Cone Penetration Modeling in Sand for Evaluation of Earthquake-Induced L ateral Spreading

Michael K. Sharp
Department of Civil Engineering, Rensselaer Polytechnic Institute, Troy, NY,12%80and Waterways
Experiment Station, Vicksburg, MS 39180, USA.

Ricardo Dobry
Department of Civil Engineering, Rensselaer Polytechnic Institute, Troy, NY 12180, USA.

Ryan Phillips
C-CORE, Memorial University, St John’s, Newfoundland, Canada, A1B 3X5

ABSTRACT: This paper reports research currently being conducted on the correlation of permanent latere
ground deformation () due to earthquake-induced lateral spreading caused by liquefaction of saturated
sand, with static cone penetration (CPT) point resistance. Both lateral spreading tests with in-flight shakin
and in-flight CPT tests are done at the Rensselaer Polytechnic Institute (RPI) centrifuge in Troy,/N.Y. D
measurements are being directly correlated with the CPT in centrifuge model tests for various sand relativ
densities and degrees of preshaking. These correlations will provide the basis for CPT-based charts to pred
Dy in the field. These charts are also expected to provide threshold combinations of CPT value, soil deptt
ground slope, and strong motion input for which iB small and can be neglected even if the soil liquefies,
due to its dilatant shear stress-strain response.
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1 INTRODUCTION This research employs physical prototype
modeling using the centrifuge facilities at RPI and
Liquefaction of loose, water-saturated sandshe development of a miniature CPT and containers
and other granular soils due to earthquake shakingagpropriate for centrifuge testing. Several
a major cause of damage to and destruction @dvestigators have also shown promising results of
constructed facilities. One of the major liquefactionnodeling the CPT in sand in the centrifuge, with
induced types of ground failure is lateral spreadingesults reported by Phillips and Valsangkar (1987),
of mildly sloping ground. A 2-year research effortCorte et al. (1991), and Renzi et al. (1994). The
focusing on evaluation of permanent lateral groungesuits reported by Corte, and Renzi have also shown
deformation ([p) due to lateral spreading, using thethat a CPT profile conducted in the centrifuge can be
in situ static cone penetration testing (CPTlsed to predict tip resistance, gn the field.
technique is being conducted at Rensselagixtensive work at RPI using a laminar box container
Polytechnic Institute (RPI), Troy, NY. In this inclined to the horizontal and shaken at the base
investigation, lateral spreading;Dneasurements are have demonstrated the usefulness of centrifuge
directly correlated with the CPT in centrifuge modekjmulation of the lateral spreading phenomenon
tests for various sand relative densities and degre@Sobry et al., 1995; Taboada, 1995).
of preshaking. These correlations, after proper
verification against the available empirical and casg CENTRIFUGE MODELING OF LATERAL
history information related to both CPT ang, v SPREADING
the field are expected to provide the basis for CPT-

based charts to predictyDin the field for given Figure 1 shows the inclined RPI laminar box
ground slope, soil conditions, and strong motioontainer used by Taboada (1995) to model lateral
input.  Also, these charts should provide furthegpreading in the centrifuge, while Fig. 2 includes
clarification of the threshold combinations of CPTsome results obtained in three duplicate tests
value, soil depth, ground slope, and strong motioperformed at RPI and California Institute of
input for which Oy becomes small and can beTechnology. In these experiments the saturated,



