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ABSTRACT: Producing a jet-grouted element in clayey soils does not always guarantee the uniformity of the treated subsoils, the 

strength and deformation properties of which vary enormously. A deterministic approach to define the modulus of deformation of the 

element involves usage of the mean value of the set samples and does not explicitly take into account the uncertainty of the value, 

which can lead to a conservative estimate of the bearing capacity. This article discusses the application of the probabilistic approach 

to the vertical load evaluation for the treated array with a random field for deformation modulus, generated by a series of the Monte-

Carlo simulations. The random field is compared with the experimental data. The end result is probability distributions of the load-

settlement behavior for jet-grouted array in clayey soils with different liquidity index Il. 

 

1  INTRODUCTION 

Alteration of natural soil property by jetting high-pressurized 
liquid cement to improve the soil engineering performance has 
found application in a large number of geotechnical tasks over 
the past two decades. Considerable experience in employing the 
jet-grouting technique to improve subsurface soils in a wide 
variety of geological conditions for the projects of cultural, 
heritage, social, sport destination and significance has been 
accumulated in the Russian Federation. An obvious advantage 
of the technology is the ability to produce an array relatively 
fast. The array srength is two orders of magnitude higher than 
the strength of natural soils, and quite well corresponds to the 
strength of concrete.  

Strength and deformation caracteristics of a jet-grouted (or 
soilcement, SC) column are governed by the inherent soils 
strata, their water saturation, chosen technology (jet-1, jet-2 or 
jet-3), and cement consumption. At that the geometrical 
parameters (shape and dimension) of the column depend on 
jetting pressure, lifting and rotating rate, slurry spout. 
Determination of such properties is a multifactor task. 
Nevertheless, one of the uncertainties of the jet-grouted material 
is still connected with technological features. Application of the 
technique in sandy soils produces the most predictable outcome, 
while in clayey soils it results in a set of uncertanties. 
Nontheless, employment of the jet-grouting technique in clayey 
soils is of a scientific and practical interest in view of appraising 
its effectiveness, feasibility and rational use. During the process 
of mixing natural dense soils weak zones may occur due to 
inclusion of poorly mixed soils. Conversely, jet-grouting 
process enhances soil by compacting the adjecent array due to 
hydraulic fracturing with the target zone of 2-2,5D where D is 
the diameter of the element (Modoni 2012, Lanko 2013). These 
circumstances are of great importance in assigning the 
parameters of a treated array and conducting preliminary 
calculations. Such hardening of the adjacent soils, as well as 
heterogeneity of soil-cement (SC) are not taken into account in 
the geotechnocal design, and structural solutions are 
excessively conservative. 

Often, SC elements, arranged in clayey soils, work on 
vertical compressing loads in such foundation structures as 
slabs or strip foundations (for example in heritage buildings). 
Thus, the SC elements work either as pile elements with a 
certain bearing capacity, or as a fixed massif with increased 
strength and deformation characteristics.  

For practical application of the technology in clayey soils, it 
is worth knowing both the features of pile work under load and 
rational field of application. This paper presents the use of 

probabilistic analysis to estimate the impact of inhomogeneity’s 
degree of a treated area on its load-settlement response. In order 
to identify the influence a comparison is made for SC columns 
produced in three clayey soils with different liquidity index Il. 

2  STATISTICAL ESTIMATION OF SOILCEMENT 
DEFORMATION PROPERTIES  

Two parameters, the compressive strength Rc and deformation 
modulus Ed (in this paper the secant modulus is used which 
determined at 50% loading level of samples), which can be 
obtained from uniaxial compression strength (UCS) on the 
sample cored from the element, show the quality of the treated 
array. The value of Rc and Ed, in turn, depends on the age of 
samples, the quality of their readiness for testing, and 
interpretation of results. Despite the relative simplicity in terms 
of the method determination for the modulus of SC, such tests 
are carried out rarely, and then empirical dependences of these 
quantities are used for preliminary calculations. In the simplest 
form, the experimental dependence can be written by means of 
a linear equation Ed=k∙Rc, where Ed, in fact, is a random 
variable. The factor k, which includes uncertainties of the 
ground-cement material, in the papers by different authors 
ranges from 100 to 300 for cohesive soils (Fig. 1), and from 400 
to 800 for sandy materials. 
 

Fig. 1. Deformation modulus (Ed in GPa) of SC elements depending on 

USC (Rc in MPa) and its approximating linear function obtained in 

arrangement of SC columns in different clayey soils. 

