 

 +8.5 to +7.5 Clay 50–70 – – – 9–16 

T1, S4  +15 to +13.5 Dry crust  85–150 3.8–5.1 5.7–7.3 1.0–10.0 12 

 +13.5 to +10.5 Organic clay 75–140 3.8–5.1 5.7–7.3 0.9–3.4 7–8 

 +10.5 to +9 Clay 105–120 4.2–4.9 5.4–6.9 2.1–2.6 7–9 

 +9 to +7.5 Clay 60–105 3.5–3.7 6.2–8.1 0.4 7–10 

     Continued on next page 

 



 

 

Site Level (m above sea level)  Soila wb (%) LOIc (%) pHd (–) stot
e (g/kg) v

f (kPa) 

T1, S6 +15 to +13.5 Dry crust  80 – 4.2–6.5 0.15 30 

 +13.5 to +10.5 Clay 70–125 g 3.8–6.4 5.7–7.0 0.6–18.3 7–9 

 +10.5 to +7.5 Clay 70–100 2.9–3.1 7.4–8.8 0.3 8–10 

 +7.5 to +6.0 Clay 25–80 2.9–3.1 7.4–8.8 0.3 10–12 

T2 +29 to +28.5 Dry crust – – – – 50 

 +28 to +24 Clay 35–75 1.5–3.4 6.6–7.7 – 5–25 

T3 +30 to +28 Dry crust  50  – – – 50–100 

 +28 to +26 Clay 50–60  3.5–4.9 7.1–8.2 0.3 20–40 

 +26 to +23 Clay 40–70  3.1–4.2 6.8–7.6 - 10–20 

T4 +16 to +15 Dry crust  75 – – – – 

 +15 to +10 Clay 60–130 0.7–4.5 6.5–7.5 0.5–1.4 12 g 

 +10 to +6 Clay 80–120 0.5–3.8 6.5 0.3–1.4 12 c 

T5, S1 +0.8 to ±0 Dry crust – – – –  

 ±0 to −3.0 Organic clay  130–175 7.0–8.2 7.8–8.1 18.0–19.4 8–10 

 −3.0 to −8 Clay 130–145 – – – 10–17 

 −8 to −16 Clay 80–110 – – – 5–10 

 −16 to −19 Clay 75–90 – – – 10–30 

T5, S2 +1.3 to ±0 Dry crust 110 – – – – 

 ±0 to −5.5 Organic clay 110–160 8.4 8.1 22.0 12–20 

 −5.5 to −11 Clay 80–120 4.0 7.7 1.6 12–23 

T5, S3 +1.3 to +0.5 Dry crust 120 – – – – 

 +0.5 to −5 Organic clay 125–150 7.4 8.0 20.0 7–12 

 −5 to −8.5 Clay 80–120 – – – 12–17 

 −8.5 to −16  Clay 95 – – – 8–10 

T6 +105 to +101 Dry crust – – – – – 

 +101 to +96 Clay 40 2.9 7.8 – 12–46 

Notes: a [48]; b water content [49]; c loss on ignition, 550 ºC [50]; d pH value [51]; e total sulfur content [52]; f vane shear 

strength [53]; g there are also some thin silt layers where the water content is 25–70%.  

2.3. Binders and binder content  

The binders in this study are low-carbon binders and lime cements. The raw materials and their 

proportions, pH, and grain size and the CO2 emissions of the binders used are presented in Table 2. 

The emission per binder-ton (CO2e/t) contains the production phases A1–A3 [54]. The CO2 emission 

of the lime cement binder KC30 is over four times greater than the emissions of the binder mixture 

FA+CEM II. The emission factors of the binders KC20, KC30, GREEN, POZ, GTC, CEM III/A, and 

CEM III/B are based on environmental product declarations (EPDs). For the other binders, the 

unofficial emission factors are provided by the producers.  

The binders discussed in this study are divided into four groups according to their raw material 

compositions: (1) Calcareous (GREEN, POZ, KC20, KC30), (2) gypsum-containing (GTC2, GTC3), (3) 
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BFS-containing (CEM III/A, CEM IIIB), and (4) FA-containing (JAM+CEM II, KAI+CEM II, 

KAU+CEM II, InfraStabi65, InfraStabi80). The reactions generated when mixing various binders with 

soil vary by process, intensity, and duration [55]. None of the binders consists of a single raw material, 

but they are all different mixtures and, for example, the binders GTC2 or CTC3 contains more lime 

compared with KC20 or KC30. However, they contain gypsum, which those classified as “calcareous” 

do not contain. In Finland, deep mixing binders are intended to be mixed by the dry stabilization method, 

so the binders must be dry. All binder raw materials presented in Table 2 are calcinated, incinerated, or 

dried. The raw materials are produced by calcination (CaO, Ca(OH)2) or incineration (cement), or they 

are by-product or waste material from calcination, incineration, or energy production (lime kiln dust 

(LKD), BFS, FA). The gypsum of the binder GTC has been quarried in Spain and dried at the Nordkalk 

factory in Finland.  

The expansion due to the newly formed ettringites in gypsum reactions is expected to 

significantly reduce the voids and thereby densify the stabilized clay, which plays a primary role in 

the strength gain [31,32]. FA in binders JAM+CEM II, KAI+CEM II, and KAU+CEM II are 100% 

bio-incineration ash: the JAM (Jämsänkoski paper mill) and KAI (Kaipola paper mill) FAs are formed 

via boiler combustion, and in the Jämsänkoski paper mill, the main fuels are paper mill bark (15–16%), 

fiber sludge (15–17%), wood chips (30–31%), sawmill by-products (20–27%), and peat (13–17%). 

Heavy fuel oil (0–0.5%) is used as the boiler’s starting and supporting fuel. [56,57]. The proportion 

of the main components of JAM FA is 15–20%calcium (Ca), 7–12% silicon (Si), and 5–10% 

aluminum (Al) [58]. The fuel of the Kaukaa power plant (KAU) is wood-based and peat material, 

and the share of wood was 100% in December 2019 and 80% in April 2020. The wood-based fuel 

consists of bark, forestry industry side streams, forest crown mass, and mixed sludge from the 

biorefinery [58]. The proportion of the main components of KAU FA is 21–25% Ca, 7–10% Si, and 

4–6% Al [59]. The main components of JAM FA determined by XRF (x-ray fluorescence spectroscopy) 

are 47.3% CaO. 21.7% SiO2, and 13.3% Al2O3. JAM, KAI, and KAU FAs were not treated after 

removal from the silo of the mill or power plant before mixing with cement [47,57]. The binders 

InfraStabi65 and InfraStabi80 contain FA from burning biofuel and/or coal, and they can contain also 

LKD or FGD. (lime kiln dust or flue gas desulphurization gypsum). The ashes in the InfraStabi binders 

have been activated by pin mill treatment [56]. The content of calcium oxide in the InfraStabi binders 

is at least 13% [60].  

The low-carbon binders and binder dosages per test sites are presented in Table 3. The binder 

contents have been selected according to the following criteria: The contents are typical of those used 

for column stabilization in Finland (70–200 kg/m3); stabilization tests have been carried out to help in 

the selection of the content before stabilization with all binders; it is possible to achieve the target shear 

strength with at least one of the selected contents; and the contents of different binders are the same in 

parallel areas at one test stabilization site.  

At Sites T1 and T4, all Finnish binder manufacturers were given the opportunity to deliver their 

binder to the stabilization contractor, as ordered by the developer, to be used in the test columns in 

accordance with the developer’s test stabilization plan [61,62]. At Sites T2 and T6, the test stabilization 

was carried out as part of an extensive stabilization contract. The test stabilization at Site T5 was carried 

out by the developer and two binder manufacturers before the request for bids for an extensive 

stabilization contract. At Sites T2, T5, and T6, the developer approved the use of only three different 



11 

AIMS Geosciences  Volume 12, Issue 1, 1–51. 

binders. At Site T3, the test stabilization was carried out in connection with the UUMA3 research 

project going on at that time, and the binder manufacturers were financiers of the research project [57].  

Table 2. Raw materials and CO2 emissions of the binders used in the stabilization tests and 

test columns to determine kF/L ratio (modified from [42]).  

Binder The components of the binder and their proportions  Emissions 

Cement Lime Gypsum BFS FA (kg CO2e/t) 

Calcareous binders (# 0–0.2 mm b, pH 13.0–13.1 b) 

  KC20 a 80% CaO, 20% – – – 646 a 

  KC30 a 70% CaO, 30% – – – 758/741 a 

  GREEN a 50% LKD, 50% – – – 310/232 a 

  POZ a 33% CaO + LKD, 66% – – – 612/615 a 

Gypsum-containing binders (# 0–1.6 mm b, pH 12.9 b) 

  GTC2 a 33% Ca(OH)2, 33% 33% – – 235  

  GTC3 a 33% Ca(OH)2, 33% 33% – – 209  

BFS binders (# 0–0.03 mm, pH 12.6) 

  CEM III/A  100% – – 36–65% – 446  

  CEM III/B  100% – – 65–80% – 315  

FA-containing binders (# 0–0.1 mm c and 0–0.05 mm d, pH 12.9–13.0)  

  JAM+CEM II 30% – – – 70% 184  

  KAI+CEM II 30% – – – 70% 184  

  KAU+CEM II 30% – – – 70% 184  

  InfraStabi65  35% – – – 65% – 

  InfraStabi80  20% – – – 80% 144  

Ca(OH)2, calcium hydroxide; CaO, calcium oxide; LKD, lime kiln dust; BFS, blast furnace slag; KAI, Kaipola paper mill; 

JAM, Jämsänkoski paper mill; KAU, Kaukas biopower plant.  

Notes: 
a
 Since May 2022, CEM II has been replaced by CEM III/A in Nordkalk binders [63]; b ≥80% #0–0.2 mm and 

#max < 2 mm for CaO and LKD and #max < 1.6 mm for Ca(OH)2 [18,64]; c JAM+CEM II, KAI+CEM II, and KAU+CEM 

II; d InfraStabi65 and InfraStabi80. 

2.4. Stabilization tests in the laboratory  

For the test areas, stabilization tests were carried out in the laboratory prior to stabilization using 

clay and organic clay samples taken from the test areas and binders used in the test stabilizations. 

The stabilization tests were carried out in three laboratories as shown in Table 4. The number of 

stabilization test specimens is around 1130 in total [65]. The stabilization test results are presented 

in Section 3.  

