8™ Pacific Conference on Earthquake Engineering
5 -7 December 2007, Singapore

Effects of permeability and compressibility on liquefaction screening
using cone penetration resistance

S. Thevanayagam and N. Ecemis
University at Buffalo, State University of New York, Buffalo, NY 14260, USA

ABSTRACT:

Sands and silty sands with the same liquefaction resistance can have significantly
different hydraulic conductivity and coefficient of consolidation. Numerical simulations
of cone penetration resistance taking into account the effects of silt content and
consolidation characteristics show that the penetration resistances are significantly
affected by consolidation characteristics for sands and silty sands with similar
liquefaction resistances. The influence of permeability and consolidation characteristics
on pore pressures around the cone tip and cone penetration resistances are presented.
Relationships between liquefaction resistance, cone penetration resistance, and a
normalized penetration rate (T=vd/c,) are presented and compared with current field-
based CPT-liquefaction screening methods. The proposed relationships are compared
with the experimental results obtained from a limited number of full-scale 1-g laminar
box shake table liquefaction experiments and cone penetration tests.

1 INTRODUCTION

Current liquefaction screening techniques rely on knowledge from extensive laboratory research
conducted on liquefaction resistance of clean sands, and extrapolations of observed field performance
during past earthquakes (NCEER 1997). Such observations have been documented in the form of
normalized penetration resistance (SPT (Ni)so, CPT dcin) (Seed et al. 1983, Robertson and Wride
1997), and shear wave velocity (vs1) (Andrus and Stokoe, 2000) versus cyclic stress ratio (CSR)
induced by the earthquakes, corrected for magnitude, for many sites where occurrence or non-
occurrence of liquefaction were recorded during the earthquakes. A liguefaction-screening chart based
on CPT resistance is shown in Figs.1la-b. Cyclic resistance ratio (CRR), applicable for a standard
earthquake magnitude of 7.5, of a soil deposit with a known value of qcn is obtained from a
demarcation line drawn between the field-observation-based data points which correspond to liquefied
sites and those that did not liquefy in Fig.1a. This is denoted as CRR7s. This CRR is compared against
the anticipated cyclic stress ratio (CSR) for that deposit due to a design earthquake of the same
magnitude to determine whether or not that deposit would liquefy. Factor of safety (FS) against
liquefaction is defined as FS=CRR;s/CSR. If a different design earthquake magnitude is expected, the
CRR; s is multiplied by a magnitude scaling factor (MSF) to account for the differences in number of
cycles, frequency content, etc. (FS= MSF*CRR;s/CSR). Researchers have observed that the CRR
determined in this manner depends on silt content of the soil for a given gcn. While this practice has
been successful, a rational understanding of this procedure has been lagging. Successful application of
this procedure to other sites require an understanding of the phenomenon observed, its limitations, and
possible modifications required for it to be applied successfully for a different site, where necessary.

This has sparked numerous researches on the effects of silt on cyclic resistance of silty sands (e.g.Vaid
1994, Koester 1994, Zlatovic and Ishihara 1997) and its effects on liquefaction screening (e.g. Carraro
et al. 2003). Recently it has been shown that silt content affects permeability, compressibility, and
consolidation characteristics of silty sands and therefore influences the penetration resistance. Two
soils with the same cyclic resistance may have different silt contents and different coefficients of
consolidation. Their cone resistance would be different due to partial drainage which occurs around
the cone and therefore would be expected to show different penetration resistances. A unique



correlation between cyclic resistance and penetration resistance is not possible without considering the
effects of coefficient of consolidation on penetration resistance (Thevanayagam et al. 2003,
Thevanayagam and Martin 2002,). The authors’ previous work focused on the numerical simulation of
the effects of consolidation characteristics of silty sands on cone penetration resistance and a possible
correlation between the cyclic resistance, cone penetration resistance and a non-dimensional parameter
T (vd/cy) (Thevanayagam et al. 2006) where v=penetration rate, d=cone diameter, and c,=coefficient
of consolidation. The numerical simulations reported in that study ignored the effect of dilation angle.
Dilation angle was assumed to be zero. This paper focuses on the effects of compressibility and
consolidation characteristics of silty sands on cone penetration resistance with due consideration of the
effects of dilation angle on cone penetration resistance. A revised liquefaction-screening chart that
takes into account the effects of consolidation characteristics on penetration resistance is presented.
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2 CONE PENETRATION RESISTANCE
2.1 Finite Element Model

