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Abstract
Colloidal silica is a relatively new grouting material used in soil improvement projects. A series of mechanical tests on a sand with different dilution grades of the binder, i.e. 40, 30 and 20% solid content have been performed. Unconfined compressive strength. at 7, 28 and 56 days, shear tests and permeability tests at 7 days were assessed. A statistical interpretation of these data have been performed and values were interpreted. A mathematical prediction model was suggested to estimate the mechanical strength of the grouted sand as the dilution grade varies. Furthermore, some considerations useful for geotechnical design on the evolution over time of the mechanical characteristics of the grouted sands have been carried out. Results show that colloidal silica is a promising binder for ground improvement applications and that it is now possible to define in detail the type and dosage of the injected substance according to the stress level and hydraulic pressures envisaged by the geotechnical design for the grouted sand.
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Introduction
Grouting is a process of injecting a initially fluid material into the soil to improve its strength and decrease the permeability. Grouting technologies have been used for decades to address various soil-related problems, such as soil stabilization, water control, and foundation support (Nicholson, 2015). The optimal soil types for permeation grouting are cohesionless soils, such as clean sands or sand with minimal particles concentration, and the injectability parameters are typically described in terms of host soil water conductivity, also known as "permeability." (Fraccica et al., 2022a). Among novel technologies for ground improvement (Bocci et al., 2022; Getchell et al., 2022; Pratter et al., 2022), colloidal silica (CS) is still a relatively new grouting material used in soil improvement projects such as foundations stabilization (Spagnoli et al., 2022), soil liquefaction mitigation (Salvatore et al., 2020), removals of contaminant (Rabbani et al., 2016) or in tunneling applications (Butrón et al., 2010) because of its unique properties and benefits. CS is an aqueous suspension of tiny silica particles made from saturated silicic acid solutions (Iler, 1979). Ion-exchange resin is used to remove alkali from sodium silicate to create CS. Colloids range in diameter from 0.002 µm to 0.1 µm. When the electrical double layer surrounding the colloid surface is broken, the CS gels by altering the ionic strength and pH of the dispersion. Siloxane radicals (Si-OH) start to condense on the surface of the colloids, creating a mass of linked spherical colloids (Liao et al., 2003). The gel is created by separate sol particles colliding. Particles approach one another as the ionic concentration rises. The grout's silica content directly relates to the gel density, which in turn determines how much strength the soil receives (Salvatore et al., 2020). The persistent gel that CS creates holds soil particles together and offers deformation resistance. In this application, the colloidal silica both fills the pore spaces and binds the individual soil particles (Gallagher et al., 2007). The structure of the gel can be stable for a very long time because there are no sodium ions in it (Yonekura, 1996).
Several studies are present in the technical literature about the application of CS for soil improvement purposes (e.g. Noll et al., 1992; Diáz-Rodrguez et al., 2008; Porcino et al., 2012; Vranna and Tika, 2015; Georgiannou et al., 2017; Fraccica et al., 2022a; 2022b; Spagnoli and Tintelnot, 2022). However, no information is provided about the appropriate use of CS for improving soil hydro-mechanical behavior.
Based on the large data provided by Spagnoli and Collico (2023), in this paper a statistical analysis is obtained and some mathematical tools are suggested to understand the optimum dilution rates of the CS to achieve certain soil mechanical improvements.
Methodology
Extensive laboratory test results have been presented by Spagnoli and Tintelnot (2022) and Spagnoli and Collico (2023) on a sand with the properties shown in Tab. 1.
Tab. 1 Particle size distribution of the sand in the untreated state. Cu = D60/D10, Cc = (D30)2/(D10∙D60) (modified after Spagnoli and Tintelnot 2022)
	Property
	Value

	D60 (mm)
	0.18

	D50 (mm)
	0.16

	D30 (mm)
	0.15

	D10 (mm)
	0.12

	Coefficient of uniformity Cu
	1.50

	Coefficient of curvature Cc
	1.04

	Specific gravity, Gs
	2.662

	Dry density at loose state  Mg/m3
	1.31

	Dry density at dense state ; Mg/m3
	1.59



Unconfined compressive strength (UCS), permeability, , tests, direct and ring shear tests on three dilution grades of the CS, i.e. 40, 30 and 20% of solid content, were performed. All three versions used the same quantity of hardener—10% NaCl—at a 20% volume ratio for 40 and 30%, and at a 30% volume ratio for 20% solid content. Laboratory sample preparation and data have been extensively described in Spagnoli and Tintelnot (2022) and Spagnoli and Collico (2023). However, no statistical interpretation has been previously discussed on these results. Tab. 2 shows the hydro-mechanical results of CS-grouted soils extracted from Spagnoli and Collico (2023).