The strength determined by the stabilization tests depends on the procedure used to perform the 

stabilization tests (mixing, compaction, curing temperature, time, etc.) in addition to the properties of 

the soil to be stabilized and the binder recipe. The stabilization tests were carried out following the 
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guidelines of FTIA [12]. Before adding the binders, the soil samples were remolded and homogenized 

by mixing the soil carefully. The mixture for the stabilization test was made with a stand mixer with 

hook shaped mixer. The mixing time was set to 2–5 min. The diameter of the cylinder-shaped mold 

was 40–50 mm, and the height was 2 × diameter. The laboratories selected a compaction method 

(dynamic, rodding, and tapping), depending on the properties of the soil sample. “Dynamic” means 

compaction with a falling weight, “rodding” means tamping with a rod for each compaction layer, and 

“tapping” means knocking of the mold against a solid base [66].  

Table 3. Binders and binder contents at the test stabilization sites (modified from [42]). 

Test site T1  T2  T3  T4  T5  T6  

Binder Binder content, kg/m3 = kg dry binder/m3 soil  

KC20 – 70, 110 – –  – 

KC30 – – – – 100–135, 135–170c 100 

GREEN 100–200 a, 80–160 b 70, 110 80, 120 80, 120, 160 – – 

POZ 100–200 a, 80–160 b – 80, 102 80, 120, 160 – – 

GTC2 a – 70, 110 80, 120 80, 120 100–135, 135–170c 100 

GTC3 a 100–200 a, 80–160 b 70, 110 – 120, 160 – – 

CEM III/A, /B 100–200 a, 80–160 b – – – – – 

JAM+CEM II – – 120, 160 – – – 

KAI+CEM II – – 120, 160 – – – 

KAU+CEM II 100–200 a, 80–160 b – – 120, 160 – – 

Stabi65 – – – – – 100 

Stabi80 – – 80, 120 – 100–135, 135–170 c – 

Notes: 
a
 Test areas S1 and S4: binder content, 150/120/100 kg/m3 (“small”) and 200/150/120 kg/m3 (“big”); column 

top/middle/bottom, above +13 m (above sea level)/+13 to +9/+9 underneath. 
b
 Test area S6: binder content, 120/80 kg/m3 

(“small”) and 160/120 kg/m3 (“big”); column top/column bottom, above +11.5 m /+11.5 underneath. 
c
 Test area S1: binder 

content, 135/100 kg/m3 (“small”) and 170/135 kg/m3 (“big”); column top/column bottom, above -12 m (under sea level)/-

12 m underneath. Test area S2: 100 kg/m3 (“small”) and 135 kg/m3 (“big”). Test area S3: 135/100 kg/m3 (“small”) and 

170/135 kg/m3 (“big”); above -10 m/-10 underneath. 

2.5. Implementation of the test columns 

The test columns were implemented as separate contracts or in connection with a larger 

stabilization contract. The basic features of the implemented columns are as follows: Diameter, 0.6 

or 0.7 m; column length, 5–20 m; target shear strength, 100–160 kPa; groundwater pressure level, 

0–1 m below the ground surface; stabilization executed in 2019–2022. The curing of the test columns 

was examined with QC soundings. The number of the QC soundings in this study at the test fields is 

around 660 in total.  

The implementation of the test columns was made according to the general code of practice for 

the construction of infrastructure [18]. In the general code, the rotation speed of the mixing tool is 100–
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200 rpm during the withdrawal stage, and the withdrawal speed of the mixing tool (m/min) must be 

such that 200–250 blade rotations (r/m-column) are realized. For example, when using a mixing tool 

with three blade levels, the maximum withdrawal speed of the mixing tool is no more than 15 

mm/rotation. The air pressure for binder injection should be as small as possible. 

Table 4. Laboratories that carried out stabilization tests on clay and organic clay samples 

from test areas T1–T6 with different binders. A, Aalto University; N, Nordkalk Oy; R, 

Ramboll Finland Oy (modified from [55]).  

               Test site 
Binder 

T1 T2 T3 T4 T5 T6 Tests pcs. 

Calcareous binders  

  KC20 – R – – – – 105 

  KC30 – R N – R R 

  GREEN N R N N – – 128 

  POZ N – N N – – 109 

Gypsum-containing binders  

  GTC2  – R N N R R 154 

  GTC3  N – – – – – 75 

Blast furnace slag binders  

  CEM III/A A, N, R – – – – – 79 

  CEM III/B R – – – – – 80 

FA containing binders  

  KAI+CEM II 7:3 – – R – – – 47 

  JAM+CEM II 7:3 A – R N – – 126 

  KAU+CEM II 7:3 A – – A – – 111 

  Stabi65  – – – – – R 117 

  Stabi80 – R R N R – 

 Total stabilization tests: 1131 

2.6. Overview of QC soundings 

This study is based on the results of the CP test (Figure 4), which is the most commonly employed 

quality sounding method in the Nordic countries, with some country-specific variants. The intent of the 

CP test is to measure the shear strength of stabilized soil indirectly from its penetration resistance. The 

tip of the penetrometer is compressed into the stabilized soil, and the force needed to penetrate the soil 

is measured from the surface end of the sounding tip. The measurement of static penetration resistance 

is continuous at 0.04 m intervals. The measured penetration resistance is converted into shear strength 

by dividing it by the bearing resistance factor Nc = 10–15 (Equation 2), which has been calibrated by a 

vane penetrometer. When the strength of stabilized soil is excessively high for static penetration (su >≈ 

200 kPa), the methodology is shifted to dynamic penetration, in which case the blow count per 0.20 m is 

counted. The process is much like that of the dynamic probing or standard penetration test. Conversion 

of blows into static pushing resistance is represented by an empirical equation (Equation 3) [42,67,68].  
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𝑠𝑢 =
(𝑝−0)

𝑁𝑐
,           (2)  

10 𝑏𝑙𝑜𝑤𝑠

0.2 𝑚
=>  𝑝𝑏𝑙𝑜𝑤 = 1000 𝑘𝑃𝑎,        (3)  

where su is the undrained shear strength of the soil mix (kPa); p is the pushing resistance (kPa), i.e. the 

ratio of force F required for pushing to tip area A (100 cm2); 0 is the effective vertical stress in the 

soil (kPa); Nc is the empirical coefficient (no units); and pblow is blow count per 0.20 m as static pushing 

resistance (kPa).   

 

Figure 4. Column (A, “PK2/100”) and vane penetrometer (B, “PS130/65”) for columns. 

A: Tip underside area = 100 cm2 and width −375 mm. B: Width −130 mm and height 

−65 mm [58].  

2.7. Variability in the shear strength of soil mixes in the laboratory and in the field 

The strength of stabilized soil is affected by many factors such as the soil properties, the type 

and content of binder, the mixing degree, and the curing conditions [69]. The mixing conditions and 

curing conditions are quite different from the standard laboratory mixing test. Usually, the field-

stabilized soil column has a lower average strength and a larger strength deviation than the 

laboratory-stabilized soil [13]. Regarding shear strength testing of laboratory or in situ stabilized 

columns, the variability in the test results is mainly affected by three components: (1) The inherent 

variability of the properties of the natural soil [41] and binder, (2) the binder injection and mixing 

process, and (3) measurement error in UCS tests or QC soundings.  

The variability in the undrained shear strength of natural Finnish clays has been estimated to be in 

the range of 0.10–0.30 [70,71]. When soil is stabilized in the laboratory, the heterogeneity decreases. 

Swedish studies have reported the COV to be 0.05–0.07 via laboratory tests of soil mixes, and Finnish 

studies have reported 0.04–0.07 [71–73]. Meanwhile, when soil is in situ stabilized, the heterogeneity 

increases. The FWHA guideline presents the COV of the in situ soil mix to be about double that of the 

COV = 0.13–0.40 of natural clay deposits. The COV of the soil mixes is 0.34–0.79 (COVav. = 0.56) 

according to the compression test results (UCS) of 7873 column samples from 10 deep stabilization 

projects [15]. According to Kitazume and Terashi [13], COV is 0.50–0.68 for the dry on-land 

stabilization method in Japan. The development of binders, Deep mixing (DM) machinery, and 

construction procedures have improved the quality of the soil mix and the COV of soil mixes nowadays 

by about 0.25 to 0.5 [74].  
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In the case of field strength, the QC sounding tip has been found to affect the value of COV. In a 

study on mass stabilized soil, it was found that COV based on soundings with a large surface tip, 

namely PK2/100, was smaller (0.08–0.67, average = 0.33) and with smaller tips (PA50 and CPT), COV 

was larger at 0.41–0.87 (average = 0.72; Atip, 100, 50, and 16 cm2) [68,75]. Bergman et al. [76] 

investigated the variation in strength of stabilized columns using cone penetration tests (CPTs) and 

found COV to be 0.11–0.37 (average = 0.23), while the CP COV was 0.07–0.25 (average = 0.14). In 

general, CPT tips are too small in relation to the column segment to represent the strength of the whole 

column’s cross-section. A larger tip averages the sounding resistance and reduces the COV value. Al-

Naqshabandy et al. [77] reported the COV of lime cement columns to be 0.3–0.55. The sounding 

method has also been found to influence the COV value. Wong et al. [78] investigated lime cement 

columns with CP soundings and FOPS tests. The study found that COV is 0.60 with CP tests and 0.86 

with FOPS tests. Timoney [18] studied laboratory-compacted stabilized cement mini columns with 

PORT and PIRT, finding that with the PORT method, the COV was 0.09–0.16, and with PIRT, it was 

0.06–0.13. Hov et al. [79] studied laboratory-compacted stabilized cement mini columns with PIRT, 

and the COV was 0.07–0.17. Both these COV value ranges are significantly smaller than those in full-

scale in situ columns, indicating the effect of variation and the layered structure of natural soil. The 

effect of the binder injection and mixing effort, which usually increases the COV values, do not 

contribute to the variability.  

Savila et al. [21] investigated the strength of cores taken from stabilized columns using UCS tests. 

