Pressure Response during Cone Penetration Testing
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Abstract:  Stresses and thus strain on soil is one of the main causes of soil liquefaction.  A sound technique is required to predict the strength of soil at a given magnitude of earthquake.  To do so FEMLab will first be tested to determine if the program is capable of recovering the forces/pressures, which can be generated during the advancement of a CPT probe.  This paper will detail the procedure results of the FEMLab model for determining the stresses induced at the tip of a CPT probe.

Introduction 

Soil liquefaction is the term used to describe the transformation of granular soils in a solid state to a liquefied state due to the effect of increased pore-water pressure.  This causes a reduction in the soils effective stress and thus its strength.  The increase in pore pressure is a result of cyclic-loading of the soils, caused by large amplitude vibrations (usually earthquakes) (1).  The vibrations cause the soil skeleton to try and pack or reduce in volume, however, since water is incompressible, the pressure of the water trapped in the pore spaces of the soil skeleton increases (2).  This increase in pore pressure causes the soil particles to “float” rather than remain rigidly fixed in the skeleton.  It is at this point that liquefaction occurs and the bearing strength of the soil is greatly reduced.  It is also this rapid reduction is bearing strength that is responsible for some building collapses during earthquakes as well as other environmental problems such as mud slides.    

The ability to predict the bearing capacity of soils is a critical issue facing environmental and civil engineers today.  It is important to know the bearing capacity of the underlain soils of a building to determine what the maximum magnitude of an earthquake may be encountered before the soils become weakened or liquefied.

Soil relative density is a key component in determining whether or not liquefaction will occur.  Liquefaction occurs most readily in loose to moderately dense granular soils with poor drainage rates, such as silty sands or sand and gravel layers trapped between layers of relatively low permeability.  It is this presence of low permeability materials in the soil matrix that reduces the rate of pore-pressure dissipation to a point where pore-pressures are able to build-up in magnitude and potentially cause liquefaction (3).

Cone Penetration Testing (CPT) has and is currently being used to determine the in-situ engineering characteristics of soils, including the potential for soil liquefaction.  At the tip of a CPT cone, researchers are able to monitor and record the build-up and subsequent dissipation rates of the in-situ pore-pressures created during the advance of the CPT cone in the subsurface (4).  The generation of the pore-pressure is a function of the stresses and thus strains applied to the soil; and the rate of pore-pressure dissipation is directly proportional to the permeability of the soils.  Researchers Elsworth and Lee (5) have shown that soil permeability can be measured “on-the-fly” from CPT data. 

Governing Equations

The potential for liquefaction to occur is a function of a couple of variables all of which can be related to the permeability of the soil, those being; fines content of the soil which defines the permeability of the soil, and compressibility of the soil which defines the strain on the soil for a given stress. The relationship between excess pore-pressure and strain has been developed by Seed and Booker (6) and is as follows:
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        (1)

where, kh = coefficient of permeability; w = density of water;  = the volumetric strain on the soil; u = excess pore-pressure; and t = time.  

Formulation

To define this problem in FEMLab the Navier-Stokes equation for incompressible flow was used and is as follows:
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Equation 2 represents the system well because the soil can be considered incompressible since the strains on the soil are small and the fluid trapped inside the soil is incompressible.  This equation coupled with FEMLab’s “Incompressible Flow Module” was used to determine the pressure response at the tip of the probe during advancement.  To define the system, the soil was chosen to be the fluid object and the probe was held in place.  This is an effective way to represent the soil moving past the probe without the need to make the probe move in the model.  Figure 1 shows an illustration of how the model was defined in FEMLab.
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Figure 1: Model parameter values in FEMLab.  
The initial boundary conditions for the model were chosen from field data collected from the Kansas Geological Survey’s GEMS experimental test site in Lawrence, KS.  The objective was to model the real behavior of the soils as the probe is advanced and the system comes to steady-state conditions.  

The values were chose to represent a depth of 15.01 meters below ground-surface (bgs).   The matrix of the soil at this depth is mostly silty-clay and the water-table is at approximately 6 meters-bgs. 
Figure 1 shows the initial conditions that were applied to the model.  The inflow pressure (17,680 kPa) listed at the bottom of the model represents the end bearing force (qt) that was recorded by the CPT load cell while advancing the probe at the given depth at 2 cm/s.  The actual end bearing force recorded was 17.91 MPa, but for simplicity the static pore-pressure (88.3 kPa) was subtracted.  This eliminated the need to define the effect of the pore-pressure at the top of the system, which would have a downward vector and negate the presence of 88.3 kPa of the end bearing force.  

An initial velocity condition of 0.02 m/s was applied to the soil, to represent the 2 cm/s advancement of the probe, and was maintained by prescribing an inflow/outflow velocity of 0.02 m/s at the top and bottom boundaries.    

The density and viscosity are 20 kN/m3 and 382 kN/m2, with the viscosity values assumed as the total stress present at the given depth prior to advancing the probe. They are based on the assumption that the force required to push the probe through the soil is equivalent to the total stress at the given depth.

The right and left boundaries of the model where defined as slip symmetry, and the probe was defined as non-slip.  This allowed for the model to recognize that the probe was solid and that the soil must flow around it, thus generating pressure at the tip of the probe.  