Tab. 2 List of obtained hydro-mechanical results for CS-grouted soils (from Spagnoli and Collico, 2023).
	Seq.
	UCS [kPa]
7 days
	UCS [kPa]
28 days
	UCS [kPa]
56 days
	k-value
7 days [m/s]
	Φ’ peak
(°)
	c [kPa]
	Φ’ res.
(°)

	CS with 40% solid content

	1
	636.3
	365.9
	913.8
	4.3E-10
	50.9
	44.8
	39.9

	2
	426.2
	743.6
	708.9
	9.20E-10
	52.4
	44.9
	30.8

	3
	439.7
	489.7
	638.2
	2.10E-06
	52.6
	32.6
	36.1

	4
	589.4
	306.0
	771.5
	2.70E-09
	52.9
	42.8
	34.2

	5
	579.0
	428.9
	667.2
	5.20E-10
	52.0
	42.3
	37.5

	6
	450.2
	392.8
	837.6
	4.30E-10
	50.5
	40.6
	32.6

	7
	466.6
	589.0
	638.5
	1.20E-09
	50.6
	39.7
	31.3

	8
	550.5
	526.8
	791.2
	8.20E-10
	50.7
	40.0
	38.1

	9
	512.2
	462.0
	633.9
	7.20E-10
	50.2
	35.9
	35.5

	10
	429.3
	417.4
	795.4
	3.20E-09
	51.2
	41.7
	32.8

	CS with 30% solid content

	1
	229.4
	397.8
	338.7
	3.40E-09
	54.1
	24.1
	34.5

	2
	387.0
	379.5
	381.0
	4.10E-09
	51.2
	21.9
	35.3

	3
	296.5
	349.3
	314.4
	3.40E-09
	58.3
	16.2
	29.9

	4
	324.4
	362.9
	373.7
	2.30E-09
	50.6
	19.4
	35.3

	5
	334.0
	382.2
	372.7
	3.87E-09
	50.9
	17.7
	32.6

	6
	283.0
	387.3
	327.2
	2.46E-09
	50.8
	18.6
	32.8

	7
	293.6
	378.7
	371.3
	3.42E-09
	50.1
	17.7
	32.9

	8
	315.0
	385.0
	343.3
	3.34E-09
	50.9
	23.2
	32.7

	9
	300.5
	397.1
	312.7
	2.41E-09
	50.5
	18.6
	30.3

	10
	305.2
	375.2
	330.5
	3.53E-09
	50.2
	23.1
	34.6

	CS with 20% solid content

	1
	137.70
	206.60
	191.80
	5.50E-09
	48.18
	22.3
	39.00

	2
	147.90
	147.40
	192.50
	2.80E-09
	47.71
	28.7
	34.70

	3
	191.10
	164.80
	191.40
	1.92E-09
	43.04
	28.6
	35.30

	4
	175.77
	190.62
	189.64
	3.54E-09
	43.35
	20.0
	32.90

	5
	159.00
	180.03
	208.51
	8.20E-08
	49.12
	17.3
	31.88

	6
	185.89
	171.22
	196.47
	2.86E-09
	47.19
	17.3
	31.97

	7
	168.81
	203.93
	196.86
	3.91E-09
	43.54
	19.0
	29.21

	8
	156.74
	172.31
	212.90
	2.27E-09
	48.17
	18.7
	31.50

	9
	193.93
	188.51
	203.21
	4.12E-08
	45.54
	17.8
	30.59


Statistical analysis
Tab. 3 shows the summary statistics for the data of Tab. 1. It is worth to mention from Tab. 2, the skewness and kurtosis, which are two statistical measures that describe the shape of a probability distribution. Skewness measures the asymmetry of a distribution. A distribution is considered to be symmetric if it is evenly distributed around its mean. Positive skewness indicates that the tail of the distribution is longer on the right side of the mean, while negative skewness indicates that the tail is longer on the left side of the mean. Kurtosis measures the degree of flatness of a distribution. A distribution with high kurtosis has a sharp peak and heavy tails, while a distribution with low kurtosis has a flatter peak and lighter tails. Skewness and kurtosis are important in statistical analysis because they can help to identify departures from normality, which is an important assumption in many statistical tests (Freedman et al., 2007). From the data of Tab. 3, normality tests and a comparison of the data considering the variance and median will be commented. Normality tests are statistical methods used to determine whether a data set is normally distributed, which means that the data are symmetrically distributed around the mean, forming a bell-shaped curve (Wackerly et al., 2008). The method used for testing normality is the Anderson-Darling (AD) test, which is an extension of the Kolmogorov-Smirnov test and is based on the difference between the empirical cumulative distribution function (ECDF) of the sample and the theoretical cumulative distribution function (CDF) of the specified distribution. The AD test statistic is calculated using the simpliflied equation (Anderson and Darling, 1954):