The curing time of the columns was from 50 days to 3.5 years. According to the test results, the COV 

of calcareous binders was 0.12–0.42 (average = 0.26); for gypsum-containing binders, it was 0.40–

0.65 (average = 0.53); for BFS-containing binders, it was 0.22–0.61 (average = 0.43); and for ash-

containing binders, it was 0.42 (only one series of parallel samples). The test results did not show a 

significant correlation between the stabilized soil’s strength and COV values. Forsman et al. [42] 

studied the variation in strength determined by QC soundings at six test stabilization sites with different 

types of binder mixtures. According to the test results, the COV of calcareous binders was 0.18–0.64 

(average = 0.36); for gypsum-containing binders, it was 0.14–0.65 (average = 0.33); for BFS-

containing binders, it was 0.26–0.79 (average = 0.48); and for ash-containing binders, it was 0.17–0.56 

(average = 0.33). According to the extensive data, the water content, the shear strength of natural clay, 

and the curing time do not affect the COV for any of the four binder types considered. The effect of 

the strength of soil mixes and number of observations (sample size) seems to have some minor effect 

on the COV, and the effect varies slightly by binder type. All the COV values of the abovementioned 

tests are summarized in Figure 5.  

Earlier studies (e.g. [21,80,81]) have found that the variation in the strength (COV) of stabilization 

tests and cored specimens follow a log-normal distribution. Navin and Filz [82] studied dataset of 2672 

pcs. of UCS tests from six sites and stated that the DMM strength data tends to fit a log-normal 

distribution better than a normal distribution, a uniform distribution, or a triangular distribution 

Piispanen [75] observed that the variation (COV) in the strength of soil mix QC soundings indeed 

followed a log-normal distribution. Forsman et al. [42] observed that alongside the strength values, 

COV values defined from QC sounding data also follow a log-normal distribution. For the QC 

soundings of six test stabilization sites, the binder type-specific key statistics for the determined log-

normal distributions are as follows:  
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• COV5% = 0.14–0.18 and COV95% = 0.60–0.64 are of the same magnitude for binder types 

containing lime, gypsum, and ash;  

• COV5% = 0.26 and COV95% = 0.79 for BFS-containing binder type; 

• In general, the mode value (the greatest likelihood) is in the range of COV = 0.2–0.4.  

 

Figure 5. The COV values for soil mixes in laboratory and field studies. The black vertical 

line is the average value.  

2.8. Estimating the variability in the stabilization test results 

In this study, the COV was calculated using two estimation methods from the standard deviation. 

If there were at least three parallel test results, the COV for the stabilization test results was calculated 

using the samples’ standard deviation (Equation 4)  

𝑆𝐷 = √
1

𝑛−1
∑ (𝑥𝑖 − 𝑥̅)2𝑛

𝑖=1  ,            (4)  
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where n is the number of observations used to calculate the arithmetic mean (average) 𝑥̅. COV is then 

simply given as SD/𝑥̅.  

For n < 3, SD was not calculated. It is evident that with such small number of test specimens, the 

statistical uncertainty in the defined sample’s standard deviation becomes significant. Therefore, 

another estimation method for SD was used alongside the sample’s SD. In this approximation method, 

the sample range xmax–xmin is used to assess the variation in a small number of tests. If the data are 

normally distributed, Equation 5 can be used to obtain an estimate of the standard deviation ŝx [83–85]  

ŝx = Nn × (xmax – xmin),         (5) 

where Nn is a multiplier, which is based on the number of data n (Nn = 0.886 for n = 2, 0.510 for n = 3, 

0.486 for n = 4, 0.430 for n = 5, and 0.395 for n = 6).  

2.9. Transformation uncertainty in estimating the field to laboratory strength ratios  

The nomograms were derived by fitting them to the data regression functions, where laboratory 

shear strength τlab is used as a predictor to estimate the field to laboratory strength ratio kF/L. Such 

regression functions are typically characterized by transformation uncertainty [41], since there is data 

scatter around the trendline. The amount of transformation uncertainty can be quantified using the error 

term εi defined by Equation 6 [86]:  

𝜀𝑖 =  
𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑘𝐹/𝐿

𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑘𝐹/𝐿
,                                (6) 

where the predicted kF/L value is the factor given by the trendline with the observed value of laboratory 

shear strength (which was used to calculate observed value of kF/L) as input. The average value of εi error 

terms is the model bias (b), and the SD of εi is then used to calculate the COV value of transformation 

uncertainty, denoted δ [86]. The bias b should be close to 1, when the same dataset is used to fit the 

trendline and to estimate the transformation uncertainty (i.e., the regression curve should be unbiased).  

This transformation uncertainty δ was then used to define a cautious estimate of the trendline, 

following the concept of characteristic values in the Eurocodes. Schneider has proposed an 

approximation function to derive a statistically defined characteristic value Xk, given by Equation 7 [87]:  

𝑋𝑘 =  𝑥̅ (1 − 0.5 × COV),                            (7)  

which corresponds to a cautious mean when smaller value of the geotechnical property in question 

is unfavorable in the considered limit state (if a larger value is unfavorable, the minus sign is replaced 

with plus sign). The method provides an approximation of the 5% percentile of the sample mean’s 

probability distribution, which corresponds to the 31% percentile of the underlying point value 

distribution (the sample’s mean has smaller standard deviation than the point values). Equation 7 

was used to determine the characteristic trendline by using the trendline value as 𝑥̅  and the 

transformation uncertainty δ as the COV.  

To validate the characteristic trendlines, a Monte Carlo simulation was performed while assuming 

average variability (COV) for the laboratory and field shear strength values. At the given laboratory 

strength values (τlab), 100,000 random values were generated from the log-normal distribution while 
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assuming the average observed COV values. Next, the same number of τfield values was generated by 

assuming the mean value to be equal to the trendline’s prediction, and COV was taken as the average 

observed for τfield for the same binder type (see Figure 5). The kF/L values were then calculated using 

the generated samples. The 31% percentiles of the generated samples were derived and plotted next to 

the characteristic trendlines based on Equation 7. Good agreement between the percentiles was taken 

as an indication of Equation 7 providing reasonable results.  

3 Results  

3.1. Stabilization test results  

A summary of the stabilization test results examined in this study is presented in Table 5. A 

complete collection of the stabilization test results can be found in Tables 6–13. All the binders 

achieved reasonable strengths, on the basis of which it is possible to select and optimize the amount of 

binder for stabilization during production. In Tables 7–13, the average compression strength is 

presented as the average of two or three parallel specimens’ UCS results. The single compression test 

strengths are also presented. The summarizing table roughly shows the effect of the content of different 

binders with clay from six test sites on the strength achieved. The results show that the greatest 

compression strengths were achieved with CEM III binders. The lowest strengths were achieved with 

FA+CEM II 7:3 mixtures, where the ash is directly from the silo and the dry ash is mixed with cement 

at the test site. In the InfraStabi binders, FA is activated with a pin mill, thus resulting in higher 

strengths compared with the FA+CEM II mixture. In the following sections of this article, the results 

of the stabilization test are presented as shear strengths (lab = UCS/2) instead of compression strength.  

3.2. Variation in the stabilization test results (COV and ŝx/avg)  

A statistical analysis of the stabilization test results has been carried out. The effect of the strength 

achieved in the stabilization tests on the COV value has been examined with the help of Figure 6. The 

figure has been prepared for different binder types, and they present a combination of the results from 

test sites T1–T6. The COV values shown in the figure have been determined from the results of three 

parallel compression tests. According to the results, COV is clearly higher for calcareous and gypsum-

containing binder types than for BFS- and FA-containing binder types.  

The figure also shows linear trendlines which have been fitted to the data representing either 28 

d or 91 d of curing time. According to the trendlines, the achieved shear strength does not significantly 

affect the COV value. The curing time of binders containing BFS and ash does not significantly affect 

the COV values’ trendline. With calcareous and gypsum-containing binders, the slopes of the trendlines 

for samples cured for 28 d and 91 d differ from each other; However, there is no clear indication that 

the curing time influences the COV value. 
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Table 5. Compression strengths (UCS) achieved with different binders and contents in 

stabilization tests with clay and organic clay samples from test sites T1–T6. Curing time: 91 d.  

Binder type and binder  70–105 kg/m3 110–145 kg/m3 150–200 kg/m3 

Calcareous binders  Min–max Avg Min–max Avg Min–max Avg 

  KC20 and KC30   381–1150 698 333–1775 766 777–1070 923 

  GREEN    291–682 422 184–1315 547 239–1540 624 

  POZ   234–345 302 96–451 291 114–518 228 

Gypsum-containing binders       

  GTC2 364–531 448 366–884 595 377–770 588 

  GTC3  217–592 386 311–1030 603 588–1375 1003 

BFS-containing binders       

  CEM III/A 859–1347 1121 1107–2713 1617 1687–2623 2152 

  CEM III/B  414–899 698 671–2067 1219 1270–2960 1967 

FA-containing binders       

  JAM+CEM II 119–188 148 58–333 152 93–230 159 

  KAU+CEM II 129–171 144 113–423 204 183–548 285 

  InfraStabi65 and 80  125–596 366 184–1055 604 558–999 779 

Table 6. Stabilization tests. Average variability (COV and ŝx/avg) of the lab of soil mixes 

stabilized with different binder types and binders. Clay samples are from test sites T1–T6.  

Binder content 28 d 91 d 28 d + 91 d 

 COVav 
a ŝx/avg b COVav ŝx/avg COVav ŝx/avg 

Calcareous binders 0.09 0.08 0.09 0.09 0.09 0.09 

  KC20 and KC30   0.10 0.06 0.09 0.07 0.10 0.07 

  GREEN    0.07 0.10 0.12 0.11 0.09 0.10 

  POZ   0.09 0.08 0.07 0.09 0.08 0.09 

Gypsum-containing binders 0.08 0.07 0.10 0.09 0.09 0.08 

  GTC3 0.09 0.06 0.09 0.11 0.09 0.07 

  GTC2  0.08 0.08 0.11 0.08 0.10 0.09 

BFS-containing binders 0.04 0.04 0.04 0.04 0.04 0.04 

  CEM III/A 0.04 0.03 0.03 0.04 0.04 0.03 

  CEM III/B  0.04 0.04 0.04 0.05 0.04 0.04 

FA-containing binders 0.07 0.05 0.03 0.04 0.05 0.05 

  JAM+CEM II 0.05 0.04 0.04 0.05 0.05 0.04 

  KAI+CEM II – 0.05 – – –  – 

  KAU+CEM II 0.05 0.05 0.02 0.02 0.03 0.04 

  InfraStabi65 and 80  0.11 0.06 0.03 0.06 0.07 0.06 

Note: a 3 pcs. = COV based on three parallel stabilization tests (UCS); b 2-3 pcs. = ŝx/avg (see Equation 5)  

The curing time does not seem to affect the average COV values either, as shown in Table 6. The 
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table presents the COV values for all the binders tested. The COV values are shown in Table 6 for 

specimens cured for 28 d, 91 d, and 28 + 91 d. In the analysis, COV was determined for the test results, 

based on the results of three parallel compression tests. In addition, ŝx/avg was determined for test 

results, based on the results of three and two parallel tests. The values of ŝx and ŝx/avg, based on 

Equations 4 and 5, are presented in Tables 7–13. Calculated values of ŝx are presented for n = 2–3.  