In order to study the effect of permeability and compressibility and the associated partial drainage
conditions around the cone tip on cone penetration resistance of sand and silty soils a numerical
simulation study was conducted using finite element code ABAQUS (2000). During penetration of the
cone, cavity expansion occurs, the stress fields around the cone changes, excess pore pressures are
induced, and fluid flow and consolidation occur. These aspects of the problem can be treated in
ABAQUS. The soil around the cone penetrometer was simulated using Drucker-Prager model. An
axis-symmetric model of a cone and the surrounding soil with the finite element mesh used in the
analysis is given in Fig.2. The diameter d of the cone is 4.37 cm, and the cone is placed to a depth of
36 cm from the top surface of the finite element mesh. The mesh extends to a distance of 54 cm (about
15 d) below the cone tip. The mesh also extends horizontally to a distance of 40 cm away from the
cone axis. This is about 18 times the radius of the cone. A vertical effective stress of 100 kPa is
imposed at the top surface of the mesh to simulate the cone at a depth with about 100 kPa effective
vertical stress.

Soil is modelled using elements with eight displacement nodes, whereas elements with four
displacement nodes are used to model the cone. Axis-symmetric elements are used since both the
geometry of the model and loadings are axis-symmetric. To alleviate stress concentration problems at
a sharp cone tip, it was assumed that the cone has a rounded tip. Aubeny (1992) has shown that this
approximation has minimal influence on the prediction of pore pressure response near the cone. The
mesh close to the cone tip is more congested with elements so that the variation of response around the



cone could be monitored with higher accuracy. The points in the soil located along the axis of
symmetry of the cone do not experience any horizontal displacements. In order to bypass this
difficulty, the points located on the axis of symmetry were removed from the finite element mesh and
a tiny hole was introduced around the axis of symmetry. The soil is fully saturated. Fig. 2 also shows
the boundary conditions used in the finite element model for a site having uniform soil. On the bottom
and two vertical sides, the normal component of displacement and fluid flow are fixed at zero. No pore
fluid flow is permitted across cone body.
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Fig. 2 Finite element mesh — CPT model

A step-by-step time-series analysis is required to obtain solutions for pore pressures and penetration
resistances. ABAQUS uses a tolerance on the maximum change in pore pressure allowed in increment
to control the time stepping. This, and all other such tolerances, can be controlled. In nonlinear
analysis the total load applied in a step is broken into smaller increments so that the nonlinear solution
path can be followed.

2.2 Effect of permeability and compressibility on excess pore pressure and normalized cone tip
resistance

Several sets of cone penetration simulations were made using ABAQUS. As a first step, material
properties required for numerical simulation of cone penetration were obtained from several sets of
triaxial test data on Ottawa sand and sand-silt mixes (Thevanayagam et al. 2003). Each of the triaxial
tests was simulated using ABAQUS and compared with actual triaxial test data to assess the
effectiveness of ABAQUS to model soil behaviour (Ecemis, 2007). A typical comparison of stress-
strain curve is shown in Fig.3. The dilation angle versus equivalent relative density, (Di)eq Obtained
from the experimental data combined with comparisons with ABAQUS simulation of the triaxial test
data is shown in Fig.4. Equivalent relative density (Di)eq has been found to be a unifying parameter to
characterize sands and silty sands in a unified framework (Thevanayagam et al., 2003).

