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Summary

SPT-Uphole tomography method was introduced for the evaluation of near subsurface shear wave velaocity (Vs)
distribution map. In SPT-Uphole method, SPT (Standard Penetration Test) which is common in geotechnical siteinvestigation
was used as a source and several surface geophonesin line were used as receivers. Vs distribution map which is the triangular
shape around the boring point can be devel oped by tomography inversion. To obtain the exact travel time information of shear
wave component, aprocedure using the magnitude summation of vertical and horizontal componentswas suggested based on the
evaluation of particlemotion at the surface. It was verified that proposed method could givereliable Vs distribution map through
the numerical study using the FEM (Finite Element Method) model. Finally, SPT-Uphole tomography method was performed
at theweathered soil sitewhere several boring datawith SPT-N value are avail able, and the feasibility of method was verifiedin

field.

I ntroduction

Shear wavevelocity (V'S) of near subsurfaceisvery
important in geotechnical practice. It is used for not only
seismic design such assite response analysisand evaluation
of liquefaction potential but al so static deformation problems
induced excavation and settlement. Besides representation
of the material and structural condition of the site, Vs
distribution map can be applied for the evaluations of the
degree of compaction and consolidation of a soft soil, layer
structure and weak zone of the site (Kim and Park, 1999).

Variousfield seismic tests, including both borehole
(invasive) and surface (non-invasive) tests, are used to obtain
V Sprofileof asite. Because each test hasits own advantages
and disadvantages, it isimportant to select adequate testing
technique considering the site condition and importance of
project. SPT-Uphole test which is based on SPT (Standard
Penetration Test) isamodified version of upholetest. SPT is
most frequently used in site investigation. Because the
impact energy generated by penetration of sampler in the
soil producesthe significant amount of SV type shear waves
in depth, the proposed method can provideaV Sprofilewith
boring simultaneously (Bang et al., 2001).

In this paper, authors introduced SPT-Uphole
tomography method to evaluate V S distribution map which
istriangular shape around the boring point using the travel
time between boreholeand surface. Thefactorsfor obtaining
reliable result using SPT-Uphole tomography method are
the determination of the exact travel time information and
the application of the accurate tomography inversion
method. Tomography inversion methods have been studied
and programmed for decades by many researchers in
geophysics. Therefore, this study has been focused on the
method for obtaining exact travel timeinformation. Travel
times are determined by both Finite element method (FEM)
and theoretical travel time information generated by ray
tracing method based on Snell's Law using representative
soil model, and the applicability of SPT-Upholetomography
method was assessed. Findlly, the proposed method was
applied at the weathered soil sitein Koreaand thefeasibility
of the proposed method was verified in the field.

Characteristics of particle motion at the
ground surfacedueto SPT impact sour cein depth

Understanding of the wavetypesgenerated by SPT
sampler is crucial for the development of SPT-Uphole

(979)



(>

DAG Systam —
RS :
e P
S CE P T EE LY A8
Surfnce Gnophonas /_.
I' f .'\'.I
\is ks i/
i
. -__.‘
12
SFT Snmpler Impoct Source rd

Fig. 1. Schematic diagram of the SPT-Uphole test.

tomography method. Because the sampler movesdownward
during the impact, it can be postulated that the shear wave
of the particlemotionin vertical direction (SV typewave) is
generated and propagating horizontally, and the generated
compression (P) waveis propagating inthevertical direction
near the sampler asshown in Fig. 2. P-wave component will
be mainly detected in the radial direction on the ground
surfacewhen SPT sourceislocated at shallow depthwhileit
will bemainly detectedinthevertical direction at deep depths.
On the contrary, since the vertical motion of SV type wave
changes to horizontal motion as propagating verticaly, S-
wave component will be mainly detected in the vertical
direction on the ground surface when SPT sourceislocated
at shallow depth and mainly detected intheradial direction
when located at deep depths. This effect is grown in the
casethat theray path isrefracted when the stiffnesslessens
to the surface (Kim et al., 2004a). That is to say, the major
direction of each wave motion will vary depending on the

Fig. 2: The major region and direction of P and S-wave generated

by SPT impact source.

location of source and receiver. In result, it is thought that
both vertical and radial horizontal motion is governing
simultaneously the surface motion when the elastic waveis
generated by vertical source in depth.

