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ABSTRACT

The paper presents the results of a numericd modeing for cone penetration in layered soil.
Experimentd studies show that as the tip advances into different soil layers, it senses the
effects of an approaching layer. The cone penetration tip resstance is influenced by the soil
properties ahead and behind the tip. The interface distance over which the tip resstance
senses the effect of asoil layer is reported to be 5 to10 times the cone diameter.

With the present andyss, the complete process of cone penetration is modeled as the cone
darts to penetrate the soil from the ground surface to any deeper layers below the ground.
This capability of the program enables the anadyss of penetration in layered soil to be
modded in a redigic way. The commercid computer program FLAC is used for this
andyss.

INTRODUCTION

Cone penetration anays's has been the subject of research for more than three decades. To
tackle this boundary vaue problem, many different procedures are suggested. Bearing
capecity theory [Meyerhof (1961), Durgunoglu and Mitchdl (1975)], cavity expanson theory
[Vesc (1972), Yu and Houlsby (1991), Sdlgado et d. (1997), Shuttle and Jefferies (1998)],
grain pah method [Baigh (1985), Teh and Houlsby (1991)], and finite dement andyss [van
den Berg et d. (1996)] were used to andyze the penetration process. Yu and Mitchell (1998)
present a comprehensve review of different methodsin the analysis of cone resistance.

Though there have been a number of papers in the literature presenting solutions for cone
penetration, the aspect of penetration in layered soil has been inadequately addressed.

In this Paper, a new approach for cone penetration is discussed. To vaidate the reiability
of this approach the experimenta results from cdibration chamber tests in sand are compared
with the numerica vaues obtained with the present approach. Theresfter, the results of
numerica andyss in layered soil are discussed. This new modding technique can be used to
andyze the peneration in layered soil in a redidic way. The commercid computer code
FLAC (1998) has been used for this analyss.

CONSTITUTIVE LAW

The Mohr-Coulomb dagto-plastic modd was chosen for this problem. The vdues of
stresses in close proximity to the cone tip are very much higher than those in the far fidd, and
it is argued that the modd parameters will therefore be different in the near and far fied.
Hence, in amulaing the cdibration chamber tests, the Mohr-Coulomb soil parameters are
consdered to be stress dependent.

The stress dependent relations for shear and buk modulus used in the Mohr-Coulomb ol
model are;
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G= KR (52)' (1

A

B=K,R(S2)” 2

A

In the above rdations, s¢, is the mean effective dress, Pa is the amospheric pressure,
equal to 1 kg/em? =98.1 kPa, m and n are constants which are both chosen to be 0.6, and Kg
and Kg ae congants that mainly depend on the relaive dendty of the sand in the cdibration
chamber. The parameters used for Kg and Kg are shown in Table 1. These vaues are in the
range of values reported by Byrne et d. (1987).

Draned shear drength parameters of Ticino sands used in the cdibration chamber tests
were found from triaxia tests carried out by ENEL/ISMES n Italy.

Bdd et d. (1986) have summarized the results of these tests in terms of the curvilinear
formula given by Bdigh (1975):

s' OJ
ty=s' étanf +tana logy— 3
f =S gf e P, Zﬁ [3]

Where ti = shear stress on the failure surface at failure, s ¢; = effective norma gtress on the
falure surface at falure, a = angle which describes the curvature of the falure envelope, and
f ¢ = secant angle of friction at s ¢; = 2.72 Pa.

Table 1 dso shows the vaues of f ¢ and a as obtained by specimens of three different
classes of rdative dendity.

Table 1. Parameters used for deformation and shear strength of Ticino sand.

Dr Ko Ks fé a

% (deg) (deg)

45 195 325 38.2 4.2

65 230 385 40.2 6.5

85 290 480 42.9 8.1
D, = average reldtive dengity of the tested specimens, at the end of
consolidation.

