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The following four seismic methods were used to acquire shear wave velocity control at multiple test sites in the
Poplar Bluff study area, southeast Missouri: seismic cone penetrometer test (SCPT), crosshole seismic (CH), multichannel
analysis of surface waves (MASW) and refraction microtremor (ReMi). These four methods were evaluated and ranked in
terms of accuracy, functionality, cost, other considerations and overall utility.
On the basis of the comparative analyses of the corresponding shear wave velocity profiles, it is concluded that
MASW data are generally more reliable than SCPT data, comparable to quality ReMi dataand only slightly less accurate than
CH data. However, MASW’s other advantages generally make it a superior choice over the CH, SCPT and ReMi methods for
general soil classification purposesto depths of 30 m. MASW data are much less expensive than CH data and can normally be
acquired in areas inaccessible to drill rigs. MASW data are less expensive than SCPT data and can normally be acquired in
areasinaccessibleto SCPT rigs, for example on paved roadway, within bedrock and dense or rocky soil, and on steeply dipping
slopes. In contrast to the MASW tool, quality ReMi data can be acquired only in areas where there are interpretable level s of
“passive” acoustic energy.
Introduction NEHRP Shear Wave Velocities
The University of Missouri-Rolla (UMR) in MoDOT routinely measuresthe shear wavevel ocity
collaboration with the Missouri Department of of the soils at geotechnical sites within the Mississippi
Transportation (MoDOT) evaluated thefollowing four field ~ Embayment because this critical parameter can be used to
methods commonly used to measure and classify the shear ~ determinehow highwaysand highway structureswill respond
wave velocity of soilsto depths of 30 min accordancewith 10 an earthquake. For the purposes of earthquake hazards
National Earthquake Hazard Reduction Program guidelines investigations, .the velocity of the subsurface must be
(NEHRP, 1997): crosshole seismic (CH), seismic cone measured or S“”.‘a‘ed to adgpth of 30 m. The NEHRP
. . shear wave velocity (Vs) assigned to the subsurface at a
penetrometer test (SCPT), multichannel analysis of surface specific siteis calculated using the following formula:
waves (MASW) and refraction microtremor (ReMi). The
four methods were field tested at forty sites in the Poplar
Bluff study area, southeast Missouri. Most of the test sites
lie within the MoDOT right-of-way, immediately adjacent
to structures on major state highways.
These four methodswere comparatively eval uated
and ranked in terms of accuracy, functionality, cost, other
considerationsand overall utility to MoDOT. Representative
shear wave velocity profilesfor test site #3 are presented in
support of the evaluationsand rankings. The SCPT datawere
researchers.
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processed and interpreted by dedicated MoDOT steff; all of
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Vs = the assigned NEHRP shear wave velocity,
v, = the layer shear wave velocity inm/s,
n

Z_ di isequa to 30 m.
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di = the thickness of any layer (between 0 and 30 m), and
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Representative Shear Wave Velocity
Profiles, Test Site #3

Crosshole Seismic (CH): The CH shear wave
velocity data were acquired at 1.5 m depth intervals, in
twinned, PV C-cased, air-filled boreholes spaced at 4.5 m
(Figure 1). The separation between the twinned boreholes
at each test depth was determined using aborehole deviation
tool. These CH shear wave velocity data are assumed to be
more reliable than the corresponding SCPT, MASW and
ReMI data, and were used as a “yard stick” for evaluating
the accuracy of theacquired SCPT, MASW, and ReM| shear
wave velocity data.

The CH data are considered to be more accurate
than SCPT data for severa reasons. First, the CH source
signal was higher frequency than the SCPT source signal;
hence the arrival time of the CH shear wave pulse could be
determined with greater precision. Second, SCPT field data
werenoisier than CH data; hencethearrival time of the shear
wave pulseon CH field data coul d be determined with greater
accuracy. Third, CH velocitieswere measured using source/
receiver separations of 4.5 m; SCPT velocitiesare calculated
using interval distances on the order of 1 m. Thereforethe
calculation of CH velocitieswas|ess affected by small errors
in the determination of the travel distances and/or travel
times. Fourth, thedirect compressional waveand direct shear
wave are clearly visually separated on CH field data; thisis
not the case for SCPT field records acquired at shallow
depths.