loose sand layer is inclined a few degrees to th&il model a distance of 1 m. The soil model
horizontal to simulate an infinite sloping deposit,container is cylindrical with a diameter of 50 cm and
and is excited in-flight at the base of the container bigeight in excess of 1 m. It is possible to model a soil
a simulated earthquake acceleration time historgeposit with a maximum field thickness of
(Fig. 1). This earthquake excitation causes the sapproximately 20 m. The miniature cones have
to liquefy, and downslope permanent lateratiameters of4, 8, and 12 mm, respectively. The use
displacements Pdevelop in the liquefied soil by the of three different cones was planned such that
combined effect of static and dynamic shear stressearying centrifugal accelerations could be tested
(Fig. 2). while still  maintaining the proper scaling
relationship with the standard field CPT. That is, the
4 mm cone is being used at a centrifuge acceleration
of 9g, the 8 mm cone at 4.5g, and the 12 mm cone at
39, with all of them modeling the prototype CPT in
the field at 1g having the standard diameter of 36
mm. In this way, each one of the cones serves as a
‘model of the models’ for the others, thus increasing
oL the confidence of the results. Some of these CPT
e tests will be repeated later in the laminar box of Fig.
1 to be used in the lateral spreading experiments, to
verify that the CPT results in the system of Fig. 3 are
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the permanent lateral displacement profiles of Fig. 2 W e reamed g ]
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of the flexible-wall laminar box container of Fig.1. 0 20 40 0 20 40
The results of Fig. 2 correspond to a test on water-

saturated fine Nevada sand, prepared at a relative 0: ] 0:
density of ) = 40 to 45%, spun at 50 g centrifugal 2= - 2k
acceleration (that is, the 20 cm sand layer of Fig. 1 = 1 4E ]
simulates a 10 m layer in the field), and excited at = " . r ]
the base by a maximum prototype earthquake E 6 1 6L .
acceleration of about 0.2 g (Taboada, 1995). Values L 8f § 8§ 1

of surface permanent lateral ground displacement of
about Oy = 0.5 m were measured in these tests (Fig. 10
2). This same lateral spreading modeling technology 0 20 40 0 20 40
will be used by the authors in their research aimed at
correlating CPT and R
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Figure 2. Lateral displacement profiles at various

times during shaking from tests at RPI and
3 DEVELOPMENT OF MINIATURE CPT CALTECH (Taboada, 1995).

SYSTEM
The system consists of a miniature CPT appropriatg 1 Container Boundary Effects
for testing in the centrifuge, with three miniature

cones used in conjunction with the soil model Container size and boundary conditions can

container. The in-flight CPT (Fig. 3) is an electricaffect CPT measurements. Several researchers have
chain driven system capable of penetrating into thyestigated the influence of boundary conditions on



CPT data and have established a diameter rajjo, Rssure that no boundary effects will occur for pushes
defined as the ratio of the chamber diameter to comeade at the center of the container. For these pushes
diameter. Parkin and Lunne (1982) report results ahade in the center of the container, the failure
an extensive series of tests to investigate boundamyechanism is as described for a simple footing on
effects in flexible walled chamber tests. Thes@nfinite ground. In addition to the center of the
results indicate that the side boundary effects deperdntainer, pushes are also performed in the RPI
on the relative density of the sand. For a loose samivestigation along two concentric circles, with the
with relative density on the order of 30%, the sideuter circle being 10 cm from the container’'s edge.
boundary effects are negligible. For a dense sand tReishes made close to the boundary would allow the
chamber diameter must be at least 50 times tHailure mechanism to develop freely on the side of
diameter of the cone to eliminate the effect of théhe probe away from the boundary but will be
side boundary on cone resistance. Parkin and Lunogenstrained on the side toward the boundary. In
also report the results of work in a rigid walledtesting similar to this, Phillips and Valsangkar
chamber. The range of diameter ratios in that study987) reported that for rigid walled tests on sand
was 28 to 39.7. with a D = 87%, side wall boundary effects are
negligible even when the probe is located at a
distance from the wall corresponding tq R 5.
> Using 10 cm as the distance to the wall gives R
Strain Gage values of 25, 12.5, and 8.3 for the three cones used at
RPI.  As shown later by the preliminary results of
In-flight CPT in-flight cone penetration at RPI, these cone
_ diameters and push locations showed no effect from
Eﬂ'gg:'c the side-wall boundaries, as expected.
With respect to the bottom boundary effect,
= 2 Phillips and Valsangkar (1987) reported that for a 10
mm cone, the bottom boundary effects are seen
starting at a vertical distance of 10 to 12 cone
diameters. In the case of the cones used in this
Container experiment, the expected distance of bottom
influence would be 48 mm for the 4 mm cone, 96
mm for the 8 mm cone, and 144 mm for the 12 mm

> cone. The tests at RPI reveal a bottom influence at
vertical distances from the bottom consistent with
Figure 3. Schematic of In-flight CPT system. these and others reported in the literature.