The dilationd characteridics of the sand was given by the following rdaionship which
relates the dilation angle to the developed friction angle and congtant volume friction angle:

gnj =gnf;-49nfgy [4]
Parameters in the above rdation are defined as.j = dilaion angle f; = friction angle at
falure, f o, = congtant volume friction angle for Ticino sand, assumed equa to 34.8 degrees as
described by Salgado et a (1997).
AN APPROACH IN CONE PENETRATION MODELING
The present anadlysis models the penetration process in a redigtic way, in the sense that the

penetration starts a the top of the grid (ground surface) and progresses into the grid (ground),
and findly can end a any dedred depth in the grid meaning that the modeing process is
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redisticdlly smulating the cone moving downwad in the ground. The axisymmetric
configuration is used for this gpproach.

Since cone peneration is bascdly a large strain phenomenon, the soil under the cone tip
undergoes a severe deformation pattern; and it is necessary to use the large strain option in the
anadysis to better smulate the process.

In order to physicaly smulate penetration in this gpproach, the soil eements located dong
the cone path are pushed away. The grid points associated with these soil dements are given a
vertical downward as well as a horizonta displacement.

COMPARISON OF NUMERICAL RESULTS WITH EXPERIMENTAL VALUES IN A
CALIBRATION CHAMBER

The numerica results for sands are compared with the experimenta vaues obtained from
penetration tests in End Cris cdibraion chamber in Itay. The test results together with the
properties of sand used and type of boundary condition for each test are given in Lunne et d.
(1997).

Figure 1 shows the predicted vaues of tip resistance versus the experimenta vaues for a
series of tests with BCL type boundary condition for normaly consolideted as well as over-
consolidated Ticino sand. In this type of boundary condition, congant stresses are gpplied in
the horizontal as well as the vertical directions in the calibration chamber. For these series of
tests, the relative density ranged from 55% to 92%, and the vertical stress in the chamber
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Figure 1. Agreement of predicted and measured tip resstance.
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ranged from about 60 kPa to 700 kPa. The k vaues were in the range 0.39 to 1.3, and the
OCR vaues ranged from 1 for normaly consolidated sand to 14.7 for over-consolidated sand.
The points in this figure are close to the line with a dope of 45 degrees, indicating that the
predicted vaues obtaned from numericd andyss ae in good agreement with the
experimenta values obtained in calibration chamber tegting. It is dso noted that for vaues of
tip resstance more than 35 MPa, the numerica procedure systematicaly underpredicts the tip
resstance vaues. These points correspond to experiments in which confinement stresses were
high. The underprediction may be due to parameters in the modd describing the dilatancy
characteritics of the sand.

ANALYSISFOR LAYERED SOILS

In the sections to follow, the results of numericad andyses showing the effects of soil
layering on penetration resstance are discussed. The results of tip resstance for a loose sand
over dense sand and for a dense sand over loose sand as well as the results of tip resistance for
amedium with two different soils, i.e.,, sand and clay are presented.

LOOSE SAND OVER DENSE SAND
Figure 2 shows the result of the numericad analyss of tip resstance for adrained cone
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Fig. 2: Result of drained cone penetration analysis for loose sand overlying dense sand.
(10 cn? cone, 60° tip, s ¢ = 100 kPa, ko = 0.5)
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penetration in sand with two different relative dengdties. The loose sand has a reative density
of 50% and the dense sand below has a relaive dendty of 90%. The in-gtu effective verticd
stress is 100 kPa, and ky is 0.5. The height of the loose top layer is 0.75 m. The figure shows
that as the cone tip approaches the dense layer the tip resistance increases. This increase in tip
resstance occurs a a distance of 0.25 m above the dense layer. In other words, the tip senses
the effect of the approaching layer 0.25 m ahead. This interface distance is gpproximately 7
times the cone diameter. Chamber studies show that the tip senses an interface distance of 5 to
10 cone diameters ahead and behind the tip [Campandla et d. (1995)]. The cdculated vaue is
well within the experimenta range.

While the cone is ingde the dense sand, but close to the loose layer above, its tip resstance
is affected by the presence of the layer above. It takes a distance of 0.18 m for the cone tip to
be influenced soldy by the dense sand. The distance that the cone senses the top layer behind
is about 5 cone diameters, which is again in agreement with experimentd results.