The CH shear wave velocity data are also
considered to be more accurate than either the MASW or
ReMI datafor several reasons. First, CH shear wavetravel
timesand travel distancesare measured directly and used to

compute shear wave velocities. The MASW and ReM|
techniques, in contrast, measure phase-dependent surface
wave velocities, and use these to estimate shear wave
velocitiesasafunction of depth. Second, MASW and ReMI
shear wave velocities represent “average’ velocities over
lateral distances typically on the order of 30+ m. Third,
MASW shear wave vel ocitiesrepresent “ average” velocities
over depth intervalsthat increase with increasing depth of
burial.

Seismic Cone Penetrometer Test (SCPT):

The SCPT shear wave vel ocity datawere acquired
by aMoDOT crew using a Hogentogler cone penetrometer
unit mounted on a dedicated rig. The acquisition process
was relatively straight-forward. A horizontally-polarized
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Fig. 1. CH, SCPT, MASW and ReM| shear wave velocity profiles for
test site #3.

geophone, connected to the tip of the seismic cone, was
pressed into the subsurface to adepth of 1 m. A shear wave
source (hammer andblock located almost directly abovethe
tip of the cone) was discharged twice at the surface with
oppositedirectional impactsthereby generating two opposite
polarity shear wavefield records. Thisprocesswas repeated
as the cone was pressed into the subsurface until refusal,
and halted momentarily for testing at depth intervalsof 1 m.
The transit time and source/receiver separation data were
used to calculate the in-situ shear wave velocity for each
soil interval tested (Campanella et al., 1986). Standard CPT
datawere acquired simultaneoudly withthe SCPT data. The
SCPT cone only achievesitstarget depth of 30 mat one of
the Poplar Bluff test sites because of high soil resistance.

Multichannd Analysesof SurfaceWaveMASW):

The MASW data were acquired using an
engineering seismograph and 24 low-frequency (4.5 Hz)
vertical geophones, placed at 1.5 m intervals (Figure 2).
Acoustic energy was generated at an offset of 10 musing an
8 kg sledge hammer and metal plate.

The acquired Rayleigh wave data were processed

using the Kansas Geologic Survey (KGS) software package
SURFSEIS. Each set of Rayleigh wave datawastransformed
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from the time domain into the frequency domain using Fast
Fourier Transform techniques. These field-based data were
used to generate site-specific dispersion curves for each
station location. The site-specific dispersion curvesgenerated
from field-acquired Rayleigh wave data were
thentransformed into vertical shear-wave velocity
profiles(Park et al., 1999).

Refraction Microtremor (RTeMI): The ReMi data
were acquired using 24 low-frequency (4.5 Hz) vertical
geophones, placed at 6 mintervas(Figure2). At eachtest Site,
1 st of passiveRayleighwavedataconsisting of tenfidd records
each with a 25 s duration was recorded using a 24-channel
engineering seismograph. ReMi field datawere intentionally
recorded while vehicletraffic wasrelatively heavy.

The acquired passive Rayleigh wave data were
processed using the SeisOpt ReMi software package (Louie,
2001). Rayleigh wave data set was transformed from the
time domain into a spectral energy shear wave frequency
versus shear wave velocity (or slowness) presentation for
each ReMi seismic setup. A dispersion curve, consisting of
the lower bound of the spectral energy shear wave velocity
versus frequency trend, for each setup was selected and
saved. A multi-layered shear wave velocity model, consistent
with the dispersion curve, wasdevel oped iteratively for each
setup.