In order toinvestigate the types of waves generated
by SPT sampler inthereal condition, numerical study using
ABAQUS Standard was performed. AsshowninFig. 3, two
layers model that has different shear wave velocity in each
layer was designed. To simulate the condition of in depth
SPT impact source which is generated at one point and
propagates spherically without reflecting effect at the end-
boundary of model, axi-symmetric 4 node element (CAX4)
withinfinite element (CINAX4) wasimplemented. Thesize
of the element was 0.1m x 0.1m and calculation time step
weredetermined 0.0005sec asproposed by Zerwer et d. (2002).
Imaginary seven vertical and horizontal component
geophones were located on the ground surface with the
spacing of 2mto the distance of 18m and the particle motions
were recorded during 0.1sec after vertical impact sourcing.
The shape of wave propagation at thetime of 0.0365sec was
contoured in Fig. 4. Itiswell presented that compression (P)
wave and shear (S) waves propagate spherically.

Exact determination of initial arrival of shear wave
issomewhat difficultin SPT-Upholetest because the polarity
characteristics of S-wave cannot be used. Thetypical signal
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Fig. 3:  Numerical model for FEM analysis to predict particle

motion at the surface due to in depth vertical source.
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Fig. 40 The shape of wave propagation at the time of 0.0365sec
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motion, the shear wave arrival isnot clear at shallow depth
because of the discordance between sourcing and sensing
directions. It can be well understood from the
characteristics of particle motion at the ground surface
as shown in the Fig 6. The motion of P wave component
is same and the motion of the S wave component is
perpendicular with the direction between source and
receiver. It is shown that the direction of particle motions
of Pand Swavesis changed according to the location of
the source and receiver as previously mentioned in the
Fig 2. Therefore, the magnitude of horizontal motion
increases compared with the magnitude of vertical motion
asincreasing the depth and distance from boring point. It
makes easier to pick thefirst peak point of S-wave exactly
in all case using the vertical and horizontal motion
simultaneously. The arrows in the below part of the Fig 6
represent the first peak point of S-wave component.
Therefore, in the proposed method, vertical and horizontal
radial geophones are used together. In Fig. 7, the root
mean square value signals of vertical and horizontal
component in time domain were presented and the first
peak of shear wave can be discriminated easily without
hesitation in the whole depths. However, since the travel
timeinformationisnot first arrivals of S-wave, the further
correction is needed as described in next chapter.

Establishment of SPT-Uphole Tomography
Method Using Numerical Study

The proposed SPT-Uphole tomography method is
composed of 3 steps. Thefirst step isto obtain signalsfrom
field test, the second step is determination of the arrival
travel times, and the last step is borehole to surface
tomography inversion. To establish the each step in proposed
method, numerical studies were performed using FEM
modeling. Three model swere used to represent three typical
ground conditions. Model 1 represents a simple situation
with horizontal stacked layersand theV svalue of each layer
isincreased gradually with depth from 150m/s to 290n/s.
The thickness of each layer is 1m excluding the last layer
whichisdescribed asinfinite element. Model 2 and Model 3
represent inclined condition of the Model 1. The Model 2
was inclined upward direction while Model 3 was inclined
downward direction. The each configuration of models
illustratedin Fig. 8.

Travel time information of each FEM model was
determined asthe samemanner discussed in previous chapter.
Vertical impact |oadings simulating SPT sourcewere applied

Fig. 8:

Ly matric
amant

b) Model 2

c) Model 3

Three typical soil model for numerical study. @) horizontal
layer model b) upward inclined layer model ¢) downward
inclined model.
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at al 15 pointswith Iminterval and the signalswererecorded
at 5 receiver points with 2m spacing along the surface. The
typical particle motions at the ground surface and the
procedure determining the first peak point of the Swave
component and time difference for correction to the first
arrival were shown in Fig. 9. As mentioned, the travel time
information using the method introduced previous chapter
was not thefirst arrival travel timebut thefirst peak of arrival
time of S-wave. In order to corrects the travel time
information asthefirst arrival travel time, theauthorsused a
reference time difference between first peak point and the
first arrival of S-wave. As shown in Fig. 9b, some source
energy at a given depth can give an obvious arrival of S-
wave in both vertical and horizontal components, and this
can beused asareliablereferencetimedifference. All travel
time information determined by using peak points can be
corrected to the first arrival time information using this
representative time difference value if the main frequency
content of shear wave is assumed to be similar.

Thefirstarrival travel timefor tomography inversion
determined by this scheme was plotted in Fig. 10 and
compared with the theoretical travel time. The theoretical
travel timewas computed using shooting ray tracing method
based on Snell's Law as shown in Fig. 11. Thefirst arrival
times determined from proposed method match well with the
theoretical valueamazingly.