The figure aso shows that as the cone is gpproaching the bottom stress boundary, the tip
resstance starts to decrease. This indicates that the cone in dense sand is beginning to pick up
the effects of the bottom boundary, which is located a a depth of 2.3 meters, i.e, it is sensng
the bottom boundary at a distance of about 0.5 m.

DENSE SAND OVER LOOSE SAND

The result of the andlysis for adense sand layer over loose sand is shown in Figure 3. The
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Fig. 3: Result of drained cone penetration analysis for dense sand overlying loose sand.
(10 cn? cone, 60° tip, s ¢ = 100 kPa, ko = 0.5)
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same vaues of in-gtu vertical and horizontal stresses are used for this andyss. The heght of
the dense sand is 1.56 m. This larger height was chosen to alow the cone in the dense layer to
reach its tip resstance without the influence of the soil layer below. Once the cone approaches
the bottom loose layer, as the figure shows, its tip resistance gradudly decreases. The cone in
the dense sand senses the effect of the approaching loose sand at a distance of 0.56 m, which
is about 16 times the cone diameter. This vaue of interface distance is larger than the vdue
obtained for the previous case. This may be because the dense sand, due to its higher stiffness,
can project forward its influence over a wider zone [Mitchdl and Brandon (1998)]. Thus,
dthough the rdative diffness is the same for both cases, the sensng distance is much grester
when a dense sand overlies alooser sand.

As the cone penetrates further into the loose sand, the effect of the overlying dense layer
decreases, a a distance of 0.17 m the effect of top dense layer vanishes, and the tip resistance
isonly affected by the layer in which the coneis penetrating.

Comparing this figure with Fig. 2, it is seen that the cone resstance is not yet affected by
the presence of the bottom boundary. For this anadyss the location of the bottom boundary &
the same as for Fig. 2. This further indicates that the interface distance depends on soil
diffness.

Figure 3 shows that the tip resstance near the sart of penetration (top of the grid) is
higher, and then it gradudly drops. The larger vaues obtained in the andyss occur as a result
of redraning the top boundary in order to smulate the rigid top platen used in most
experimentd calibration chambers today.

SAND ON CLAY

Figure 4 shows the numericd analyss of penetration in a sand layer above a clay. The
sand has a reative dendgty of 70%, and the clay has an undrained shear strength of 30 kPa
The vdues of in-gStu effective verticad and horizontal siresses are 100 kPa and 50 kPa
repectively, which are the same vaues chosen for the previous andyss. The sand layer
covers the top 1.74 m of the grid. While the cone is in sand, its tip resstance is not affected by
the clay layer until it reaches a distance of 0.45 m from the clay layer below. This distance is
about 125 times the cone diameter. However, the tip resstance in the clay layer is only
dightly affected by the sand layer aove. It needs only a penetration of less than 0.05 m for
the cone in clay, or aout 1.7 cone diameters, to be solely dependent on the clay layer itsdf,
and not the sand layer above. This demondrates that the radius of the zone that affects the
cone is much lessfor clay than for sand.

CONCLUSION

A new gpproach for cone penetration is presented in this paper. The numerica prediction
of cone tip resstance obtained by this new approach is in good agreement with the
experimenta vaues in the cdibration chamber with type BC1 boundary condition and a wide
range of relative dendties, verticd as well as horizontd sresses, and OCR ratios. The results
of penetration in layered soil dso give vaues of interface distance that are in good agreement
with experimental vaues. The interface disance for a dense layer over loose one is larger
than for a loose layer over a dense layer even though al parameters are the same. This may be
because the dense sand, due to its higher diffness, can project forward its influence over a
wider zone. Based on these results, it can be concluded that for accurate characterization of
soil dratigraphy and evduation of engineering properties, the influence of layering on cone
vaues mugt be conddered in terms of the magnitude of interface disances both behind and
ahead of the conetip.
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Fig. 4: Result of drained cone penetration andysis in sand into undrained clay.
(10 cn? cone, 60° tip, s ¢ = 100 kPa, ko = 0.5)
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