											(1)
where  is the sample size,  is the sum of squared differences between the ECDF and the CDF. 
The null hypothesis of the AD test is that the sample comes from the specified distribution. If the test statistic is greater than the critical value, the null hypothesis is rejected, and it is concluded that the sample does not come from the specified distribution. If the test statistic is less than the critical value, the null hypothesis is not rejected, and it is concluded that the sample may come from the specified distribution (Anderson and Darling, 1954). Data will be analyzed whether they follow a normal distribution and several techniques will be implemented to understand whether a difference in mean and variance is given for the data sets. Tests for variance and means are statistical tests used to evaluate whether a sample of data is significantly different from a known or expected value. Test for means compares the mean of the sample to the known or expected value and calculates the probability of obtaining the observed sample mean if the true population mean is equal to the known or expected value. If this probability is sufficiently small, typically less than 0.05, then the null hypothesis  (that the sample mean is not significantly different from the known or expected value) is rejected in favor of the alternative hypothesis . Test variance compares the ratio of the sample variance to the known or expected variance and calculates the probability of obtaining this ratio if the true population variances are equal. If this probability is sufficiently small, typically less than 0.05 then  (that the sample variance is not significantly different from the known or expected value) is rejected in favor of  (McClave et al., 2014) 









Tab. 3 Descriptive statistics of the data of Spagnoli and Collico (2023).
	40% solid content

	
	UCS (kPa)-7 days
	UCS (kPa)-28 days
	UCS (kPa)-56 days
	-value at 7 days (m/s)
	Φ’ peak
(°)
	c [kPa]
	Φ’ res.
(°)

	Statistics
	
	
	
	
	
	
	

	Mean
	507.94
	472.21
	739.62
	2.11∙10-7
	51.40
	40.51
	34.88

	Min
	426.20
	306.04
	633.93
	4.30∙10-10
	50.197
	32.6
	30.8

	Max
	636.30
	743.60
	913.80
	2.10∙10-6
	52.918
	44.9
	39.9

	Skewness
	0.46
	1.07
	0.44
	3.16
	0.41
	-1.02
	0.21

	Kurtosis
	-1.37
	1.51
	-0.89
	9.99
	-1.61
	0.86
	-1.13

	Standard Deviation (Population)
	72.49
	118.65
	91.98
	6.29∙10-7
	0.939
	3.62
	2.90

	30% solid content

	Mean
	306.86
	379.50
	346.54
	3.22∙10-9
	51.76
	20.05
	33.09

	Min
	229.40
	349.30
	312.68
	2.30∙10-9
	50.13
	16.20
	29.90

	Max
	387.00
	397.80
	381.00
	4.10∙10-9
	58.30
	24.10
	35.30

	Skewness
	0.12
	-0.86
	0.08
	-0.44
	2.29
	0.27
	-0.57

	Kurtosis
	2.30
	0.87
	-1.78
	-1.03
	5.18
	-1.58
	-0.59

	Standard Deviation (Population)
	37.98
	13.96
	24.71
	5.90∙10-10
	2.42
	2.64
	1.79