  

Average lab from stabilization tests [kPa] 

 

Average lab from stabilization tests [kPa] 

  

Average lab from stabilization tests [kPa] Average lab from stabilization tests [kPa] 

Figure 6. Average lab from stabilization tests and COV for different binder types: (a) 

Calcareous, (b) gypsum-containing, (c) BFS-, and (d) FA-containing binders. Clay samples 

are from test sites T1–T6. Each marker represents the COV value for three parallel UCS 

test results. 

For the calcareous and gypsum-containing binder types, the COVav values (28 + 91 d) are 0.08–0.10. 

The COVav values are 0.04 for BFS-containing binders and 0.03–0.07 for FA-containing binders. 

Correspondingly, the ŝx/mean values are 0.07–0.09 for the calcareous and gypsum-containing binders and 

0.04 for BFS-containing binders and 0.04–0.05 for FA-containing binders. The COVav (SD/avg) and ŝx/avg 

values do not differ significantly (mainly 0–0.01). According to this evaluation, it appears that ŝx/avg is a 

reasonable method for estimating the variation in the results of stabilization tests with a small n (two or 

three specimens). The COVav values are highest for the binders KC20, KC30, GREEN, POZ, GTC2, and 

GTC3 and the COVav values are lowest for the binders CEM III/A, CEM III/B, JAM FA+CEM II, and 

KAU FA+CEM II. The COVav of the binders Stabi65 and Stabi80 is in between the values above. In the 
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literature, COVav has been reported to be 0.04–0.07 for stabilization test results (see Section 2.7). The COV 

values for BFS- and FA-containing binders presented in this study fall within the same range. For binders 

containing lime and gypsum, the variation is slightly greater than that presented in the literature. 

Table 7. Stabilization test results for the binders KC20 and KC30, and COV values for the 

results of three parallel compression tests. Values for ŝx/avg (Equation 5) were based on 

the results of two and three parallel tests. Curing time: 28 d and 91 d.  

  Curing time 28 d Curing time 91 d 

Binder Dosage Compression avg STD COV sx /avg Compression avg STD COV sx /avg 

Site (kg/m3) strength (kPa) (kPa) (kPa) ( - ) ( - ) strength (kPa) (kPa) (kPa) ( - )  ( - ) 

KC20 70 468 491  -  480 - - 0.04 903 928 - 916 - - 0.02 

site T2  150 697 601  -  649 - - 0.13 1070 1070 - 1070 - - 0.00 

  70 431 473  -  452 - - 0.08 839 868 - 854 - - 0.03 

  110 614 559  -  587 - - 0.08 1000 1050 - 1025 - - 0.04 

  70 509 506  -  508 - - 0.01 1280 1020 - 1150 - - 0.20 

  110 845 731  -  788 - - 0.13 1520 2030 - 1775 - - 0.25 

KC30 70 424 430  -  427 - - 0.01 538 642 - 590 - - 0.16 

site T2  150 501 564  -  533 - - 0.10 706 834 790 777 53.1 0.07 0.08 

  70 371 370  -  371 - - 0.00 464 501 - 483 - - 0.07 

  110 576 588  -  582 - - 0.02 791 771 - 781 - - 0.02 

KC30 135 212 212  -  212 - - 0.00 326 339 - 333 - - 0.03 

site T5  135 501 455  -  478 - - 0.09 845 - - - - - - 

  170 736 669  -  703 - - 0.08 1200 - - - - - - 

  135 280 310  -  295 - - 0.09 476 465 - 471 - - 0.02 

  135 574 616  -  595 - - 0.06 855 - - - - - - 

  170 787 804  -  796 - - 0.02 1090 - - - - - - 

  135 363 336  -  350 - - 0.07 548 553 - 551 - - 0.01 

  135 786 791  -  789 - - 0.01 1190 1190 - 1190 - - 0.00 

  135 195 194  -  195 - - 0.00 368 355 - 362 - - 0.03 

KC30 80 298 250 250 266 27.7 0.10 0.09 - - - 

   

- 

site T3  120 448 395 345 396 51.5 0.13 0.13 531 563 481 525 33.7 0.06 0.08 

  80 272 263 234 256 19.9 0.08 0.08 412 414 317 381 45.3 0.12 0.13 

  80 - 359 396 378 - - 0.09 - - - - - - - 

  120 578 596 - 587 - - 0.03 593 700 - 647 - - 0.15 

  80 305 264 - 285 - - 0.13 495 518 536 516 16.8 0.12 0.04 

KC30 100 - 301 304 303 - - 0.01 - - - - - - - 

site T6  120 - 378 370 374 - - 0.02 - - - - - - - 

  140 - 404 435 420 - - 0.07 - - - - - - - 

KC20 + KC30   

  

 avg. 33.0 0.10 0.06  

  

 avg. 37.2 0.09 0.07 

av. 28 and 91 d        avg. 35.1 0.10 0.07              
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Table 8. Stabilization test results for the binder GREEN and COV values for the results of 

three parallel compression tests. Values for ŝx/avg (Equation 5) were based on the results 

of two and three parallel tests. Curing time: 28 d and 91 d.  

  Curing time 28 d Curing time 91 d 

Binder Dosage Compression avg STD COV sx /avg Compression avg STD COV sx /avg 

Site (kg/m3) strength (kPa) (kPa) (kPa) ( - ) ( - ) strength (kPa) (kPa) (kPa) ( - )  ( - ) 

GREEN 120 166 207 182 185 20.7 0.11 0.11 262 328 253 281 33.4 0.12 0.14 

site T1   150 279 273 271 274 4.2 0.02 0.01 - 335 323 329 - - 0.03 

  100 344 350 354 349 5.0 0.01 0.01 - 414 431 423 - - 0.04 

  120 386 431 411 409 22.5 0.06 0.06 433 601 496 510 69.3 0.14 0.17 

  150 132 139 139 137 4.0 0.03 0.03 242 260 215 239 18.5 0.08 0.10 

  200 - 160 257 209 - - 0.41 375 - 344 360 - - 0.08 

  120 179 176 191 182 7.9 0.04 0.04 236 272 210 239 25.4 0.11 0.13 

  150 248 259 262 256 7.4 0.03 0.03 302 411 373 362 45.2 0.12 0.15 

  100 375 410 - 393 - - 0.03 - 416 444 430 - - 0.06 

  120 571 560 512 548 31.4 0.06 0.05 - 656 948 802 - - 0.32 

  120 192 132 - 162 - - 0.33 276 255 - 266 - - 0.07 

  160 232 218 - 225 - - 0.06 394 512 - 453 - - 0.23 

  80 218 271 290 260 37.3 0.14 0.14 370 365 417 384 23.4 0.06 0.07 

  120 512 612 546 557 50.8 0.09 0.09 869 693 651 738 94.4 0.13 0.15 

GREEN 120 137 139 165 147 15.6 0.11 0.10 158 218 176 184 25.1 0.14 0.17 

site T4  160 162 179 209 183 23.8 0.13 0.13 292 258 239 263 21.9 0.08 0.10 

Green 70 - 217 239 228 - - 0.09 - 306 336 321 - - 0.08 

site T2  110 - 556 - - - - - - 731 674 703 - - 0.07 

  150 853 855 - 854 - - 0.00 1190 1140 - 1165 - - 0.04 

  70 - 264 220 242 - - 0.16 245 373 256 291 58 0.20 0.22 

  110 - 467 - - - - - - 730 658 694 - - 0.09 

  150 - 826 726 776 - - 0.11 991 764 954 903 99 0.11 0.13 

  70 - 433 480 457 - - 0.09 - 637 726 682 - - 0.12 

  110 - 774 804 789 - - 0.03 - 1310 1320 1315 - - 0.01 

  150 - - - - - - - - 1540 1540 1540 - - 0.00 

GREEN 120 - 358 - - - - - - 428 407 418 - - - 

site T3  150 - 553 - - - - - - 735 - - - - - 

  120 - 328 280 304 - - 0.14 - 540 532 536 - - - 

GREEN   

  

  19.2 0.07 0.10 

   

  46.7 0.12 0.11 

av. 28 and 91 d         33.0 0.09 0.10 
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Table 9. Stabilization test results for the binder POZ and COV values for the results of 

three parallel compression tests. Values for ŝx/avg (Equation 5) were based on the results 

of two and three parallel tests. Curing time: 28 d and 91 d.  

  Curing time 28 d Curing time 91 d 

Binder Dosage Compression avg STD COV sx /avg Compression avg STD COV sx /avg 

Site (kg/m3) strength (kPa) (kPa) (kPa) ( - ) ( - ) strength (kPa) (kPa) (kPa) ( - )  ( - ) 

POZ 120 97 108 88 98 10.0 0.10 0.10 114 146 131 130 13.1 0.10 0.13 

site T1   150 99 104 117 107 9.3 0.09 0.09 152 176 171 166 10.3 0.06 0.07 

  100 170 173 174 172 2.1 0.01 0.01 - 250 218 234 - - 0.12 

  120 210 210 195 205 8.7 0.04 0.04 249 249 221 240 13.2 0.06 0.06 

  150 56 68 77 67 10.5 0.16 0.16 122 132 118 124 5.9 0.05 0.06 

  200 123 128 89 113 21.2 0.19 0.18 139 112 140 130 13.0 0.10 0.11 

  120 70 68 62 67 4.2 0.06 0.06 95 87 105 96 7.4 0.08 0.10 

  150 79 99 91 90 10.1 0.11 0.11 102 123 116 114 8.7 0.08 0.09 

  100 258 252 280 263 14.7 0.06 0.05 281 386 312 326 44.0 0.13 0.16 

  120 288 286 311 295 13.9 0.05 0.04 442 385 397 408 24.5 0.06 0.07 

  120 126 140 - 133 - - 0.09 222 184 - 203 - - 0.17 

  160 325 316 - 321 - - 0.02 557 478 - 518 - - 0.14 

  80 234 265 260 253 16.6 0.07 0.06 336 346 354 345 7.4 0.02 0.03 

  120 317 329 - 323 - - 0.03 412 475 - 444 - - 0.13 

POZ 120 199 177 219 198 21.0 0.11 0.11 227 224 246 232 9.7 0.04 0.05 

site T4   160 225 239 244 236 9.8 0.04 0.04 344 289 307 313 22.9 0.07 0.09 

  120 104 129 115 116 12.5 0.11 0.11 - - - - - - - 

  160 162 165 160 162 2.5 0.02 0.02 - - - - - - - 

  120 89 113 118 107 15.5 0.15 0.14 - - - - - - - 

  160 166 170 135 157 19.2 0.12 0.11 - - - - - - - 

POZ 120 - 253 289 271 - - 0.12 - 427 410 419 - - 0.04 

site T3   120 - 319 270 295 - - 0.15 - 439 463 451 - - 0.05 

POZ   
  

  11.9 0.09 0.09   
  

  15.0 0.07 0.09 

av. 28 and 91 d         13.4 0.08 0.08               

KC20, KC30, GREEN, POZ 21.4 0.09 0.00    0.09 33.0 0.09 0.09 

av. 28 and 91 d     27.2 0.09 0.09        
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Table 10. Stabilization test results for the binders CTC3 (a) and GTC2 (b), and COV values 

for the results of three parallel compression tests. Values for ŝx/avg (Equation 5) were based 

on the results of two and three parallel tests. Curing time: 28 d and 91 d.  