These results indicate that for rigid walled3.2 Rate of Penetration Effects

chambers the side boundary effects are not

significant when the diameter ratio is greater than The prototype standard penetration rate for
28. In tests reported by Gui (Renzi et al., 1994xhe CPT in the field is 2 cm/sec; for the in-flight tests
specimens prepared at medium and high densitiegeing conducted at the RPI centrifuge the model
(1532 kg/m and 1663 kg/M) showed no apparent penetration rate is 1 mm/sec.  Phillips and
increase in g for tests done at a ratioR= 42 Valsangkar (1987) reported results of centrifuge tests
compared to R= 85. These tests were performed irin sand performed at penetration rates of 2-4 mm/sec
a cylindrical container. Bagge (Renzi et al., 1994yith no noticeable difference in results. They also
also reported results in a cylindrical containereported no difference in results for tests performed
performed on tests at soil high density (1627 Ky/mat a rate of 10 mm/sec. Work done by Corte et al.
and found that there was no apparent increase in 991), revealed that tests done in fine sand did not
for tests executed atqR= 11 as compared to the show a noticeable influence of rate of penetration in
reference test atyR= 22. For the penetrometers andthe range from 0.5 mm/sec to 10 mm/sec, and that
container developed at the RPI centrifuge, théhe penetration test appears to be a drained event in
minimum Ry values for the 4, 8 and 12 mm cones fosaturated sand. The rate of 1 mm/sec for the tests
pushes located at the center of the container are 12&ing conducted at RPI is believed to be consistent
62.5, and 41.6 respectively. These values are largeith prototype measurements, and also to be slow
than those reported in the literature and should



enough so as to assure drained conditions whenpeobes per model. A typical model was tested with
saturated sand model is tested. each of the three probes (4, 8, and 12 mm) and three
3.3 Grain Size Effects to four tests per probe. The tests were conducted by
starting at the lowest g level, 12 mm at 3g, and
The soil selected for these experiments iéinishing at the highest g level, 4 mm at 9g. The
Nevada sand, having geotechnical properties asodels tested were as follows=35% dry, D=75%
previously measured by Arulmoli et al. (1992). Thissaturated, B65% dry, D=45% dry and B45%
is the same sand that will be used for the latershturated.
spreading experiments in the laminar box. The
specific gravity of Nevada sand was determined to 8 mm, Q=75%, Dry Nevada Sand
be 2.67 and the maximum and minimum unit % MPa
weights were found to be 17.33 kN/m(minimum
void ratio = 0.511) and 13.87 kNifmaximum void
ratio = 0.887), respectively. The grain size ranges
from 0.1 to 0.25 mm and the soil classifies as a fine
sand. Laue (Renzi et al.,, 1994) reported that soll
particle size does not affect the results for a ratio d
dso in the range of 90 to 50, wherg id the model
cone diameter. For Nevada sang,  0.13 mm,
which gives dmm/ dso: 30.7, @mm/ dso: 61.5, and
tiomm / G50 = 92.  Ovesen (1981) reported thatrigure 4. Arching effect on in-flight CPT data.
significant size effects are observed when di, is
less than 30. This would imply that utilizing fine
sand gives a minimum cone diameter requirement on
the order of 6 mm. The value of 30.7 for the 4 mm
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Centrifuge results reported in this paper are from in- _ _
flight CPT on several relative densities and dry an§fi9uré 5. Container boundary effects of In-flight
saturated Nevada sand models. The sand was pla&dg! data.
dry using the sand raining technique.

