798. Correlation of shear-wave velocities and cone
resistance of quaternary glacial sandy soils defieby
Seismic Cone Penetration Test (SCPT)

Saulius Gadeikis, Kastytis Dundulis', Gintaras ZarZojus" °, Sonata Gadeiky®’,
Donatas Urbaitis', Domas Gribulis', Saulius Sliaupa *

Wilnius University, Vilnius, Lithuania

°Nature Research Centre, Vilnius, Lithuania

%Vilnius Gediminas Technical University, Vilnius,thuiania

E-mail: saulius@geotestus.kliaupa@geo./tgintaras@gf.vu.lt

(Received 26 March 2012; accepted 14 May 2012)

Abstract. The derivation of dynamic geotechnical parametéisod are of primary importance
in designing specific structures. Direct measurdmare expensive and time-consuming. In this
study the correlation between the seismic wavecitids and cone resistance was derived from
seismic cone penetration testing (SCPT) of Quatgrgéacial sandy soils in Lithuania. The
close relationship was obtained for sandy soildcatthg wide range of cone resistance and
seismic wave velocities. The correlation is as lagR = 0.80. The derived regression equation
could be reasonably used in assessing dynamicaeotal and seismic parameters in Lithuania
and other territories characterized by similar ggwmal conditions using conventional cone
penetration testing (CPT) method. It enables ctarsisgeotechnical and seismic zoning of
sandy soils.

Keywords: seismic cone penetration test (SCPT), cone resistamear wave velocity, dynamic
soil properties, seismic soil properties.

Introduction

The assessment of soil-structure interaction isss®ntial objective in modern geotechnical
designing. The soil deformation parameters showddirvestigated in order to asses this
interaction [13, 26]. The prognosis of soil behawidnen subjected to dynamic loading is one of
the essentially complex targets in constructingcsijee structures. The information on the
dynamic properties of the soil is very importantentplanning structures that are going to be
affected by artificial dynamic loads or potentialssnic events. The effect of dynamic forces on
structures such as nuclear power plants, wind me#shore petroleum platforms, etc. subject
to vibration should be evaluated, including forgeeduced by earthquakes, wind, sea waves.
The liquefaction parameters are essential in timg &f studies [2, 25].

Important dynamic geotechnical parameters of &l the shear moduls, the maximum
shear modulu&,,.x and the shear modul@, of very small strains, also the Poisson's ratio
Based on elasticity theory the shear mod@ugepends on the soil bulk densityand the shear
wave velocitys [15, 28]:

Shear wave velocity directly depends on soil prige such as soil density, void ratio,
effective stress that, in turn, are the result eblggical evolution of a site, i.e. soil age,
cementation rate, sin- and post-depositional sttéstory, over consolidation ratio (OCR).
Therefore seismic wave velocity provides informata dynamic geotechnical properties and is
one of basic parameters in assessing the constnusite in terms of evaluation of seismic
hazard or dynamic soil-structure interaction reegliby Seismic Design Criteria [8].
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Shear wave velocitieg can be measured in laboratory using resonant eglagtlic torsion
shearing, bender elements, and triaxial test uneigr small strains (<1810*%) of the sample,
in its centre [14, 23, 24, 29] that, however, ledpartial destruction of sample integrity.

During the past decades, the geophysical methoets &s1 downhole test (DHT), crosshole
test (CHT), suspension logging, seismic reflectisaismic refraction, spectral analysis of
surface waves (SASW), also geotechnical field fests seismic cone penetration test (SCPT),
seismic dilatometer test (SDMT) became increasingftiective in measuring shear wave
velocitiesvs of the soil [3, 20].

Methodology of seismic cone penetration test (SCPT)

Based on world-wide experience of engineering gpolstudies the cone penetration test
(CPT) provides most valuable information compaxedther field tests. Data collected by using
this method enables identification of architectafesoil layering, definition of soil types, and
calculation of a number of geotechnical parametdérshe soil. Data derived from CPT are
directly employed in geotechnical designing. Coregdato other field and laboratory methods
used for measuring geotechnical parameters of tiletee CPT is the most economically
effective [16, 18].