(a)  Curing time 28 d Curing time 91 d 

Binder Dosage Compression avg STD COV sx /avg Compression avg STD COV sx /avg 

Site (kg/m3) strength (kPa) (kPa) (kPa) ( - ) ( - ) strength (kPa) (kPa) (kPa) ( - )  ( - ) 

GTC3 120 360 349 383 364 17.3 0.05 0.05 587 541 541 556 21.7 0.04 0.04 

site T1   150 509 449 - 479 - - 0.11 855 - 684 770 - - 0.20 

  100 386 360 384 377 14.5 0.04 0.04 384 479 483 449 45.8 0.10 0.11 

  120 611 617 546 591 39.4 0.07 0.06 694 764 801 753 44.4 0.06 0.07 

  150 241 253 268 254 13.5 0.05 0.05 361 417 354 377 28.2 0.07 0.09 

  200 274 331 343 316 36.9 0.12 0.11 574 641 591 602 28.4 0.05 0.06 

  120 252 323 289 288 35.5 0.12 0.13 335 536 335 402 94.8 0.24 0.26 

  150 355 342 336 344 9.7 0.03 0.03 - 639 625 632 - - 0.02 

  100 312 333 381 342 35.4 0.10 0.10 543 575 476 531 41.2 0.08 0.10 

  120 450 412 349 404 51.0 0.13 0.13 522 552 759 611 105.4 0.17 0.20 

  120 263 - - - - - - 391 341 - 366 - - 0.12 

  160 378 363 - 371 - - 0.04 519 603 - 561 - - 0.13 

  80 291 309 351 317 30.8 0.10 0.10 380 364 347 364 13.5 0.04 0.05 

  120 587 510 583 560 43.3 0.08 0.07 935 - 832 884 - - 0.10 

GTC3   

  

  29.8 0.08 0.08  

  

  47.0 0.09 0.11 

av. 28 and 91 d         38.4 0.09 0.09              

b)                

GTC2 80 182 237 - 210     0.23 266 209 176 217 37.2 0.17 0.21 

site T4   120 270 297 275 281 14.4 0.05 0.05 459 541 403 468 56.7 0.12 0.15 

GTC2 70 - 174 170 172 - - 0.02 - 229 221 225 - - 0.03 

site T2   110 - 531 - - - - - - 648 657 653 - - 0.01 

  150 825 841 - 833 - - 0.02 1180 1170 - 1175 - - 0.01 

  70 - 270 259 265 - - 0.04 323 335 - 329 - - 0.03 

  110 - - 421 - - - - - 602 551 577 - - 0.08 

  150 - 777 753 765 - - 0.03 758 920 947 875 83.5 0.10 0.11 

  70 - 342 342 342 - - 0.00 - 469 445 457 - - 0.05 

  110 - 570 542 556 - - 0.04 - 1020 1040 1030 - - 0.02 

  150 - - - - - - - - 1450 1300 1375 - - 0.10 

GTC2 135 - 437 433 435 - - 0.01 - 548 541 545 - - 0.01 

site T5   100 - 378 365 372 - - 0.03 - 429 - - - - - 

  135 - 714 732 723 - - 0.02 - 795 - - - - - 

  170 - 815 826 821 - - 0.01 - 1070 - - - - - 

  100 - 413 404 409 - - 0.02 - 567 550 559 - - 0.03 

  135 - 627 619 623 - - 0.01 - 929 891 910 - - 0.04 

           Continued on next page 



 

 

(b)  Curing time 28 d Curing time 91 d 

Binder Dosage Compression avg STD COV sx /avg Compression avg STD COV sx /avg 

Site (kg/m3) strength (kPa) (kPa) (kPa) ( - ) ( - ) strength (kPa) (kPa) (kPa) ( - )  ( - ) 

  100 - 365 372 369 - - 0.02 - 412 - - - - - 

  135 - 637 651 644 - - 0.02 - 733 - - - - - 

  170 - 689 689 689 - - 0.00 - 881 - - - - - 

  100 - 327 351 339 - - 0.06 - 492 460 476 - - 0.06 

  135 - 470 446 458 - - 0.05 - 708 717 713 - - 0.01 

  135 - 641 655 648 - - 0.02 - 728 741 735 - - 0.02 

  135 - 402 405 404 - - 0.01 - 640 653 647 - - 0.02 

GTC2 120 344 344 - 344 - - 0.00 430 - - - - - - 

site T3   150 337 267 - 302 - - 0.21 617 558 - 588 - - 0.09 

  120 313 390 - 352 - - 0.19 400 418 - 409 - - 0.04 

  80 235 298 259 264 31.8 0.12 0.12 - - - - - - - 

  120 353 314 386 351 36.0 0.10 0.10 400 458 388 415 30.6 0.07 0.09 

  80 257 239 247 248 9.0 0.04 0.04 357 437 380 391 33.6 0.09 0.10 

  80 277 243 - 260 - - 0.12 - - - - - - - 

  120 295 294 253 281 24.0 0.09 0.08 266 356 - 311 - - 0.26 

  80 438 394 364 399 37.2 0.09 0.09 - - - - - - - 

  120 473 405 443 440 34.1 0.08 0.08 569 595 717 627 64.5 0.10 0.12 

  80 331 289 343 321 28.4 0.09 0.09 565 581 630 592 27.7 0.05 0.06 

  80 242 208 217 222 17.6 0.08 0.08 - - - - - - - 

  120 400 393 496 430 57.6 0.13 0.12 492 661 440 531 94.3 0.18 0.21 

  80 234 270 245 250 18.4 0.07 0.07 384 288 288 320 45.3 0.14 0.15 

GTC2 100 - 566 590 578 - - 0.04 - - - - - - - 

site T6   120 - 674 - - - - - - - - - - - - 

GTC2   

  

  28.0 0.09 0.06   

  

  52.6 0.11 0.08 

av. 28 and 91 d         40.3 0.10 0.07               

            GTC3+GTC2 28.9 0.08 0.07     49.8 0.10 0.09 

av. 28 and 91 d     39.4 0.09 0.08        
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Table 11. Stabilization test results for the binders CEM III/A (a) and CEM III/B (b), and 

COV values for the results of three parallel compression tests. Values for ŝx/avg (Equation 

5) were based on the results of two and three parallel tests. Curing time: 28 d and 91 d.  

a)   Curing time 28 d Curing time 91 d 

Binder Dosage Compression avg STD COV sx /avg Compression avg STD COV sx /avg 

Site (kg/m3) strength (kPa) (kPa) (kPa) ( - ) ( - ) strength (kPa) (kPa) (kPa) ( - )  ( - ) 

CEM  120 765 743 797 768 27.2 0.04 0.04 1230 1290 1280 1267 26.2 0.02 0.02 

III/A 150 1340 1360 1270 1323 47.3 0.04 0.03 2200 2190 2190 2193 4.7 0.00 0.00 

site T1  100 538 499 498 512 22.8 0.04 0.04 907 851 820 859 36.0 0.04 0.05 

  120 729 640 662 677 46.4 0.07 0.07 1170 1110 1230 1170 49.0 0.04 0.05 

  150 1070 1030 1050 1050 20.0 0.02 0.02 1720 1680 1660 1687 24.9 0.01 0.02 

  200 1490 1620 1580 1563 66.6 0.04 0.04 2610 2530 2730 2623 82.2 0.03 0.04 

  120 682 607 688 659 45.1 0.07 0.06 1080 1150 1090 1107 30.9 0.03 0.03 

  150 1100 1070 - 1085 - - 0.02 1900 1850 1780 1843 49.2 0.03 0.03 

  100 771 806 777 785 18.7 0.02 0.02 1110 1180 1180 1157 33.0 0.03 0.03 

  120 1100 1160 1100 1120 34.6 0.03 0.03 1460 1840 1860 1720 184.0 0.11 0.12 

  120 1190 1210 - 1200 - - 0.01 1710 1740 - 1725 - - 0.02 

  160 1610 1570 - 1590 - - 0.02 2430 2400 - 2415 - - 0.01 

  80 869 851 903 874 26.4 0.03 0.03 1320 1320 1400 1347 37.7 0.03 0.03 

  120 1690 1730 1690 1703 23.1 0.01 0.01 2530 2800 2810 2713 129.7 0.05 0.05 

CEMIII/A   

  

  34.4 0.04 0.03   

  

  57.3 0.03 0.04 

av. 28 and 91 d         45.8 0.04 0.03               

b)    