Next, several cone penetration simulations were done for each of the soils at different equivalent
relative densities for which soil parameters were available. Pore pressure responses and cone
penetration resistances were monitored with penetration of the cone at a constant penetration speed of
v = 2 cm/s (ASTM standard) until a steady state was reached. Following this, these simulations were
repeated for the same soil parameters for each soil, but at different hydraulic conductivities to study
the effect of permeability on cone resistance. The pore pressure at the tip of the cone was plotted
against a normalized penetration rate (T=vd/cy) and equivalent relative density (Dic)eq (Fig.5a). Note



that the ¢, values applicable for pore pressure dissipation during cone penetration are those applicable
for over-consolidated soils (Baligh and Levadoux, 1996). The normalized cone resistance gcn Was
also plotted against T and (Dyc)eq (Fig.5b). The gein Values for a given (Dy)eq depends on T. It has been
shown before that a sand and silty sand at the same (Di)eq Show nearly the same liquefaction
resistance irrespective of silt content or permeability of the soil (Thevanayagam et al. 2002, 2003 and
Thevanayagam 2007). This indicates a possible relationship between g, cyclic resistance, and T.
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2.2.1 Excess pore pressure and normalized cone tip resistance

Figs.5 (a)-(b) show typical results of normalized excess pore water pressure and normalized cone tip
resistance response for a few of the simulations, respectively. For loose soils, the excess pore pressure
at the cone tip steadily increases with an increase in T as shown in Fig.5 (a). Beyond a value of T in
the range of about 5 to 10, the excess pore pressure ratio reaches a high value and remains little
affected by further increase in T, indicating nearly undrained penetration. Similarly at values of T less
than about 0.05 to 0.01 the excess pore pressure is small and is little affected by further decrease in T,
indicating a highly drained condition around the probe. A partially drained condition prevails at
intermediate T values of about 5 to 0.01. In the case of dense soils, the excess pore pressure is small
for T values less than about 0.05 to 0.01, indicating drained soil response during cone penetration. At
high values of T in the range of about 5 to 10, the excess pore pressure is negative and remains
unaffected by further increase in T. This is indicative of highly dilative response of the soil and
undrained conditions around the cone. For intermediate values of T, the excess pore pressure is
affected by T, indicating existence of partial drainage effects around the cone tip. These effects are
reflected in the normalized cone penetration resistance in Fig.5.b. In the analysis, the tip force is
calculated through the integration of vertical and shearing stresses at elements in contact with the
cone. The tip force is then divided by cone area to obtain the tip resistance.

Figs. 6(a)-(c) show the excess pore water pressures around the cone tip for a loose and medium sand
soil at (Drc)e;=45%, and 58%, respectively, for three different permeabilities, k=10, 10”°, and 10
m/sec, respectively. The pore water pressures are shown in N/cm?. For the loose soil, the excess pore
water pressures at the cone tip are negligibly small (less than 4.2kPa) for T =3x10™ (k=10"m/sec),
whereas the pore water pressure was very high for T=3 (k=10"m/sec) (more than 75kPa). For inter-
mediate value of T=3x10? (k=10"°m/sec), an intermediate pore water pressure of 24kPa is observed.
Small pore water pressures are indicative of nearly fully drained soil response near the cone tip during
penetration. High pore water pressures for T=3, shows a nearly undrained soil response. The corre-
sponding gcn Values are 26 for T=3x10", 24 for T=3x102, and 23 for T=3. For loose soils there is a
slight decrease in gy With increase in T.
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Fig.6 Excess Pore Pressure Response at cone tip (cont’d)

For the dense soil at (Dy).c=58% the excess pore pressure at the cone tip are 11.4kPa for T=3x10",
-35kPa for T=3x107, and - 41kPa for T=3. The corresponding gcin Values are 117 for T=3x10", 90 for
T=3x107?, and 48 for T=3. For a medium dense soil there is a significant decrease in qcny With increase
in T. The effect of permeability on qcn is high for medium-dense soils in contrast with a loose soil.