	20% solid content

	Mean
	171.14
	178.37
	197.81
	1.49∙10-8
	46.22
	21.15
	32.61

	Min
	137.70
	147.40
	189.63
	1.92∙10-9
	43.04
	17.29
	29.13

	Max
	194.63
	206.60
	212.90
	8.20∙10-8
	49.12
	28.67
	39.00

	Skewness
	-0.30
	0.02
	1.03
	2.30
	-0.40
	1.15
	0.98

	Kurtosis
	-1.29
	-0.82
	-0.08
	4.99
	-1.50
	0.05
	0.94

	Standard Deviation (Population)
	19.30
	18.26
	7.44
	2.50∙10-8
	2.12
	4.07
	2.87



Mathematical prediction model
To evaluate in detail the mechanical characteristics of the sand consolidated with CS of different dilution grade of the solid content, a Gaussian probabilistic distribution of the population of the available data was assumed. For unconfined compressive strength (UCS), cohesion (c) and friction angle (peak and residual) the mean values () of the collected data and the standard deviation () were determined. Of particular interest is the variability of the parameters mentioned above in intervals associated with 90% confidence levels, i.e. the probability that a real value falls within the variability interval. Therefore, the intervals of variability, centered on the mean values, having a semi-amplitude of 1.2816∙  will be evaluated.
Figure 1 shows the average values and the extremes of the range of variability of the UCS as the curing time varies, for the three different dosages of the CS considered.

Fig. 1 UCS trend of the consolidated sand, as the curing time varies, for the three different dosages of CS considered: 40% (in blue colour), 30% (in green colour), 20% (in red colour). Legend: the solid line represents the mean values, the dotted lines represent the extreme values lower and higher) of the variability intervals associated with a 90% reliability.

As regards the long-term UCS, associated with a curing time of 56 days, it was possible to identify the value as the CS dilution grade varied (Figure 2). Also in this case, in addition to the average values, the extremes of the ranges of variability are shown. Obviously, as the CS dilution grade increases, the UCS increases. The three trends can be represented by parabolic curves:
Average trend
				(2a)
Lower end of the range (90% confidence)
					(2b)
Upper end of the range of variability (90% confidence)
				(2c)
Thanks to these equations it is possible to have a reliable estimate of the UCS values as the dilution grade (DG) varies and therefore to choose the value considered suitable for the particular engineering problem being faced.

Fig. 2 UCS trend of the consolidated sand, as the CS dosage varies, for a curing time of 56 days. Legend: the solid line represents the mean values, the dotted lines represent the extreme values (lower and higher) of the variability intervals associated with a 90% reliability.

For a curing time of 7 days it was also possible to evaluate the cohesion (Figure 3) and the friction angle (Figure 4) of the consolidated soil as the CS dilution grade varied. Also for these parameters the average values and the extremes of the variability range having a reliability of 90% are shown. For the angle of friction, the peak (in blue) and residual (in green) values are reported.
[image: ]
Fig. 3 Trend of the cohesion of the consolidated sand, as the dosage of CS varies, for a curing time of 7 days. Legend: the solid line represents the mean values, the dotted lines represent the extreme values lower and higher) of the variability intervals associated with a 90% reliability.
[image: ]
Fig. 4 Trend of the angle of friction of the consolidated sand, as the dosage of CS varies, for a curing time of 7 days. Legend: the solid line represents the average values, the dotted lines represent the extreme values lower and higher) of the variability intervals associated with a 90% reliability; in blue the values of the peak friction angle, in green those of the residual friction angle.
Results and discussion
Statistical analysis
Observing the data from Tab. 3, it is possible to observe that the -values for the 40% are higher than for 30% and 20%. However, this is due to the outlier (2.10∙106) obtained for the 40% solid content. By deleting the outlier, the -values for 40% is lower than for the other two solid contents.
Skewness values for all data are mostly positive (15 out of 21), meaning the values are mostly right skewed, i.e. indicating the presence of more extreme values on the right side of the distribution and data have more low values and a few very high values (Klein, 2010). As for kurtosis most of the data are negative (12 out of 21), indicating a platykurtic distribution, i.e. it is a distribution where data points are more spread out (Johnson and Wichern, 2007).
As for the normality tests, results are listed in Tab. 4 and some probability plots are shown in Fig. 5. It is possible to note as for p-values <0.05 data points are not sitting to the straight line. The main reason for explaining why some data do not follow the straight line lies likely in the non-normality of the data (Sheskin, 2011).
[image: ]
Fig. 5 Probability plots for UCS (top) and Φ’ peak (bottom) at 7d with 30% solid content.