CEM  120 546 538 546 543 4.6 0.01 0.01 748 699 710 719 21.0 0.03 0.03 

III/B 150 845 752 769 789 49.5 0.06 0.06 1300 1290 1220 1270 35.6 0.03 0.03 

site T1  100 291 274 302 289 14.1 0.05 0.05 424 402 416 414 9.1 0.02 0.03 

  120 504 460 471 478 22.9 0.05 0.05 664 708 641 671 27.8 0.04 0.05 

  150 807 772 786 788 17.6 0.02 0.02 1550 1450 1500 1500 40.8 0.03 0.03 

  200 1360 1410 1410 1393 28.9 0.02 0.02 2580 2570 2680 2610 49.7 0.02 0.02 

  120 474 513 475 487 22.2 0.05 0.04 880 814 956 883 58.0 0.07 0.08 

  150 805 812 820 812 7.5 0.01 0.01 1520 1520 1450 1497 33.0 0.02 0.02 

  100 470 456 453 460 9.1 0.02 0.02 927 899 872 899 22.5 0.02 0.03 

  120 740 713 626 693 59.6 0.09 0.08 1370 1420 1230 1340 80.4 0.06 0.07 

  120 853 896 - 875 - - 0.04 1650 1620 - 1635 - - 0.02 

  160 1860 1750 - 1805 - - 0.05 2870 3050 - 2960 - - 0.05 

  80 446 441 398 428 26.4 0.06 0.06 683 787 870 780 76.5 0.10 0.12 

  120 1200 1130 1170 1167 35.1 0.03 0.03 1980 2140 2080 2067 66.0 0.03 0.04 

CEMIII/A   

  

  24.8 0.04 0.04   

  

  74.3 0.04 0.05 

av. 28 and 91 d         49.5 0.04 0.04               

             CEMIII/A + CEMIII/B 29.6 0.04 0.04     65.8 0.04 0.04 

av. 28 and 91 d     47.7 0.04 0.04        
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Table 12. Stabilization test results for the binders FA+CEM II (JAM+CEM II (a), 

KAI+CEM II (b), and KAU+CEM II (c)) and COV values for the results of three parallel 

compression tests. Values for ŝx/avg (Equation 5) were based on the results of two and three 

parallel tests. Curing time: 28 d and 91 d.  

a)  Curing time 28 d Curing time 91 d 

Binder Dosage Compression avg STD COV sx /avg Compression avg STD COV sx 

/avg 

Site (kg/m3) strength (kPa) (kPa) (kPa) ( - ) ( - ) strength (kPa) (kPa) (kPa) ( - )  ( - ) 

FA     120 83 84 83 84 0.7 0.01 0.01 105 108 102 105 2.1 0.02 0.02 

JAM+ 150 111 100 106 106 5.8 0.05 0.06 140 138 133 137 2.8 0.02 0.02 

CEMII 100 81 90 84 85 4.5 0.05 0.05 116 119 120 119 1.6 0.01 0.02 

7:3  120 108 113 110 110 2.6 0.02 0.02 147 161 151 153 5.9 0.04 0.05 

site T1 150 87 84 88 87 2.0 0.02 0.02 125 133 129 129 3.1 0.02 0.03 

  200 159 156 156 157 1.5 0.01 0.01 227 233 230 230 2.6 0.01 0.01 

  120 50 50 47 49 1.5 0.03 0.03 56 61 58 58 2.2 0.04 0.04 

  150 73 74 73 73 0.7 0.01 0.01 102 88 87 93 7.0 0.08 0.08 

  100 96 85 99 93 7.4 0.08 0.08 114 119 135 123 9.0 0.07 0.09 

  120 144 124 125 131 11.3 0.09 0.08 142 167 151 153 10.3 0.07 0.08 

  120 84 88 90 87 2.7 0.03 0.03 105 109 109 108 1.8 0.02 0.02 

  160 102 100 99 100 2.0 0.02 0.02 140 133 132 135 3.4 0.02 0.03 

  80 101 105 102 103 2.0 0.02 0.02 175 156 151 161 10.5 0.07 0.08 

  120 236 236 227 233 5.2 0.02 0.02 320 333 346 333 10.5 0.03 0.04 

FA  80 134 129 133 132 2.6 0.02 0.02 178 188 199 188 8.6 0.05 0.06 

JAM+    160 186 203 182 190 11.2 0.06 0.06 234 213 243 230 12.6 0.05 0.07 

CEMII 120 104 80 78 87 14.5 0.17 0.15 - - - - - - - 

7:3 160 129 129 114 124 8.7 0.07 0.06 - - - - - - - 

site T4   120 56 78 67 67 11.0 0.16 0.17 - - - - - - - 

  160 96 102 84 94 9.2 0.10 0.10 - - - - - - - 

FA  120 - 134 133 134 - - 0.01 199 - - - - - - 

JAM+    120 - 228 220 224 - - 0.03 381 - - - - - - 

CEMII 160 - 241 237 239 - - 0.01 339 - - - - - - 

7:3 120 - 336 328 332 - - 0.02 412 - - - - - - 

site T3   120 - 338 341 340 - - 0.01 433 - - - - - - 

  150 - 489 486 488 - - 0.01 670 - - - - - - 

       FA JAM+CEMII 7/3 5.3 0.05 0.04     5.9 0.04 0.05 

av. 28 and 91 d     5.6 0.05 0.04        

b)    

FA    80 82 85  -  84 - - 0.03 129 - - - - - - 

KAI+ 80 43 45  -  44 - - 0.06 63 - - - - - - 

CEMII 120 209 232  -  221 - - 0.09 333 - - - - - - 

7:3  120 138 119  -  129 - - 0.13 203 - - - - - - 

site T3 120 323 320  -  322 - - 0.01 489 - - - - - - 

  160 - 330  -  - - - - 415 - - - - - - 

           Continued on next page 



 

 

b)  Curing time 28 d Curing time 91 d 

Binder Dosage Compression avg STD COV sx /avg Compression avg STD COV sx 

/avg 

Site (kg/m3) strength (kPa) (kPa) (kPa) ( - ) ( - ) strength (kPa) (kPa) (kPa) ( - )  ( - ) 

  160 258 286  -  272 - - 0.09 341 - - - - - - 

  80 195 174  -  185 - - 0.10 274 - - - - - - 

  80 129 124  -  127 - - 0.04 205 - - - - - - 

  120 319 313  -  316 - - 0.02 472 - - - - - - 

  120 216 207  -  212 - - 0.04 326 - - - - - - 

  120 306 314  -  310 - - 0.02 442 - - - - - - 

  150 470 468  -  469 - - 0.00 647 - - - - - - 

  150 334 343  -  339 - - 0.02 458 - - - - - - 

  160 470 468  -  469 - - 0.00 647 - - - - - - 

  160 334 343  -  339 - - 0.02 458 - - - - - - 

       FA KAI+CEMII 7/3 - - 0.05     - - - 

av. 28 and 91 d     - - -       - 

c)    

FA    120 91 84 95 90 5.2 0.06 0.06 142 147 147 145 2.4 0.02 0.02 

KAU+ 150 223 237 233 231 7.3 0.03 0.03 210 212 211 211 1.0 0.00 0.01 

CEMII 100 99 100 93 97 3.4 0.03 0.03 129 128 133 130 2.2 0.02 0.02 

7:3  120 128 137 131 132 4.6 0.04 0.03 189 183 179 184 4.2 0.02 0.03 

site T1 150 154 151 157 154 3.2 0.02 0.02 195 186 192 191 3.8 0.02 0.02 

  200 278 292 261 277 15.4 0.06 0.06 383 375 379 379 3.1 0.01 0.01 

  120 91 96 95 94 2.7 0.03 0.03 116 116 108 113 4.2 0.04 0.04 

  150 161 151 165 159 7.3 0.05 0.05 186 177 187 183 4.6 0.02 0.03 

  100 102 110 111 108 4.9 0.05 0.04 130 133 125 129 3.3 0.03 0.03 

  120 148 157 145 150 6.2 0.04 0.04 179 180 180 180 0.5 0.00 0.00 

  120 102 101 104 102 1.3 0.01 0.01 137 137 129 134 3.6 0.03 0.03 

  160 155 152 159 155 3.2 0.02 0.02 196 195 195 195 0.6 0.00 0.00 

  80 115 92 120 109 15.0 0.14 0.13 170 173 170 171 1.2 0.01 0.01 

  120 252 247 242 247 5.1 0.02 0.02 431 424 413 423 7.3 0.02 0.02 

FA    120 216 196 209 207 10.3 0.05 0.05 283 285 302 290 8.5 0.03 0.03 

KAU+ 160 349 393 403 382 28.5 0.07 0.07 536 554 554 548 8.4 0.02 0.02 

CEMII 120 225 216 233 225 8.3 0.04 0.04 - - - - - - - 

7:3  120 116 84 110 104 16.9 0.16 0.16 157 164 159 160 2.8 0.02 0.02 

site T4 160 216 206 230 218 12.2 0.06 0.06 289 269 298 285 12.3 0.04 0.05 

       FA KAU+CEMII 7/3 8.5 0.05 0.05     4.1 0.02 0.02 

av. 28 and 91 d     6.3 0.03 0.04        

    FA JAM / KAI / KAU + CEMII 7/3 6.9 0.05 0.05     5.0 0.03 0.03 

     5.9 0.04 0.04        
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Table 13. Stabilization test results for the binders Stabi65 and Stabi80, and COV values 

for the results of three parallel compression tests. Values for ŝx/avg (Equation 5) were based 

on the results of two and three parallel tests. Curing time: 28 d and 91 d.  