Observations shown in Fig.6 imply that, for the same equivalent relative density, gcin for a low perme-
able silty soil would be smaller than that of highly permeable clean sand at the same (Dyc)eq. This dif-
ference is attributable to the presence of fines, which causes undrained or partially drained conditions
during penetration in silty soils leading to a decrease in tip resistance compared to highly permeable
sand. Low hydraulic conductivity and high T values for silty soils contribute to a slow rate of dissipa-
tion of excess pore pressures in silty sands leading to lower effective stress near the penetration tip of a
cone than in clean sand at the same (D,)eq. Hence a lower penetration resistance for the silty sand than
a sand at the same (Dc)eq. The effect of permeability is larger at higher densities.

3 LIQUEFACTION RESISTANCE AND PENETRATION RESISTANCE

3.1 CRR versus gcn

The g.n values obtained from the above numerical simulations were also plotted against undrained
cyclic resistance ratio (CRR) for each soil corresponding to 15 cycles obtained from laboratory

undrained cyclic triaxial compression tests (Thevanayagam et al. 2003) corrected for field loading
conditions (Castro 1975, Seed et al. 1978) to account for multi-directional shaking and modes of shear.
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Fig.7 shows the relationship for gcn-(CRR)sieig75- As T increases (which is attributed to increase in silt
content and decrease in k and c;,) the CRR versus gy curves shift to the left. With further increase in
T, the curves merge together. Also shown in Fig.7 are the curves (denoted by R-W) recommended by
Robertson and Wride (1997) corresponding to nearly clean sands, silty sands at nearly 15% silt content
and 35% silt content, respectively. The curves corresponding to T<0.006 tend to follow the R-W
curves for clean sands. The curves corresponding to 0.02<T<0.06 tend to follow the R-W curve for
15% silt content. The remaining curves tend to follow the R-W curve for 35% silt content. It appears
from Fig.7 that the ranges of T greater than about 1 could be bundled together. The ranges of T values
selected herein are to be considered tentative.

Although the T-dependent g.in-CRR relationships depict the same trend as observed in the field-based
liquefaction screening procedures, additional numerical and physical simulation verification studies
are needed to validate and refine this trend.

As part of this validation program three laminar box shaking tests have been completed. So far these
shaking tests have been conducted in clean sand only. Tests involving silty sands have not been
completed yet. The tests involved building a 16 ft high soil in a laminar box and shaking. These tests
were instrumented with accelerometers and piezometers, among other sensors. Pre-shaking CPT
penetration tests were also done. Detailed analyses of the experimental data are available in Ecemis
(2007). The relationship between the liquefaction resistance and cone penetration resistance obtained
from these tests are shown in Fig.8. The experimental data closely follows the lines corresponding to



clean sand. Experimental data on silty sands will be reported elsewhere when they become available.
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4 CONCLUSIONS

Sands and silty sands with the same liquefaction resistance have significantly different hydraulic
conductivity and coefficient of consolidation characteristics, due to significant differences in pore size
distribution characteristics between sand and silty sands. Pore pressure response around the cone tip
during penetration and normalized cone tip resistances are significantly different for sand and silty
sand with similar or nearly the same equivalent relative density (Dic)eq. FOr the same (Drc)eqs Gcan
increases with a decrease in T (or increase in permeability). At large values of T the cone resistance
represents an undrained cone resistance of the soil. At low T values the cone resistance is derived from
a nearly drained response of a soil. It has been shown before that cyclic resistance is primarily
governed by (Dr)eq irrespective of permeability of the soil. Relationship between liquefaction
resistance (CRR at 15 cycles) and normalized cone penetration resistance g.;n is dependent on the
normalized cone penetration velocity T. A permeability and compressibility dependent liquefaction-
screening chart based on normalized cone penetration resistance and T (=vd/cy) is proposed. The
proposed relationships are compared with the experimental results obtained from full-scale 1-g
laminar box shake table liquefaction experiments and cone penetration tests on clean sands. Further
assessment of this relationship using 1-g shake table testing on silty sands is currently underway.
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