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ABSTRACT 

Static penetration tests are among the recognized methods for testing soil in all 
regions of the world. The in-situ test is a quick way of obtaining results and a 
reliable method of continuous determination properties of soil in the ground where 
the soil has original geostatic stress. Index and mechanical properties of soil are not 
affected by sampling for laboratory testing. In designing buildings, field tests in 
combination with numerical modelling are currently preferred. In-situ tests 
determine the strength and deformation properties of soils that are directly input 
values into numerical calculations. 

Correct determination parameters of soil are the main requirement of the 
engineering-geological survey, which serves as basic documentation for designers 

-
ults of tests in 

a short period of time, so there is a trend in the world where some parameters of 
soil are determined from the penetration tests. These CPT tests give a basic view of 
the character of the soil. The article describes the basic procedures for determining 
the consolidation parameters of the soil using the results obtained by the static 
penetration test. The simulation of the dissipation test provides a picture that field 
tests are suitable for determining the consolidation parameters of fine-grained soil 
sediments. At the end of the article, we compare the values of consolidation 
parameters obtained by traditional techniques with values derived from the 
numerical analysis. 
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INTRODUCTION 

Soil consolidation theory assumes that the soil is compressible if the pore 
volume can be reduced while water can be pushed out of it. Soil temperature is 
constant but the pressure state changes during consolidation. The rheology of the 
two-phase system (soil skeleton and pore water) is generally studied as a part of 
mixtures theory [1]. Its special case is soil consolidation when the pores are filled 
with water. In a very short time, after the load is applied to the soil specimen, this 
two-phase system behaves as one-phase incompressible material [2].  



 
Under particular boundary conditions, an immediate deformation of the 

specimen takes place. After this, the soil undergoes a so-called filtration 
consolidation process that can be essentially described as the propagation of volume 
deformation wave [3]. 

In the process of multiphase material consolidation, we distinguish two basic 
forms of consolidation [1]: 

 Consolidation of a fully saturated material (soil) - it is assumed that the 
soil is composed of three components: skeleton, water, air. So-called 
primary or filtration consolidation is a specific process of soil mechanics. 

 Soil skeleton consolidation - During the consolidation process, the total 
stress is constant and practically equal to the effective stress, so the phase 
composition change is negligible. It occurs in dry and incompletely 
saturated soils with a negligible pore pressure gradient. From a rheological 
point of view, the consolidation of the skeleton is called creep - secondary 
consolidation. 

One of the advantages of static penetration testing (CPT) with the ability of 
pore pressure determination (CPTu), is the evaluation of the soil consolidation 
parameters found in the original state of the subsoil just under the future structures 
and buildings.  

The CPTu test with the pore pressure measurement is divided into two phases 
where the CPTu cone is penetrated into the subsoil with the continual measurement 
of cone tip resistance (qc), sleeve friction (fs) and pore pressure value (u2). At the 
required depth, the penetration is stopped, and only the pore pressure (u2) is 
measured continuously at the time (t). The pore pressure dissipation in time is 
interpreted as a dissipation curve that can be used to evaluate the consolidation 
factor (cv) [4].  

PROBLEM DESCRIPTION 

During the construction of the railway embankment in the sixties, when there 
was a great engineering boom in Slovakia, it was not always about the quality of 
the materials used. The ground constructions and the embankments could also be 
made of less suitable materials, which showed the poor lifetime of the structure in 
near future. This was also the case with the focused railway embankment and its 
subsoil, [5], [6]. The rapid construction and use of inappropriate materials have 
caused the embankment to sink and the rapid consolidation process of the original 
fine-grained compressible soils. 



 

Fig. 1: Deformation of the railway embankment 

The deformation of the railway embankment was remedied simply by levelling 
the top embankment using the coarse gravel. The refilled gravel grains were 
penetrated into the soft subsoil of the embankment due to the traffic load and the 
negative weather effects. After a long period of time when the remedy of the railway 
embankment was realized using the mentioned approach, a "bath" was formed in 
which precipitation water was concentrated. 

The presence of water over the clay layer had a negative effect on the 
consistency of the top layer of the embankment and thus created room for further 
deformation and consolidation.  