  Curing time 28 d Curing time 91 d 

Binder Dosage Compression avg STD COV sx /avg Compression avg STD COV sx /avg 

Site (kg/m3) strength (kPa) (kPa) (kPa) ( - ) ( - ) strength (kPa) (kPa) (kPa) ( - )  ( - ) 

Stabi65 100 412 - - - - - - - - - - - - - 

site T6   120 731 661 - 696 - - 0.09 - - - - - - - 

  140 880 841 - 861 - - 0.04 - - - - - - - 

  160 1280 1130 - 1205 - - 0.11 - - - - - - - 

Stabi80 80 231 218 - 225 - - 0.05 344 331 - 338 - - 0.03 

site T3   120 487 439 - 463 - - 0.09 613 625 - 619 - - 0.02 

  80 447 447 - 447 - - 0.00 613 579 - 596 - - 0.05 

  120 708 731 - 720 - - 0.03 1070 1040 - 1055 - - 0.03 

Stabi80 135 302 306 - 304 - - 0.01 412 400 - 406 - - 0.03 

site T5   100 255 254 - 255 - - 0.00 324 - - - - - - 

  135 381 398 - 390 - - 0.04 509 - - - - - - 

  170 375 445 - 410 - - 0.15 634 - - - - - - 

  100 281 275 - 278 - - 0.02 376 386 - 381 - - 0.02 

  135 529 508 - 519 - - 0.04 756 749 - 753 - - 0.01 

  170 375 445 - 410 - - 0.15 634 - - - - - - 

  100 264 268 - 266 - - 0.01 290 - - - - - - 

  135 447 445 - 446 - - 0.00 517 - - - - - - 

  170 592 595 - 594 - - 0.00 753 - - - - - - 

  100 308 285 - 297 - - 0.07 407 377 - 392 - - 0.07 

  135 418 471 - 445 - - 0.11 710 657 - 684 - - 0.07 

  135 456 475 - 466 - - 0.04 564 586 - 575 - - 0.03 

  135 218 230 - 224 - - 0.05 386 342 - 364 - - 0.11 

Stabi80 70 278 281 - 280 - - 0.01 382 368 - 375 - - 0.03 

site T2   110 579 - - - - - - 607 684 - 646 - - 0.11 

  150 630 474 453 519 96.7 0.19 0.17 611 505 - 558 - - 0.17 

  70 232 230 - 231 - - 0.01 314 295 - 305 - - 0.06 

  110 379 - - - - - - 553 505 - 529 - - 0.08 

  150 661 708 - 685 - - 0.06 918 1080 - 999 - - 0.14 

  70 308 279 - 294 - - 0.09 427 407 - 417 - - 0.04 

  110 513 471 - 492 - - 0.08 876 790 - 833 - - 0.09 

  150 1040 1050 - 1045 - - 0.01 - - - - - - - 

Stabi80 80 97 102 102 100 2.4 0.02 0.03 128 122 125 125 2.4 0.02 0.02 

site T4   120 161 129 128 139 15.3 0.11 0.12 182 194 177 184 7.1 0.04 0.05 

Stabi80+65   
  

  38.1 0.11 0.06   
  

  52.6 0.11 0.06 

av. 28 and 91 d         21.5 0.07 0.06               

   FA JAM/KAI/KAU+CEMII. Stabi80+65 17.3 0.07 0.05     4.9 0.03 0.04 

av. 28 and 91 d     11.1 0.05 0.05        
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a) Clay from test sites T1, T5, T6 

b) Clay from test sites T1–T4   

c) Clay from test sites T1, T3, T4 

d) Clay from test sites T1–T6 

e) Clay from test site T1 

f) Clay from test sites T1, T3, T4 

g) Clay from test sites T3, T5, T6 

 

Figure 7. Correlation of COV and probability density of stabilization tests with different 

binders. Curing time: 28 d or 91 d. (a) KC20 and KC30, (b) GREEN, (c) POZ, (d) GTC2 

and GTC3, (e) CEM III/A and CEM III/B, (f) FA+CEM II (JAM+CEM II, KAI+CEM II 

and KAU+CEM II), and (g) Stabi65 and Stabi80.  

Figures 7a-f illustrates the distribution of the COV values of the stabilization test results for a 



31 

AIMS Geosciences  Volume 12, Issue 1, 1–51. 

specific binder. The distributions were observed to resemble log-normal distributions. Therefore, the 

corresponding log-normal distributions were fitted to the data via the method of moments.  

Table 14 presents the sample statistics (mean and SD) used to fit the log-normal distributions 

together with the derived 5% and 95% percentiles. Most binders have percentiles in the ranges of 

COV5% ≈ 0.01–0.02 and COV95% ≈ 0.1–0.2. However, the calcareous binders GREEN and POZ have 

wider percentile ranges: COV5% ≈ 0.02–0.04 and COV95% ≈ 0.2–0.3, respectively. Meanwhile, the FA-

containing binders JAM/KAI/KAU+CEM II have the narrowest percentile range (COV5% ≈ 0.01 and 

COV95% ≈ 0.1). In general, the mode value (the greatest likelihood) was found to be in the range of 

COV = 0.02–0.05.  

Table 14. Stabilization test results. Sample statistics (mean and SD) for the COV values 

defined via ŝx and the 5% and 95% percentiles were defined using the fitted log-normal 

distributions.  

Binder  COV (COVav.) SDCOV  COV5% COV95%  

KC20 and KC30 (calcareous) 0.065 0.057 0.014 0.169 

GREEN (calcareous) 0.103 0.085 0.024 0.259 

POZ (calcareous) 0.087 0.045 0.035 0.173 

GTC2 and GTC3 (gypsum-containing) 0.075 0.062 0.018 0.190 

CEM III/A and CEM III/B (BFS-containing) 0.038 0.024 0.013 0.084 

JAM/KAI/KAU+CEM II (FA-containing) 0.041 0.035 0.009 0.106 

Stabi65 and Stabi80 (FA-containing) 0.057 0.047 0.014 0.144 

3.3. Field to laboratory shear strength ratio pairs and results  

The resulting pairs of field strength to laboratory strength ratios and the average strength from 

stabilization tests were compiled into figures by binder (kF/L pair; see Section 2.1 and Equation 1). Trend 

graphs were also formed. The number of result pairs per test site and binders used in the formation of 

the graphs is shown in Table 15 (the result pairs are from six test sites).  

Field to laboratory shear strength ratios kF/L were determined and plotted as a function of 

laboratory strength lab for each binder. The Figures 8–14 show the determined field to laboratory shear 

strength ratios and their corresponding trend graphs as follows:  

• Lime cement (KC20 and KC30): Figure 8;  

• GREEN: Figure 9;  

• POZ: Figure 10; 

• GTC (GTC2 and GTC3), Figure 11;  

• CEM III (CEM III/A and CEM III/B): Figure 12;  

• FA+CEM II (JAM+CEM II, KAI+CEM II, KAU+CEM II): Figure 13; 

Stabi (Stabi65 and Stabi80): Figure 14. 
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Figure 8. Lime cement binders (KC20 and KC30). Field to laboratory shear strength ratio 

and laboratory shear strength of the soil mixes. Field and laboratory shear strengths are based 

on QC soundings and stabilization test results (average of parallel sounding and test results).  
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Figure 9. The GREEN binder. Field to laboratory shear strength ratio and laboratory shear 

strength of the soil mix.  
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Figure 10. The POZ binder. Field to laboratory shear strength ratio and laboratory shear 

strength of the soil mix.  
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Figure 11. GTC binders (GTC2 and GTC3). Field to laboratory shear strength ratio and 

laboratory shear strength of the soil mix.  
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Figure 12. CEM III binders (CEM III/A and CEM III/B). Field to laboratory shear strength 

ratio and laboratory shear strength of the soil mixes.  
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Figure 13. FA+CEM II binders (JAM+CEM II, KAI+CEM II, and KAU+CEM II). Field 

to laboratory shear strength ratio and laboratory shear strength of the soil mixes.  
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Figure 14. InfraStabi binders (Stabi65 and Stabi80). Field to laboratory shear strength ratio 

and laboratory shear strength of the soil mixes.  

Table 15. The number of result pairs kF/Lpair used to determine the field to laboratory 

strength ratio kF/L nomogram.  

Binder type Calcareous Gypsum  BFS  FA-containing  

Binder KC GREEN POZ GTC CEM III FA+CEM II Stabi  

Test site T1 – 26 23 23 44 48 – 164 

T2 2 2 – 3 – – – 7 

T3 – 4 4 9 – 14 8 39 

T4 – 3 5 3 – 6 – 17 

T5 12 – – 15 – – 17 44 

T6 1 – – 1 – – 1 3 

 15 35 32 54 44 68 26 274 

3.4. Field to laboratory strength ratio: Transformation uncertainty and simulation-based validation  

The defined transformation uncertainties for each nomogram trendline by binder are collected in 

Table 16. All trendlines have a small bias (b  1.1); the mean bias is often found to be slightly greater 

than 1 because the error terms tend to follow a log-normal distribution (see, e.g., [88]), as was observed 

in the residual analysis (see Figure 15b). Figure 15a also illustrates the trendline ± 1 SD scatter lines 

calculated via the transformation uncertainty δ (COV). Transformation uncertainties were found to be 

mostly in the range of δ = 0.4–0.5, i.e., medium variability [89]. As a comparison, transformation models 

which are used to estimate geotechnical properties using indirect methods usually have δ = 0.3–0.9 [90].  
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Figure 15. Example of probability density histograms for (a) τlab and τfield values; (b) field 

to laboratory ratios kF/L for a Monte Carlo simulation (GTC binder).  

Table 16. The transformation uncertainties in the trendlines used to define characteristic 

“cautious mean” curves and the results of the simulation-based validation.  

Binder type Trendline  

(x = τlab in kPa)  

n Bias 

b 

δ  

(COV) 

COVav, 

τlab 

COVav,  

τfield 

Vali-

dation 

Calcareous binders        

  Lime cement (KC20, KC30) kF/L = 14.481x–0.486 15 1.12 0.532 0.09 0.36 A 

  GREEN kF/L = 31.897x–0.624 35 1.09 0.447 0.09 0.36 C 

  POZ kF/L = 27.449x–0.595 32 1.11 0.382 0.09 0.36 C 

Gypsum-containing binders        

  GTC (GTC2, GTC3) kF/L = 16.663x–0.553 54 1.11 0.476 0.08 0.33 B 

Blast furnace slag binders        

  CEM III/A and CEM III/B kF/L = 216.7x–0.935 44 1.12 0.547 0.04 0.48 B 

FA-containing binders        

  JAM/KAI/KAU+CEM II kF/L = 49.644x–0.762 68 1.12 0.530 0.05 0.33 B 

  Stabi (Stabi65, Stabi80) kF/L = 92.636x–0.898 26 1.10 0.450 0.05 0.33 C 

Note: A, aligns well, slightly larger than the characteristic kF/L; B, aligns well, slightly larger than the characteristic kF/L at 

smaller laboratory shear strength values; C, aligns almost entirely with the characteristic curve.  

Simulation-based validation of the defined characteristic trendlines was performed using the 

average COV values listed in Table 16. Figures 15 and 16–22 illustrate this validation. The characteristic 

trendline (which would roughly correspond to a 31% percentile) was found to be mostly in good 

agreement with the 31% percentiles calculated using the generated kF/L values. The graphs illustrating 

the other simulation-based validations are presented in Figures 16–22. The results of the validation are 

collected in Table 16. For all the studied binders, the 31% percentiles calculated from simulated values 
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corresponded well with the characteristic “cautious” curve. The characteristic trendlines derived using 

Equation 7 with the determined δ values are collected in Figures 23–26.  