Multiple ReMi shear wave velocity profiles were
generated at two test sites using geophone arrays oriented at
0, 30, 60 and 90 degrees to roadway. Arrays oriented
perpendicular to the highway produced themost well defined
dispersion curves and generated shear wave vel ocity profiles
that were the most compatible with the CH data. The
dispersion curves generated by arrays with other azimuthal
orientations were not as well-defined and were therefore
moredifficult tointerpret. ReMi shear wavevelocity profiles
were also generated at a test site located several km from
any major roadways or significant cultural noise, using
geophone arrayswith different azimuthal orientations (0, 30,
60, 90, 120 and 150 degrees). Analysesof these ReMi field
records indicate that data quality was dightly affected by
array orientation. Thequality of thedispersion curvesvaried
from poor to good depending on the orientation of thearrays.
These field tests indicate that array orientation can affect
ReM I results. Simpl etests can be used to determine optimum
orientation at any field site. Additionally, an active end-on
source could be discharged to compensate for the dearth of
high frequency Rayleigh wave data at remote field sites.

I nter pretation

The four shear wave velocity profiles acquired at
or immediately adjacent to the test site #3 CH location are
plotted in Figure 1. The twinned boreholes at CH test site
#3 encountered bedrock at a depth of approximately 34.5
m. However, either because of obstructionsor the shortness
of the PV C casing, CH data were obtained only to a depth
of 33.5m. MASW control at the CH location extendsto a
depth of 33.5m. (This depth would have been extended if a
larger impact source had been used.) ReMI control extends
to adepth of 32 m. SCPT data were acquired to a depth of
only 10.5 m because of increasing soil resistance.

The CH shear wave velocity profile for Site #3 is
considered to be more accurate than the MASW, ReM| or
SCPT profiles. The visua inspection of the CH profile
indicates that the shear wave velocity of soil, with minor
fluctuations, increases gradually with depth of burial (from
alow of about 180 m/sto ahigh of about 250 m/s at adepth
of 30 m). The soil at site #3 consists amost exclusively of
sand, silt and clay (Figure 2). The observed minor
fluctuations in shear wave velocity are attributed to minor
changesinlithology (sand, silt, clay concentrations) and grain
size.

Site #3

Silty clay

6.7

Clean fine to medium sand
9.1 -

Mostly gravelly sand with some
fine sand and stiff clayey sand

15.2 —+

Fine clean sand

Depth (m)

27.4
Medium to fine clean sand with some gravel

28.9 4

Fine clean sand

33.5
34.7

Medium to fine clean sand with some gravel

olomite

37.7 4

Fig. 2: Sail profile for Test Site #3.
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The MASW shear wave profile is similar to the
CH profile, except that MASW shear wave velocity values
are consistently equal to or slightly less than the
corresponding CH values. TheMASW velocitiesrangefrom
about 180 m/s to about 230 m/s (at a depth of 30 m). The
ReMi shear wave profile is similar to both the CH and
MASW profile at depths of less than 30 m, except that the
ReMi shear wave velocity values are generally equal to or
dightly greater than the corresponding CH values. Within
this depth interval, the ReMi velocities range from about
165 m/sto about 300 m/s.

Differences between the CH, MASW and ReMi
shear wave velocities may be due to the fact that MASW
and ReMi velaocities are laterally and vertically averaged.
Alternatively, the MASW and ReMi techniques may not be
as accurate as the CH tool.

The SCPT shear wavevelocity datacorrelatefairly
well with the CH, MASW and ReM| data except that the
shallowest layer layer on the SCPT velocity profile was
assigned, by MoDOT interpreters, an anomalously high shear
wave velocity (~1200 m/s). Our experience has been that
such “spikes’ are not uncommon on MoDOT SCPT profiles,
particularly at shallow depths. These “spikes' are not
believed to be real; rather, they are assumed to result from
minor inaccuracies in either the placement of the SCPT
receiver or thetiming of SCPT transit times. Indeed the high
velocity “spikes’ observed on SCPT #1 do not correlatewith
zones of high tip resistance on the CPT data set (Figure 3).

Compar ativeAnalysesof Shear Wave M ethods

The four geophysical techniques used to measure
and categorize shear wave velocities of soils at the Poplar
Bluff test sites were evaluated in terms of accuracy,
functionality, cost-effectiveness and overall utility. These
parameters were evaluated from the perspective of the end
user, inthiscase, the Missouri Department of Transportation.
A discussion of the test site#3 datafollows. Similar results
were obtained for the other Poplar Bluff test site data.