Theshear wave vel ocity distribution map determined
by tomography inversion was shown in Fig 12. The
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Fig. 9:  The representative particle motion at the surface and the

procedure to determine first arrival travel time.
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Fig. 10: Firs arriva time information from FEM analysis compared to
theoretical travel time determined by ray tracing (Model 1).

tomography program, GeoTomCG (Tweeton et al., 1992)
was used in this analysis. Thisinvolves modification of an
arbitrary initial velocity model by repeated cycles of three
step: forward computation of model of first arrival travel
times, calculation of travel timeresidualsand application of
velocity corrections. Curved ray tracing for forward
calculationisperformed with arevised form of ray bending,
derived from the Um and Thurber (1987) and modified in
order to improvethereliability of the results of the original
formulation for abrupt changes in the velocity gradient.
Refraction of wave energy is simulated with the use of
wavefront migration, based on Huygens' Principle, thereby
suppressing the shadow-zone problem which affects
conventional ray-tracing calculations. Inversion of travel time
datawas made with avariation of the SIRT algorithm (Lytle
et al., 1978; Peterson et al., 1985).

Because of the limitation of the borehole-surface
travel time tomography, Vs values in the region B and C
could not be guaranteed as trust values. Only region A can
be used for interpretation of the result, and the results of
region A delineated the original model well not only the shape
but also the shear wave velocity value. In the case of the
Model 2 and 3, theresult also had similar quality (Fig. 13and
Fig. 14). From these numerical studies, the proposed SPT-
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Uphole tomography method was considered as a potential .
method for obtaining reliable Vs distribution map in the
various conditions of soil sites.
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Field Application

Field testswere performed to verify the applicability
of the proposed SPT-Uphole tomography method. Fig. 15
shows the schematic diagram of SPT-Upholetesting site at
KimjeinKorea. All six boringswere performed to the depth
of 13.5m for evaluation of the horizontal non-homogeneity
characteristics and standard penetration tests were also
performed. Fig. 16 showsthe SPT-N valuesof each drill log.
The measured N-value adjusted to the value with reference
energy ratio as N60 considering energy ratio of each SPT
equipment (Kim et al., 2004b). To illustrate the horizontal
variation of the layers effectively, Vs distribution map was
constructed by using theempirical relationship between SPT-
N value and shear wave velocity (Fig. 17). It showsthat the
shape of layers in this site is similar with the Model 2 in
numerical studies, upward inclined layers model.
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Fig. 15: Schematic diagram of SPT-Uphole testing site.
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relationship of Imai et al.(1982).

Signal traces are shown in Fig. 18 with the source
depth obtained from each receiver at Kim-je site.
Unfortunately, only 4 vertical component geophones were
used in this study. The location of each receiver was 6m,
9m, 12m, 15m from the boring point (BH-2) and the boring
was performed to the depth of about 20m especially unlike
the other borings for the proposed method. The travel time
information of shear wave was obtained by using the peak
point of the only vertical component. From thisinformation,
the arrival travel time for tomography inversion was
determined by the same scheme established in previous
chapter. Because only vertical component geophones were
used, first arrivals of shear wave determined using the first
peaks of the vertical motion. But, the signals recorded by
only vertical receiver can be easily interfered with P wave
component especially at the near receivers as shown in Fig
18a. Therefore, it isimportant to usetwo component receivers
in the field for SPT-Uphole tomography method for
compensating this effect by horizontal component. In this
case, someof thetravel timeinformation that hasinterference
with P-wave component wasexcluded intheanaysis(Fig.19).

The shear wave velocity distribution map which
was determined by using the boreholeto surfacetravel time
tomography inversion method was shown in Fig. 20. The
shape of the shear wave vel ocity distribution determined by
proposed method is similar to that obtained by SPT-N values
(Fig. 17). From thedepth of 14minFig. 20, itisnot confident
to guessthe characteristics of the horizontal variation using
the proposed method due to the limitation of borehole to
surface travel time tomography. Therefore, it should be
performed more deeply than the depth to evaluate the
horizontal variation of thesite. Thisfield application focused
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to the upper region to the depth of 13.5m and SPT-Uphole
tomography method was performed to the depth of 20m on
this score. Therefore, it should be noted that the horizontal
variation characteristics and reliable Vs distribution map of
the site could be characterized economically using only 1
boring through the proposed method. It shows the good
potential of the SPT-Uphole tomography method for site
characterization in geotechnical engineering.
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Fig. 18: Signal trace at each receiver in this field application.
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Conclusions

SPT-Upholetomography method, whichissimple
and economical to determine two dimensional shear wave
velocity distribution map of the site, was proposed. Testing
procedure and interpretation method areintroduced. To obtain
travel timeinformation, aprocedure using the sum of vertical
and horizontal components based on particle motion at the
ground surface was suggested. Overall procedure of
proposed method was verified by using numerical study.
Finally, the reliability and applicability of the proposed
method were verified in the field by comparing the VS
distribution map to SPT-N valuedistribution from 6 drill logs.
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