Tab. 4 Normality test results according to the AD method for all test results.
	40% solid content

	
	UCS (kPa)-7 days
	UCS (kPa)-28 days
	UCS (kPa)-56 days
	-value at 7 days (m/s)
	Φ’ peak
(°)
	c [kPa]
	Φ’ res.
(°)

	Test statistic
	0.43
	0.30
	0.37
	3.19
	0.47
	0.38
	0.19

	p-Value
	0.23
	0.51
	0.33
	< .005
	0.18
	0.32
	0.85

	30% solid content

	Test statistic
	0.41
	0.33
	0.48
	0.62
	1.60
	0.45
	0.46

	p-Value
	0.27
	0.42
	0.17
	0.072
	< .005
	0.20
	0.20

	20% solid content

	Test statistic
	0.29
	0.15
	0.56
	2.10
	0.45
	0.76
	0.33

	p-Value
	0.51
	0.93
	0.10
	< .005
	0.21
	0.03
	0.44







A further analysis consisted in comparing the variance and the mean values of the test results. Several test sets were considered:
· UCS at all ages for 40% solid content only;
· UCS at all ages for 30% solid content only;
· UCS at all ages for 20% solid content only;
· UCS at 7 days for all solid contents;
· UCS at 28 days for all solid contents;
· UCS at 56 days for all solid contents;
· -values for all solid contents;
· Φ’ peak for all solid contents;
· Cohesion for all solid contents;
· Φ’ res for all solid contents.
For the mean analysis the ANOVA (Analysis of Variance) technique was used. It is a statistical technique used to compare the means of two or more groups of data to determine if there are any significant differences between them. It is used to test the hypothesis that the means of several populations are equal. ANOVA works by breaking down the total variation in a dataset into two components: variation within each group (called "within-group variation") and variation between the groups (called "between-group variation"). It then calculates an F-statistic, which is the ratio of the between-group variation to the within-group variation. If the F-statistic parameter is large enough, it indicates that the variation between the groups is significant, and that at least one group has a mean that is significantly different from the others (Rosenthal and Rosnow, 2008).
For the variance analysis the Bartlett test was used. It is a statistical test that is used to assess whether the variances of two or more groups of data are significantly different from each other. It is used to test the assumption of homogeneity of variances in the ANOVA (Analysis of Variance) method. The Bartlett test is commonly used when the data is normally distributed. The null hypothesis of the Bartlett test is that the variances of the groups are equal. 
The test statistic for the Bartlett test is based on the difference between the sum of squares of the logarithms of the group variances and the expected value of the sum of squares of the logarithms of the group variances under the null hypothesis. The test statistic follows a chi-square distribution with (k-1) degrees of freedom, where k is the number of groups. If the p-value of the test statistic is less than a chosen significance level (e.g., 0.05), it indicates that there is a significant evidence to reject the null hypothesis of equal variances, and conclude that the variances of the groups are not equal (Hogg et al., 2019).
If the compared data were not normally distributed (permeability value tests) the Levene’s test was used. The Levene's test is generally considered to be more robust than the Bartlett test when the data is not normally distributed. The null hypothesis of the Levene's test is that the variances of the groups are equal. The alternative hypothesis is that at least one of the group variances is significantly different from the others. The test statistic for the Levene's test is based on the absolute deviation of each observation from the group mean, and is calculated as:
									(3)
Where:
 is the sample size
 is the subgroup number
 is the sample size of the i th subgroup
 are the group means of the  and  is the overall mean of the .
The test statistic follows an F-distribution with (-1) and () degrees of freedom.
Tab. 5 shows the p-value test results. It is interesting to note that for UCS values compared at the same solid content normally the variance is equal but not the mean value. Comparing the UCS by curing age neither variance nor mean values are equal. The permeability tests data showed that both variance and mean values among each other are equal. For the friction angle, both peak and residual, the variances are equal but in one case the mean is equal (Φ’ res) and in the other it is not equal (Φ’ peak).



Tab. 5 Tests results for mean and variance of the data of Tab. 1
	Comparison
	Test type
	p-value result
	Result meaning