Accuracy

The relative accuracy of the shear wave velocity
curves generated using each of the four techniques was
estimated using two different approaches. average standard
deviation and calculated NEHRP velocity.

Inthefirst approach, the CH datawere assumed to
be accurate. Average deviations of the MASW, ReMI and
SCPT data(relative to the CH data) were determined based
on velocity differences at 1.5 m intervals over the depth
ranges tested to a maximum of 30 m. Using this approach,
theMASW dataset isthe second most accurate with average
deviations of 15 m/s. The ReM| data set is the third most
accurate with an average deviations of 20 m/s. The SCPT
data set is the least accurate with a standard deviation of
165 m/s. The high deviation associated with the SCPT tool
is attributabl e to the presence of the velocity “spike”.

Tlp Fedetanow Laoal fatan
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WEim luee

Fors Pre sours

Ciep i m

Fig. 3: CPT and SCPT data for Test Site #3, showing tip resistance, local friction, pore pressure and shear wave velocity.
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In the second approach, a NEHRP velocity was
calculated for each profile using shear wave velocity values
over the depth range tested to amaximum of 30 m. TheCH
NEHRP velocity of 220 m/s was assumed to be most
accurate. The MASW and ReMi data sets are comparable
with NEHRPve ocities of 205 m/sand 235 m/s, respectively.
The SCPT dataaretheleast accurate withaNEHRP vel ocity
of 635 m/s(calculated over the depth penetrated by SCPT
tool).

Functionality (Data Acquisition)

Data acquisition functionality was based on each
tool’s capability to provide shear wave velocity control at
any potential test site in the Mississippi Embayment to a
depth of 30 m (as per NEHRP guidelines).

The MASW tool was ranked first in terms of data
acquisition functiondity. Thistool can be deployed anywhere
a 30 m geophone array can be laid out and a 4.5 kg sledge
hammer (or alternate source) deployed. The low frequency
MASW geophones do not need to be physically coupled to
theground so thetool can be used on any solid surface (paved
or asphalt roadway, exposed rock, rocky soils, sandy soils,
etc.). Datacan also be acquired on sloped surfaces, beneath
bridges, etc.

The ReMi tool was ranked second in terms of data
acquisition functionality. Thetool hasall of the advantages
of the MASW method, and the additional advantage of not
requiring an active source. However, it was ranked second
because the ReMi array islonger and requires more space,
and becausefield testing may berequired to ensurethe ReMi
array isaligned with asuitable source of passivewave energy.
In certaininstancesit may not be possibleto optimally orient
the array because of access problems or the nature of the
test site; in other situationsasuitable source of passive energy
may not be close enough to the test site to be of utility.

The CH method was ranked third in terms of data
acquisition functionality because thistool can be used only
at sites accessible to a drill rig. Data can be acquired on
paved roadway, rock and rocky soil, but cannot be safely
utilized beneath bridges and on some sloped surfaces for
example. Additionally, CH data are normally not acquired
until several days after cased drill hole compl etion because
time is required for the grout to set. Permitting may be
required.

The SCPT method was ranked fourth because it
can be used only where a dedicated rig can be securely

anchored. Thetool cannot penetrate pavement, asphalt, rock,
or rocky soil or even some stiff soils. Depth penetration at
Poplar Bluff test site 3 (Figure 6) waslessthan 30 m because
stiff soilswere encountered. Also, great care must be taken
to ensure the strike block and geophone are properly placed
every timethe sourceisdischarged. The presence of “ spikes’
onthe MoDOT SCPT data set suggest it can be difficult for
aproduction crew to consistently exercise the care necessary
to ensure placement errors do not occur.

Functionality (Data Processing)

Data processing functionality was based on the
necessity for qualitative input and the potential for resultant
human error.

The MASW tool was ranked first in terms of data
processing functionality becauseall of the MASW dispersion
dataacquired in the Poplar Bluff areawerereadily “picked”
during data processing, and because the results were
reproducible to the extent that different processors
consistently “picked” the same dispersion curve and
generated essentially the same shear wave velocity profiles.