In case of simple geological structure, where thenflations could be immediately designed
based on CPT data this method becomes the majooagbp even compensating the need for
the drilling information, while at a site of moreraplex geological conditions it provides the
baseline information for application of other maethoCPT can be applied for investigation of
soils that are impossible to measure using otheld fiest methods, or sampling is not
possible [12].

The modification of this method to seismic conegqigation test (SCPT) was implemented in
geotechnical studies several decades ago [2, &g]s@ame equipment used in CPT is employed
in the SCPT test, with the addition of the hammigger, recording system and the seismic cone
electrometer (Fig.1). It was originally developeg Robertson P. K. et al. in 1986 [19]. The
geophones, fit inside the cone body, are mountetthrige orthogonal planes Y, Z. A shear
wave is generated by means of a hammer blow analtsineously the seismograph is triggered
and subsequently the seismic wave arrivals atéloplgone array are recorded.
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Sleeve friction, fs
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Fig. 1. Scheme of SCPT penetrometer

The cone is penetrated to measure cone tip resestasieeve friction and pore water
pressure, which are used to calculate the stresfgthe soil and identify the soil type profile.
Besides, the shear (and compression, in some cas®g) velocities are measured. At certain
intervals (commonly at 0.5 m spacing) the cone fratien is stopped and the seismic excitation
is produced on the surface to make seismic wavepagate to the seismic device and then
return to the surface where they are registeresplegial equipment. The principal scheme of the
seismic CPT test is indicated in Fig. 2.

In this case shear wawvevelocities are measured at particular intervals &lso possible to
measurev, compression wave velocities. This method allowsplegment of the same
penetration technique, equipment and data regitraystem that are used in conventional cone
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penetration tests. In addition, seismic wave eruitiet source is required, i.e. plates, hammer,
seismic module comprising exciter and receiveetpster data.

Oscilloscope
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Static
load N
madana 2 Hammer

TS Y > —— > >

Shear wave source
(perpendicular to cone)

4
S
/Shear wave

v
Seismic
cone penetrometer

Fig. 2. Scheme of seismic cone penetration test [2]
Empirical equations relating cone resistance and t@l sleeve friction to shear wave velocity

The dual application of the cone penetration tescdbed above has been used in different
regions and resulted in accumulation extensive bda as regards the relationship of
conventional geotechnical parametegs &4nd f;) to shear wave velocities/,]. The derived
relationships (equations) betwegnfs andvs are conventionally allowed for usage in estimating
soil dynamic properties based on CPT data, in thsealternative SCPT technique is not
available at a site. Some relationships definedséody soils of particular regions are presented
in Table 1.

Table 1. Shear wave velocity correlation equations for yasulls derived from different regions based on
SCPT data

No. Soil type Equations References
1 Sand v, =277-(q,)*-(0",,)” Baldi et al., 1989 [1]
2 Sand v, = 1318:(q,)**-(c",,)™" | Hegazy & Mayne, 1995 [7
3 | Alluvial sand v,=070-q,+218 lyisan, 1996 [9]
043
4 | Marine sand v, =50- [ij -3 Paoletti et. al., 2010 [17]
5 Sand v, =1202-(q,)™*-(f,) ™ | Trevoretal., 2010 [22]

here:
Vs—shear wave velocity, m/s;
g:— corrected (by pore pressuwg,(in MPa)) cone resistance, MPa:

q =0, +U,-(1-a);

g. — measured cone resistance, MPa;
fs — sleeve friction, kPa;
d o effective overburden stress;, {uy), kPa;
oy — total overburden stress, kPa;
p. — atmospheric pressure, 100 kPa.
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SCPT study results of quaternary glacial sandy salof Lithuania

Seismic cone penetration tests were performed By"&Rotestus” in north-east Lithuania.
Two L-form plates were used to excite shear wakespecial hammer was applied to the plates
(Fig. 3). In total, 21 penetration sites were meaduPenetration depth reaches 25 m.

Fig. 3. Plate used for excitation of shear waves

The depth spacing of seismic velocity measuremeass0.5-1.0 m. The vertical seismic
velocity profiles were compiled based on penetratast data (Fig. 4).