 

Figure 16. Monte Carlo simulation (KC20 and KC30): Characteristic curve, trendline with 

± 1 SD lines, and 31% percentiles of simulated ratios (left) and residual analysis (right). 

 

Figure 17. Monte Carlo simulation (GREEN): 31% characteristic curve, trendline with ± 

1 SD lines, and 31% percentiles of simulated ratios (left) and residual analysis (right). 
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Figure 18. Monte Carlo simulation (POZ): characteristic curve, trendline with ± 1 SD lines, 

and 31% percentiles of simulated ratios (left) and residual analysis (right). 

 

Figure 19. Monte Carlo simulation (GTC2 and GTC3): Characteristic curve, trendline 

with ± 1 SD lines and 31% percentiles of simulated ratios (left) and residual analysis (right).  
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Figure 20. Monte Carlo simulation (CEM III/A and CEMIII/B ): Characteristic curve, 

trendline with ± 1 SD lines, and 31% percentiles of simulated ratios (left) and residual 

analysis (right). 

 

Figure 21. Monte Carlo simulation (FA+CEM II): Characteristic curve, trendline with ± 1 

SD lines, and 31% percentiles of simulated ratios (left) and residual analysis (right). 
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Figure 22. Monte Carlo simulation (Stabi65 and Stabi80): Characteristic curve, trendline 

with ± 1 SD lines, and 31% percentiles of simulated ratios (left) and residual analysis 

(right). 

 

Figure 23. Calcareous binders (KC20, KC30, GREEN, and POZ). Trendline and the 

characteristic “cautious mean” curve for estimating the field to laboratory shear strength 

ratio from the average τlab for column-stabilized soil mixes. 
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Figure 24. Gypsum-containing binders (GTC2 and GTC3). Trendline and the 

characteristic “cautious mean” curve for estimating the field to laboratory shear strength 

ratio from the average τlab for column-stabilized soil mixes.  

 

Figure 25. BSF-containing binders (CEM III/A and CEM III/B). Trendline and the 

characteristic “cautious mean” curve for estimating the field to laboratory shear strength 

ratio from the average τlab for column-stabilized soil mixes.  
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Figure 26. FA-containing binders (JAM+CEM II, KAI+CEM II, KAU+CEM II, Stabi65, 

and Stabi80). Trendline and the characteristic “cautious mean” curve for estimating the field 

to laboratory shear strength ratio from the average τlab for column-stabilized soil mixes.  

4.  Discussion  

The design strength of the columns and the binder recipe can be determined most reliably on the 

basis of the results of QC soundings of the test columns or earlier production columns. When the QC 

sounding results of the columns implemented in the design area are not available, the design strength 

can be determined from the field to laboratory strength ratio and the results of the stabilization tests 

performed on the site's clay samples and potential binders.  

It is widely accepted that in the laboratory, the mixture of binder and clay is more uniform than 

that of in situ columns. When mixing in situ columns using the dry method, a binder is blown into the 

mixing tool, which can cause loosening of the soil mix. For these reasons, higher strengths are usually 

achieved in the laboratory. On the other hand, the volume of the curing stabilization test specimen is a 

fraction of the volume of the curing column. For example, the cross-sectional area of a column with a 

diameter (D) of 700 mm is almost 200 times that of the D = 50-mm stabilization test specimen, and thus 

the volume of the stabilization test sample is only 0.05% of the volume of a 1-m-long D = 700 mm 

column. Hence, the in situ binder reaction is caused by a significantly larger amount of binder and soil 

mix, and the hardening temperature can be significantly higher, resulting in faster hardening of the in 

situ columns than for laboratory test specimens. The difference in the rate of curing of columns and 

laboratory specimens is the greatest at the beginning of curing, but the difference evens out quickly, 

which can be observed when examining, for example, the strengths of test columns and stabilization 

tests at curing ages of 7, 28, 50 and 90 d [19]. From 28 to 91 d, the field to laboratory shear strength 

ratio seems to decrease compared with the ratio at 7 days. In this article, all examinations are based on 

the shear strengths of test columns hardened for 28–90 d and stabilization tests, meaning that the effect 

of the initial curing rate has been minimized.  
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The COV and ŝx/avg values of the stabilization test results, which have been utilized in the result 

pairs (kL/F), have been determined. The approximation method used to estimate the standard deviation 

ŝx (Equation 5) has been formulated for a normal distribution, while the soil mix’s shear strength is 

often assumed to follow a log-normal distribution. However, the estimated COV values for the 

variability of τlab are mostly in the range of 0.1–0.2 which indicates that the log-normal distribution 

closely resembles the normal distribution. Hence, the possible error arising from differing underlying 

probability distributions is estimated to be small. For the calcareous and gypsum-containing binders, the 

COVav and ŝx/avg values (28 + 91 d) are 0.07–0.10; for BFS-containing binders, they are 0.03–0.04; 

and for FA-containing binders, they are 0.03–0.07. According to the results, COV is clearly higher for 

calcareous and gypsum-containing binder types than for BFS- and FA-containing binder types. The 

COV values of the UCS results of the very extensive stabilization test series presented by Aalto [73] 

are at the same level: The lowest COVav (0.04) has been determined for the CEM II-stabilized soil mix 

while the highest COVav (0.07) has been determined for the lime cement-stabilized soil mix, and the 

COVav (0.05) in between has been determined for the GTC-stabilized soil mix.  

The COV values thus determined were utilized in the statistical examinations. According to the 

statistical analyses, laboratory strength kL/F graphs that consider the underlying uncertainties have been 

determined using two approaches: Cautious trendlines based on the determined transformation 

uncertainty (δ) and simulation-based validation. Simulation-based validation of the defined characteristic 

trendlines was performed using the average COV values based on stabilization test and QC sounding 

results. The characteristic trendline was found to be mostly in good agreement with the 31% percentiles 

calculated using the generated kF/L values. For all the studied binders, the 31% percentiles calculated from 

simulated values corresponded well with the characteristic “cautious” curve. In the newly derived graphs, 

the kF/L coefficient reduced with an increasing τlab and it is equal to1.0 when the shear strength determined 

by the stabilization tests is τlab ≈ 100 kPa with the binders KC, GTC, FA+CEM, and Stabi; τlab ≈ 170 kPa 

with the binders GREEN and POZ; and τlab ≈ 220 kPa with the binder CEM III. In the trendlines directly 

determined from the result pairs, before the statistical examinations, the kF/L ratio was 1.0 when the 

laboratory shear strength was 150–300 kPa. It is noteworthy that even though the 31% percentile was 

chosen as the definition of the characteristic cautious trendline in this study, the determined 

transformation uncertainties δ can be utilized to derive other percentiles too (e.g., 5%).  

In connection with this work, the need for revision of the guidelines regarding the execution of 

QC soundings and analyzing the results has been recognized. The FTIA has planned revision work to 

take place in a few years. The need to supplement the QC guidelines has also been identified in other 

Nordic countries [79].  

5. Conclusions 

Extensive experimental field and laboratory strength data were collected and analyzed to study 

the variation in strength (COV) and the field to laboratory strength ratio of columns stabilized with 

lime cement and low-carbon binders. With low-carbon binders, the emissions related to deep mixing 

can typically be reduced by 60–70%. The binders investigated in this study can be divided into four 

groups according to their raw material compositions and performance: Calcareous, gypsum-containing, 

BFS-containing, and FA-containing.  
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The effect of the shear strength τlab achieved in the stabilization tests on the COV value has been 

examined for different binder types. The stabilization test results studied are from six test sites with 

column-stabilized soft clay or organic clay. According to the results, COV is clearly higher for calcareous 

and gypsum-containing binder types than for BFS- and FA-containing binder types (COVav 0.07–0.10 

versus 0.03–0.07). The study considered curing times of 28 d and 90 d. The COV values for τlab are found 

to be of the same magnitude as the results presented earlier in the literature (see Figure 5). On the basis 

of the results, it cannot be said that the curing time of 28 d or 90 d influences the COV value. 

The stabilization results show that the greatest shear strengths have been achieved with BFS-

containing binders (CEM III/A and CEM III/B). Meanwhile, the lowest strengths have been achieved 

with FA+CEM II 7:3 mixtures, where the biomass incineration ash is directly from the silo and the 

dry ash is mixed with cement at the test site. The strengths of clay stabilized with calcareous and 

gypsum-containing binders were between the strengths achieved with the two binder types 

mentioned above.  

Field to laboratory strength ratio nomograms have been formed from result pairs (274 pcs), where 

the field shear strength is based on the QC sounding results (660 diagrams) of the test columns and the 

laboratory shear strength τlab is based on the stabilization test results. The stabilization tests (1130 UCS 

tests) have been carried out with clay samples taken from the clay layers on which the test columns 

have been implemented. The same binder recipes and curing times have been used in the stabilization 

tests as in the test columns. The result pairs were compiled into figures with average τlab on the 

horizontal axis and field to laboratory strength ratio (kF/L) on the vertical axis. Trendlines have been 

defined for the result pairs representing different binders, based on which, similar behavior was 

observed for all binder types: As the laboratory strength increases, the field to laboratory strength ratio 

decreases. As these field to laboratory strength ratio nomograms are affected by various sources of 

uncertainty, the characteristic “cautious mean” curves were derived in addition to trendlines fitted to 

the data. The transformation uncertainty (COV) related to predicting kF/L from the average τlab was 

found to be in the range of δ = 0.4–0.5.  

The methods for determining the shear strength of soil mixes were the same as those used in 

Finland for the QC soundings of stabilized columns in deep mixing contracts and for stabilization tests 

in the design phase. The nomograms formed in this work will be utilized in the FTIA’s next revision 

of the Deep Stabilization Guidelines, which is planned to be executed in 2026–2027. Prior to that, new 

test stabilizations and production-based stabilizations with low-carbon binders have been and will be 

implemented. Those results can be compared with the derived nomograms, and their compatibility can 

be validated. The 2001 nomogram in the FTIA guidelines does not consider, for example, the positive 

effect of loading during curing [13,55], which should also be included in the guidelines.  

This article analyzed the macroscopic effects of various low-carbon binders. It is recommended that 

future studies incorporate relevant microstructural investigations (e.g., X-ray diffraction, Fourier 

transform infrared, scanning electron microscopy–energy-dispersive X-ray spectroscopy) to acquire 

more information on the chemistry of the soil and binder and their effects on curing at the test sites.  
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