	UCS at 40% solid content
	Bartlett
	0.358
	Variance are equal

	UCS at 40% solid content
	ANOVA
	<0.001
	Means are different

	UCS at 30% solid content
	Bartlett
	0.021
	Variance are not equal

	UCS at 30% solid content
	ANOVA
	<0.001
	Means are different

	UCS at 20% solid content
	Bartlett
	0.024
	Variance are not equal

	UCS at 20% solid content
	ANOVA
	0.004
	Means are different

	UCS at 7 days all
	Bartlett
	0.001
	Variance are not equal

	UCS at 7 days all
	ANOVA
	<0.001
	Means are different

	UCS at 28 days all
	Bartlett
	<0.001
	Variance are not equal

	UCS at 28 days all
	ANOVA
	<0.001
	Means are different

	UCS at 56 days all
	Bartlett
	<0.001
	Variance are not equal

	UCS at 56 days all
	ANOVA
	<0.001
	Means are different

	Φ’ peak all
	Levene
	0.370
	Variance are equal

	Φ’ peak all
	ANOVA
	<0.001
	Means are different

	Φ’ res all
	Bartlett
	0.324
	Variance are equal

	Φ’ res all
	ANOVA
	0.162
	Means are not different

	Cohesion all
	Bartlett
	0.451
	Variance are equal

	Cohesion all
	ANOVA
	<0.001
	Means are different

	-values all
	Levene
	0.400
	Variance are equal

	-values all
	ANOVA
	0.407
	Means are not different






Mathematical prediction model
From the analysis of the results it is possible to detect how for CS dilution grade of 20 and 30% there is no significant increase in mechanical strength (UCS) for curing times greater than 7 days (Figure 1). For such low dosages, therefore, a curing time of 7 days could be sufficient to consider the consolidated sand suitable to be able to withstand the stress levels envisaged by the project. Furthermore, for the same dosages of 20 and 30%, the ranges of variability are relatively small and the average values, therefore, are to be considered representative of the mechanical strengths reached by the consolidated sand.
For CS dilution grade of 40% a significant increase in strength is detected for curing times greater than 28 days: at 56 days the UCS is more than 20% higher than the UCS detected at 28 days: therefore, at high CS dilution grades there is a delayed curing of the consolidated sand, which deserves to be evaluated in order to have an accurate estimate of the final strength to refer to. In this case too, however, no significant changes in UCS were found between 7 and 28 days of curing age. With a CS dilution grade of 40%, the range of variability is considerably amplified and, therefore, there is a greater uncertainty of the expected values.
Referring to a curing age of 56 days, representative of the completion of the chemical reactions leading to the consolidation of the sand, we note a significant growth of the strengths as the CS dilution grade increases (Figure 2): in passing from the dosage of 20% to the dosage by 40%, the UCS grows about 3.5 times (from about 200 to about 700 kPa). The semi-width of the variability interval also increases significantly: it is practically zero for the 20% dosage, reaching about 17% of the average value for a 40% dosage.
As regards the cohesion of the consolidated sand (Figure 3), evaluated at 7 days of curing age, approximately constant values can be noted for CS dilution grades of 20 and 30%, while a significant growth with a doubling of the value for a dosage of 40%. The half-width of the range of variability remains approximately constant, regardless of the CS dilution grade. The friction angles (peak and residual) are not greatly influenced by the CS dilution grade (Figure 4): the values remain equal to about 50° for the peak friction angle, about 33° for the residual. The semi-width of the range of variability associated with a 90% reliability is practically constant and equal to 3° for all CS dilution grades.
Conclusions
The sand grouting with low pressure injection of Colloidical Silica (CS) is nowadays a widespread technique and guarantees a significant improvement of the mechanical and hydraulic characteristics of the soil. The increase in strength and the decrease in permeability of the sand depends on the dosages adopted for the injected substance: it is therefore essential to be able to define the CS dilution grade in order to guarantee the ability of the soil to react to the expected stress levels and hydraulic pressures from the geotechnical project.
The results of mechanical tests on a sand injected with CS at various degrees of dilution were statistically interpreted. Statistical analyzes are an interesting index for analyzing the goodness of values. A mathematical prediction has been proposed. Normality tests were carried out for all mechanical tests. Most of the tests prove that the data are normally distributed, with the exception of three. A further analysis consisted in comparing the variance and the mean values of the test results. As regards mean values and variance for the values of UCS, angle of friction, cohesion and permeability, there is no a single trend.
With particular reference to the mechanical strength of the grouted sand, it was possible to detect how the evolution over time depends on the CS dilution grade: more specifically for high CS dilution grades, the maturation tends to last for long periods, over 28 days, reaching a strength of the grouted sand at 56 days, much higher than that detected at 28 days. The uncertainty of the strength estimate, i.e. the half-width of the variability interval associated with a relatively high probability (90%) also varies according to the dosage and is greater for high CS dilution grades.
The information gathered from the laboratory experimentation, treated on a statistical basis, allows to improve the knowledge of the sands injected with Colloidical Silica; this is able to lead to a greater precision choose of the dosages and of the characteristics of the substances that must be injected in order to achieve the strength and permeability parameters required by the geotechnical design.
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