0 10 20 30 40 S0 60 70 80 90 100 110 120 130 140 150 160 1704,
Time [1s]

v, [mfs] 1000

Fig. 4. Sample of shear waves propagation to a depthhieftl figure) and diagram of alteration of shear
wave velocity to a depth (right hand figure), Ligmia, JSC “Geotestus”

Data were processed using express software; thepdatessing was carried out by software
“GeoTech SCPT Analysis”. It is important to notattthe latter programme allows removal of
seismic noise that inevitably disturbs the regedersignal. The seismic velocities were
calculated applying backward polarization and cramselation approaches.

Results

The surface of Lithuania is composed by Quaterrdaposits that accumulated mainly
during the last glaciation and postglacial sta@g@sA soil profile is represented by intercalation
of sandy and clayey (e.g. moraine) sediments. Tésemt study is focused on glacial sandy soils
of glaciofluvial and glaciolacustrine type. Sandyils range in grain-size composition and
density. Only soil layers bellow the ground waerdl were studied. The Quaternary succession
is commonly of highly complex architecture. Sandsying from coarse-grained to very fine-
grained were unified into a single sandy soil groDffferent layers characterized by specific
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average cone resistance and share wave velociges defined based on SCPT data and
associating drilling information (Fig. 5).
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Fig. 5. Comparison of profiles of averaged cone resistamckseismic wave velocities

Such combination of different data types enablemigitation of the common database that
provided a base for comparative analysis of sheaewelocitiesys and soil strength parameter
represented in form of cone resistangg, The regression analysis was applied to derive the
correlation between those two parameters.

The depth of analyzed sandy layers is in the raidg®&25 m. In total, 70 averaged values
were derived. The layer-averaged seismic wave itedeaange from 110 m/s to 540 m/s that
associate with the wide range in cone resistancgngafrom 2 MPa to 35 MPa. Such a wide
interval of measured values assures consistencgetihed correlation between those two
parameters.

The correlation is as close Bs= 0.80. The regression equation (2) linking theasheave
velocities to cone resistance (Fig. 6) was derived:

v, =108-q9,.+90 (2)
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Fig. 6. Plot of cone resistanag vs shear wave velocitiegof studied sandy soils
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The correlation between shear wave velocities amk aesistance defined for Lithuanian
sandy soils differ somewhat from those definedthreoareas (Fig. 7). For instance, comparison
of Lithuanian data and relationship provided bydBat al. (1989) [1] (see Table 1) indicates
that the latter underestimates cone resistancetbfidnian quaternary glacial sands by about
0.77. This misfit can be primarily related to difat soil behavior type [21, 11] of quaternary
sandy soils of Lithuania and those studied in otbgions.

350 -
300
250
200

150

100 +

E Vs(predicted) =0.35v s(measured)‘" 126.5
07 R=0.8

o t+—-rt+—r—~t+—r—r—t—t+t—t——tt—t—t
0 50 100 150 200 250 300 350 400 450 500 550 600

Predictedvs, m/s (Baldi et al

Measured in-sitw 5, m/s

Fig. 7. Measured shear wave velocitiegfeasuredy Of Lithuanian sandy soils vs shear wave velogitie
predicted Yspredicteq) DY Baldi et al. (1989) equation

Conclusions

The correlation between the cone resistance andrshave velocity was defined for
quaternary glacial sandy soils of Lithuania usinGP$ method. It provides a base for
geotechnical and seismic microzoning of areas cheariaed by similar geological conditions
using conventional CPT data. In the case of seigmiing the equivalent shear wave velocities,
i.e. velocities as weighted average of shear walecities of soil layers in the top 20-30 m, can
be estimated for quaternary sandy soils by comgniidely available CPT data. Equivalent
shear wave velocities are commonly used in evalgatie design earthquake characteristics on
the ground surface [4, 5, 10].

The obtained correlation between the cone resistand shear wave velocities is as high as
R = 0.80. The equation of correlation of cone resistawith shear wave velocity obtained for
quaternary sandy soils of Lithuania and those éefim other regions are somewhat different
that can be related to different soil formationtdrig of sands of various regions. It is therefore
crucial to define region-specific correlation edqoias for application of CPT data in determining
seismic and dynamic properties of soils. Applicat@f correlation equations defined in other
regions having different geological setting maydleto considerable inconsistencies in
microzoning of particular areas.
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