The CH tool hasdll of the advantages of the MASW
method (results are reproducible to the extent that different
processors consistently “picked” the same travel times and
generated essentially the same shear wave vel ocity profiles).
It was ranked second only because the processing of the CH
data was more labor intensive than the processing of the
MASW data.

The ReMI tool was ranked third in terms of data
processing functionality because it was difficult to “pick”
the optimum dispersion curve on some of the ReMI data
acquired inthe Poplar Bluff area, presumably because these
data sets were not acquired using optimally-oriented
geophone arrays.

The SCPT tool was ranked fourth in terms of data
processing functionality because it was difficult to “pick”
shear wave arrival times on records acquired at shallow
depth. Additionally, perhaps because of noise, or human
acquisition or processing errors, low and high vel ocity spikes
are present on many of the SCPT shear wave velocity curves
provided by MoDOT.

Cost

The ReMI tool was ranked first in terms of cost.
ReMi datacan be acquired at asingletest site by a2-person



field crew inlessthan one hour (start to finish after arriving
on-site). The equipment is portable; normally the crew and
equipment are transported in asingle vehicle. The data can
be processed in the field on a laptop.

TheMASW tool wasranked aclose second interms
of cost, only because an active source is required. MASW
data can be acquired at asingle test site by a 2-person field
crew in less than one hour (start to finish after arriving on-
site). The equipment is portable; normally the crew and
equipment are transported in asingle vehicle. The data can
be processed in the field on a laptop.

The SCPT tool was ranked third because of the
high capital cost of thetool and dedicated rig and the cost of
transporting the SCPT tool and rig to the field sites.
Additionally, the acquisition of SCPT dataat each field site
took a couple of hours.

The CH tool wasranked fourth because of the high
cost of drilling and PV C casing twinned air-filled boreholes,
and acquiring borehole deviation data therein. It is aso
expensive to transport the drill rig and support vehicle to
thetest site(s). Anadditionally field visitisusually necessary
to acquire borehole deviation and CH travel time data.

Other Considerations

The CH tool was ranked first in terms of other
considerations because soil samples can be extracted from
the boreholes and depth to bedrock can be accurately
measured. The SCPT tool was ranked second because the
simultaneously acquired CPT datacan be of significant utility
to geotechnical engineers. MASW and ReMi tools were
ranked tied for third because they can be used to estimate
variable depth to shallow bedrock.

Conclusions

Overall Utility to the Missouri Department of
Transportation (MoDOT)

For the past few years, MoDOT has routinely
acquired multiple SCPT data sets as part of the routine
investigations of soils at highway structures or other
geotechnical sites. In an effort to ensure their geotechnical
investigations were as effective and efficient as possible,
the SCPT tool and several available alternatives (CH,

MASW and ReMI) were evaluated and ranked in terms of
overall utility to MoDOT.

The MASW tool wasranked firstintermsof overall
utility. The MASW was ranked dlightly ahead of or tied
with the ReMi method in terms of accuracy, dataacquisition
and processing functionality and other considerations; it
ranked slightly behind the ReMi tool in terms of cost.
However, the MASW tool israted higher overall because of
the consistency of the data source and the tool’s ability to
consistently provide shear wave velocity control to the
NEHRP specified depth of 30 m.

TheMASW tool wasranked behind the SCPT tool
in terms of other considerations, but ranked ahead in terms
of accuracy and processing functionality, and significantly
ahead in terms of acquisition functionality and cost. The
MASW tool wasranked dlightly behind the CH tool interms
of accuracy and other considerations, but slightly ahead in
terms of functionality, and significantly ahead in terms of
cost.

The ReMI tool was ranked second in terms of
overall utility to MoDOT. Relative to the SCPT and CH
techniques, it has essentially the same advantages and
disadvantages asthe MASW tool.

The SCPT tool wasranked third in termsof overall
utility to MoDOT. Thetool has somesignificant limitations
in that it cannot be used on hard surfaces and will not
penetrate rocky or very stiff soils. However, the SCPT tool
is ranked ahead of the CH tool, because CH data are
prohibitively expensiveto acquire if used to measure shear
wavevelocities at multiplelocationsfor routine geotechnical
siteinvestigations.
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