In the autumn long-time rainfalls, the saturated clay in the subsoil has reduced 
its strength parameters due to the water influence, [7]. The slide surface with 
reduced shear strength was created in the embankment and its top-level dropped 
about 0.5 m down. The described degradation and embankment remedy works are 
illustrated in Fig. 2.  



 

 

Fig. 2: The railway embankment deformation development 

CPTu DISSIPATION TEST ANALYSIS 

The theory of consolidation with respect to one axis assumes the compaction 
of soil and the displacement of water in only one direction. The neutral stress state 
caused by the load is changing in time due to the groundwater flow (drainage) [8]. 
By combining the Darcy law with the continuity condition of the solid and liquid 
phases, the relationship can be written: 

     (1) 

where e is the porosity number, t is the time, kz is the hydraulic conductivity in 
the vertical direction z. 

The effective stress principle in the soil is described by the equation 

     (2) 

Where  and  are stress increments due to an external load. 

If the soil pores are fully saturated with water then uv = u, by derivation of Eq.2 
and substituting the Eq.1, we get: 

   (3) 

Simplified Terzaghi's theory assumes that during the consolidation, the 
hydraulic conductivity and the total stress  are constant. This stress state is equal 
to the initial load and to the effective  stress state at the end of the consolidation 
process. Under the conditions that, t approaching infinity and u = 0, the following 
equation apply: 



(4)

and the relationship of the porosity number e and the effective stress  is linear: 

vm
e

´
     (5) 

where mv is the compressibility. By substituting Eq.4 and 5, the Eq.3 can be 
simplified for kz is constant, and the following relation shows up: 

    (6) 

in which cv is the consolidation factor: 

     (7) 

Eq.6 is the 2nd order partial differential equation. As a consequence of 
assumption described by Eq.4, that is the in time equality of the effective and total 
stress states according to Eq.2, it is possible to solve Eq.6 independently of the 
particular stress-strain relation. Thus, for example, the subsoil consolidation and the 
size of the final deformation are solved separately. 

PORE PRESSURE DISSIPATION - NUMERICAL SOLUTION 

Using the aforementioned theory, the pore pressure and its dissipation were 
solved by a numerical approach which adopts the meshless collocation (strong 
form) numerical method based on multiquadric (MQ) radial base function (RBF). 
RBF showed the ability to solve various engineering problems [9]. The MQ 
function used in this numerical study can be described as follows: 

    (8) 

Where r is Euclidean distance from the kernel origin to the point of interest x 

prescribed relation between nodes of discretization as in the finite element method 
(FEM) or node position as in the finite difference method (FDM). Because of the 

because in contrast with polynomial functions they are smooth so there is no need 
to use some form of weighted residuals. For our purpose we have discretized the 
Eq. 6 using multiquadrics: 

     (8) 

The time derivative of u was handled using the forward difference approach 
resulting in following discretized equation (Eq.9): 



 

(9)

The resulting system of the equation was solved for  and the pore 
pressure dissipation in time was obtained. The results of numerical modelling 

-
showed a good agreement with the measured data and with the assumption of one-
dimensional consolidation theory for analysis of the CPT surveys. The readers more 
interested in the meshless methods used here can find more details in [9]. 

 

Fig. 3: CPTu no. 2. Comparison of CPTu results with 1D consolidation numerical 
solution 



 

Fig. 4: CPTu no. 7. Comparison of CPTu results with 1D consolidation numerical 
solution 

CONCLUSION  

The deformation properties of the subsoil were not adequately verified prior to 
the construction stage. Due to the large volatility of the subsoil mechanical 
parameters, the space for possible design faults was created. The proposed defects 
that occurred during the construction stage have shown a negative impact on the 
durability and serviceability of the railway embankment, which had to be repaired 
several times during its operation time. The selected remedy methodology was 
effective only for a short period of time, after which the conditions of embankment 
construction deteriorated and, finally, a local landslide failure has developed. 

Interpreted results of numerical analysis according to the one-dimensional 
theory of consolidation showed a good agreement with the measured values of pore 
pressure dissipation. The deviation of the numerical results from measured values 
of pore pressures in time is caused by the non-one-dimensional behaviour of the 
consolidation process in real conditions and with the variability of consolidation 
coefficient due to soil inhomogeneity. But having the soil environment variability 
in mind, the numerical results showed very high precision for this kind of 
calculation and/or validation in geotechnical engineering. 
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