Initial tests on a model prepared at &5%
revealed results as shown in Fig. 4. The change tTESTS RESULTS AND DISCUSSION

slope at a vertical effective stress of 20 kPa is

attributed to arching in the container of Fig. 3. Thjerification that data collected with the CPT system
data shown in Fig. 4 was collected with the 8 m ad no effects from the boundary is presented in Fig.

cone at 4.5g on a model prepared dry at75%. 5. The results shown are for one push located 18 cm

Subsequent tests with the other cones and moddig@Mm the container boundary edge and two pushes
prepared both dry and saturated showed very similigc@ted 10 cm from the boundary edge. The probes
results. This problem was overcome by greasing tif&€ also located 10 cm from each other. The data

container and lining it with a latex membrane. Thdndicate — excellent agreement ~between  pushes,
final combination of grease and membrane thaferifying that there are no boundary effects or ‘cone

proved most effective at eliminating the archingto cone’ proximity effects. The results shown are for

effect was a non-petroleum lubricant and a thin (0.03 dry model, but similar data were also obtained in
mm) latex membrane. saturated models. It is also of interest to note that

In-flight CPT tests were performed on five the arching effect clearly shown by the data in Fig. 4
models with nine to twelve cone penetrometer



has been almost entirely eliminated. This conclusiog,; = normalized tip resistance in kPa, and c is the
was also confirmed by the rest of the data. stress exponent. The parametessaqd ¢ depend on
Results of the ‘model of the models’ arethe relative density of the soil and from the in-flight
shown in Figs. 6-8. Pushes were made with the 12PT tests of this experiment, the values are shown in
mm cone at 3g, 8 mm cone at 4.5g, and 4 mm cofdg. 9. These values and trends wiih, are in
at 99. The particular parameters for each test aggcellent agreement with those reported by Olsen
given in the following discussion. The agreement i$1994) and others.
excellent for all data shown. Combining the results from the in-flight CPT
data as summarized in Fig. 10(a) with the expected
liquefaction and lateral spreading results sketched in
Fig. 10(b), the results sketched in Fig. 10(c) are to be
q. MPa obtained. This is a plot of liquefaction-induced
20°’ 30 20 50 lateral spreading versus CPT. Fig. 10(c) is a
. conceptual plot of the expected prediction charts to
be developed in this research.
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probe sizes, are presented in Fig. 6 in prototype.
scale. The agreement is excellent, confirming agafi9ure 7- Results from B65% tests dry model.
the ‘model of the models’ concept, as well as the

agreement between dry versus saturated models at 12, 8. and 4 mm, B45%

the same effective vertical stress,.. One useful Dry and Saturated Nevada Sand
consequence of this agreement is that the plot of g
versus o'y, in Fig. 6 can be used in a fully
submerged deposit to a depth of about 20 m, despite
the fact that the g measurements in the fully
saturated sand models reached only to about 10 m
prototype.

Results from the model prepared at65%
are shown in Fig. 7. The data are from a dry model
only with pushes made using all three cones. The
agreement between the different pushes is very good.

Results for the models prepared at45%
are shown in Fig. 8. The data are from a dry andigure 8. Results from B45% tests, dry and
saturated model, with pushes made using all thr&&turated sand.
cones. Here again the data agreement is excellent
between the different probes and between the dBISCUSSION AND CONCLUSIONS
and saturated sand.

Utilizing the plots for the data collected from Several conclusions can be drawn from
the three different relative densities (75%, 65%, antgsting of the RPI in-flight CPT system. The
45%), the data should fit an equation of the forgm, geoundary effects are negligible, the ‘model of the
= gu(0'vo)% In this equationo’,, = the vertical models’ concept works very well, there is good
effective stress in kPa, g the tip resistance in kPa, correlation between dry and saturated models,
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arching was almost entirely eliminated from the data/Vaterways Experiment Station. This support is
and the CPT is a very useful tool for characterizingreatly appreciated.

different relative densities in soil. The CPT data

presented in this paper are reasonably consistent
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