 
The random variable Ed which is subject to the lognormal 

distribution law is characterized by the following indicators: 
mean value of the parameter (�̅�), its standard deviation (S2) and 
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coefficient of variation (COVX, %), which depends on a number 
of trials (N). 
 

Table 1. Statistical analysis of SC parameters depending on natural soil 

# Natural soils type N 𝑅𝑐, MPa 𝐸𝑑, GPa COVЕ, % 

1 Silty clay & sand 250 7 0,68 52 

2 Firm clay 44 2,8 1,4 14 

3 Stiff clay 18 3,7 1,8 38 

 
In this paper the deformation modulus is considered to be 

stochastic, and to statistically quantify the indicators three 
different field trials in clayey soils of different liquidity index Il. 
(1-Lanko, 2013; 2,3-Khusainov, 2015) were examined and 
adopted for the current study (Table 1). The statistical analysis 
(Table 1) shows a clear correlation between COVE and soil 
heterogeneity. 

3  LOAD-SETTLEMENT ANALYSIS 

To analyze the effect of variability of the SC deformation 
properties (Ed) as a function of the random variable that taking 
into account soil and technological uncertainties was determind 
the bearing capacity of soil-cement elements in clay soils for 
two schemes. Scheme (a) a group of piles (D+D) and scheme 
(b) a treated array of width of 3D, with a reduced elastic 
modulus that may also take into account the compacting of the 
adjacent soil (Fig. 2). The load (in kN/m2) on SC elements was 
transferred through a strip foundation. It should be noted that 
deterministic and stochastic calculations were performed for 
every calculation scheme.  

An array of natural soil and SC were modeled by the Mohr-
Coulomb model. Calculations were conducted for the following 
initial soil characteristics: (1) silty clay and sands with the 
following physical and mechanical characteristics IL=1.25, 
=24˚, Е=10MPa, =19kN/m3, с=9kPa; (2) firm clay - IL=0.43, 
=18,4kN/m3, =18˚, с=29kPa, Е=18MPa; (3) stiff clay soils - 
IL<0, =26˚, с=62kPa, =20,2kN/m3, Е=32MPa. Properties for 
SC: =18,0kN/m3, =40˚, с=380kPa, Е are given in Table 1. 

 

 
Fig. 2. Design scheme used for the analysis of “strip foundation-SC 

elements” system, distribution of USC (Rc in MPa) of the sample in 

depth and a random field for Ed of SC produced in silty clay&sand soil. 
 

Probabilistic modeling was carried out using the Monte 
Carlo method implemented in the Optum CE program 
(Krabbenhoft K., 2016). As a result of modeling, a random 
number field was constructed for the given random variable Ed. 
The spatial variability of the random variable was described by 
the length of correlation (i.e. distance at which the measured 
values are to be compared in the X and Y directions), which 

provided a relatively strict properties ratio for the parameter and 
was compared with the experimental data obtained from the 
clayey soils sites (Fig. 2). 

The load-settlement responses of two different schemes are 

given in Fig. 3. The load was taken as an ultimate load for a 

settlement of 10 cm. The comparison between simulated curves 

showed a strong agreement of increase in the perceived load 

with a decrease in the liquidity index Il and, correspondingly, an 

increase in the modulus of deformation of the ground cement. A 

series of calculations according to the scheme (a) showed good 

correspondence between two approaches, namely deterministic 

and probabilistic (in the graph a solid thin line shows the results 

for a deterministic approach). The figure also shows the 

responses of experimental field trial SC columns in firm clay 

(Gotman, 2012) and in sand (Modoni, 2012). The results of the 

series (b), dotted lines in the graph, showed variance of 

estimated bearing capacity, which is exceed the deterministic 

approach to about 1.4 times. 
 

 
Fig. 3. Load-settlement curves of the test foundation for clay soils 

compared with experimental field trial data in sand soils (Modoni, 2012) 

and clay soils (Gotman, 2012). 

4  SUMMARY 

In the study different simulation computations in clayey 
soils were accomplished concerning jet-grouted element 
resistance to vertical load. Thereby it was pointed out how 
probabilistic approaches done by the Monte-Carlo simulation 
can be realized. Random field was compared with the 
distribution of experimental data cored in jet-grouted elements. 

Using the example of strip foundation underpinned by the 
jet-grouted elements the influence of liquidity index Il of natural 
soils and thereby the deformation modulus of elements (as a 
function of USC) was examined. It is shown that during the 
decreasing of Il the stochastic nature of the deformation 
modulus in the treaded soils have strong influence and therefore 
must be considered. Comparison of the ultimate load between 
constant and distributed deformation modulus shows good 
agreement in the results.  
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