Solution - Pressure Response

The model was operated on a time-dependant solution, and was allowed to reach steady-state conditions.  The results are presented as a pressure field and contour distribution (Figures 2a and 2b).  

Analysis of the pressure field distribution, shows the expected result of having excess pressure generated at the tip of the CPT probe.  The excess pressure is then quickly reduced as distance from the probe is increased.  This illustrates favorable results in two ways; one is that we see the pressure generated at the probe tip can be defined as being caused by the probe moving through the soil.  And the other is that the effect of the probe moving through the soil does not cause large pressures that could create a great deal of disturbance to the soil adjacent to the probe.  This supports the assumption that data collected by monitoring instruments in the CPT probe can be considered uncorrupted and trustable.  
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Figure 2a- Pressure distribution at the tip of CPT probe during steady-state advancement.
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Figure 2b – Pressure contour distribution at the tip of CPT probe during steady-state advancement.

The above figures represent the pressure fields generated by the soil particles moving past the probe.  Both figures show a maximum pressure response occurring at the tip of the probe, which is where it is expected to occur; however, both figures also show another pressure response in the upper portion of the probe area adjacent to the upper boundary.  This pressure response is assumed instability in the model and should not be considered.  The distance between the two pressure responses is enough that they should not influence each other, and thus the results of the one at the tip of the probe and be considered of a viable magnitude.

Verification

The maximum pressure recorded at the tip of the CPT probe in the model is approximately 291 kPa.  The data that was collected from the GEMS Site has an assumed effective stress, at 15 m, of approximately 194 kPa.  The effective stress was based on the assumption that the soil had a saturated density of 20 kN/m3 and an unsaturated density of 17 kN/m3, and that the fully saturated zone began at 6.0 m-bgs.  Pore water pressure measured, behind the cone, during the test, was observed at a magnitude of 102 kPa and includes both the static and excess magnitudes.  Verification of the model is based on being able to recover the measured pore-pressure from data given in the model through the following logic:

Model Pressure (291 kPa)  – Effective Stress (194 kPa) = Pore Pressure (97 kPa).  The actual pore-pressure measured during the test was 102 kPa, which is reasonably close to 97 kPa.  This verification proves that the model is able to represent the actual pressure induced at the tip of the CPT probe as it is being advanced through the soil.  

Solution - Velocity Profile

The model was also used to determine the velocity profile of the soil as it traveled past the probe.  Figure 3 illustrates the changes in soil velocity near the probe.
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Figure 3 – Velocity Profile of soil moving past the probe.

The importance of Figure 3 is to show the relocation of soil particles that were initially in the path of the advancing probe.  As illustrated in the figure the soil particles are “pushed” to the right as the probe begins to occupy their original position.  This figure helps to define the magnitude of the disturbance/strain induced on the soil.  M. M. Baligh used this rational in his Strain Path Method paper, in which he defined strains induced on the soil as function of the relocation of the soil particles (7).  The contour lines in the Figure 3 can be used as stream-lines, and show that a strains are localized at the tip of the probe and do not extend very far past the surface of the probe.  

Parametric Study

A parametric study was performed on the model to determine its effectiveness and also for validation.  The main parameters adjusted were the advancement rate of the probe and the density/viscosity of the soil.  

In the first case the probe’s velocity was adjusted from 0.02 m/s to 2.0 m/s, an increase of approximately 100 times.  The observed response was pressure increase, at the tip of the probe, of 10 - 20 times that of the initial observed value.  This seems correct as the pressure should increase with an increase in velocity, but the two will not be exactly proportional.  

The other parametric study was to adjust the density and viscosity of the soil to see what affect this would have.  The initial setting was a density of 20 kN/m3 and a viscosity of 282 kN/m2. The adjusted values were a density of 1,000 kN/m3 and a viscosity of 2,000 kN/m2.  The observed response is illustrated in Figures 4a and 4b; and shows that the effect of increasing the density and viscosity of the soil greatly increases the disturbance of the soil as it passes by the probe.  This is justified in that fluids with a higher viscosity will have more resistance to movement. 

Conclusion

The model is effective at representing the actual measured stresses induced at the tip of the probe as it is advanced through the soil.  The aim of this model was to see if FEMLab could replicate theses stresses so that further analysis could be done regarding the generation of pore water pressure induced during CPT probe advancement.  

The stress generated at the tip can be used, knowing the bulk compressibility of the soil, to estimate the localized strain on the soil.  From here the strains can be coupled with soils intrinsic permeability to determine the rate at which excess pressure built up in the pore space can dissipate.  
Future analysis will likely include the coupling of this model to that of a one which is able to define the characteristics of the soil including compressibility and permeability.  This coupled model will likely be able to predict the magnitude of excess pore-pressure that is caused by the stress-strain relationship of the soil, induced by the probe advancement.    The coupled model will be useful in predicting the magnitude of excess pore-pressure that is possible in different types of soil and can be used to determine potentially liquefiable soils.

[image: image4.png]DENSITY = 20 KG/M3
VISCOSITY = 382 KG/M?





Figure 4a – Velocity profile at the initial conditions.
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Figure 4b – Velocity profile at the adjusted conditions.
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