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ABSTRACT
Earthwork compaction evaluation is fundamental to geotechnical engineering. The conventional approach to compaction control 
makes use of measured water content and dry density.  Field measurements of these can be made by nuclear or other standardized test 
methods. The measured water content and dry density for a given soil are indicators for parameters used in design such as shear
modulus, shear strength, and hydraulic conductivity, but do not measure any of these directly.  For the design of pavement systems
and many other facilities, the shear modulus of the soil is of great value.  
Both seismic waves and electromagnetic waves are convenient tools for characterizing particulate materials. This paper introduces a
technology which provides near surface water content, dry density, and shear modulus by the combined use of electromagnetic and
seismic waves. In the test setup, four spikes are driven into the ground in a configuration that simulates a coaxial cable where the soil 
between the spikes acts as the dielectric medium. An electrical pulse is then applied to the spikes and from the observed reflected
electrical signal, soil dielectric properties are determined. These are used to estimate water content and dry density of the soil
(Drnevich et al., 2002). For the measurement of shear modulus, one of the spikes is selected as the excitation spike and is tapped with
an instrumented hammer. The other spikes, with accelerometers amounted on their heads, act as the receivers. The steel spikes are
much stiffer than the surrounding soil. Hence, the excitation spike acts as a source of vertically polarized shear waves along the length 
of the spike and the receiver spikes act like waveguides for measuring the horizontally traveling waves. Travel time analysis is used to
determine the shear wave propagation velocities which are used with the soil density measured by electromagnetic waves to deter-
mine shear modulus. Another critical parameter, the water content also is measured in the process. In addition, increasing the magni-
tude of tapping, increases shear strain levels of the propagating waves and reduces the shear wave propagation velocities. Shear
modulus reduction curves can be obtained from corresponding particle velocity (integrated from recorded accelerations) and shear
wave velocity.   
The test setup was evaluated both in the field and in the laboratory. The results show the measured shear moduli are reasonable and
the influence of soil disturbance by spike insertion is minimal. The modulus reduction curves measured by this method are consistent
with those in the published literature. With improved system design, the testing and data analysis can be done quickly and can provide
parameters needed for engineering design. 

RÉSUMÉ
Un aspect fondamental en géotechnique, lors de la construction des ouvrages en terre, est la qualité du compactage. L’approche con-
ventionnelle pour le contrôle du compactage consiste à utiliser les mesures de teneur en eau et de poids volumique apparent sec. Sur le
terrain, ces propriétes peuvent être déterminées par nucléo-densimétrie ou autres méthodes standardisées. La teneur en eau et le poids
volumique apparent sec ainsi mesurés sont des indicateurs de propriétés du sol utilisées en dimensionnement, tels que le module de
cisaillement, la résistance au cisaillement, la conductivité hydraulique, mais ne constituent pas des déterminations directes de celles-
ci. En vue du dimensionnement des chaussées et de bien d’autres ouvrages, le module de cisaillement du sol est d’une grande impor-
tance.
Les ondes sismiques ainsi que les ondes électromagnétiques sont des outils pratiques de caractérisation des matériaux granulaires.
Dans cet article, on présente une technologie basée sur l’utilsation combinée des ondes électromagnétiques et sismiques qui permet de
déterminer la teneur en eau, le poids volumique apparent sec et le module de cisaillement près de la surface. Dans le montage expéri-
mental, quatre clous sont enfoncés dans le sol selon une configuration qui simule un cable coaxial où le sol situé entre les clous joue le
rôle de diélectrique. Une pulsation électrique est alors appliquée aux clous et, d’après l’enregistrement du signal électrique réfléchi, 
les propriétés diélectriques du sol sont déterminées. Celle-ci servent alors à calculer la teneur en eau et le poids volumique apparent
sec du sol (Drnevich et al, 2002). L’un des clous est choisi comme source sismique et est frappé avec un marteau appareillé. Les
autres clous, dont la tête est munie d’un accéléléromètre, jouent le rôle de récepteurs. Comme les clous en acier sont beaucoup plus ri-
gides que le sol qui les entoure, le clou éméteur agit comme une source d’onde de cisaillement polarisée verticalement sur sa 
longueur, et les récepteurs agissent comme guide d’onde pour la mesure des ondes qui se propagent horizontalement. L’analyse de la
durée de propagation permet de déterminer la vélocité des ondes de cisaillement qui est ensuite utilisée, avec la densité du sol mesurée 
par ondes électromagnétiques, pour déterminer le module de cisaillement. Un autre paramètre d’importance critique, la teneur en eau,
est aussi déterminé au cours de ce processus. De plus, en augmentant la force de l’impact, on peut augmenter le niveau de déformation
en cisaillement des ondes et réduire leur vélocité de propagation. Des courbes de modules de cisaillement peuvent être obtenues à par-
tir des vélocités de particules (intégrées à partir des accélerations enregistrées) et vélocités d’ondes de cisaillement correspondantes. 
L’installation d’essai a été testée sur le terrain ainsi qu’en laboratoire. Les résultats indiquent des valeurs de module de cisaillement
qui sont satisfaisantes et le dérangement du sol crée par l’insertion des clous a une influence minime. Les courbes de réduction du
module fournies par cette méthode sont cohérentes avec celles publiées dans la littérature. En améliorant encore le système, on pourra
effectuer des mesures et analyser les données rapidement pour obtenir les paramètres dont on a besoin en vue du dimensionnement.
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1 INTRODUCTION

Knowledge of near surface soil behavior in engineered earth-
works is important for engineering design and construction de-
cisions.  Currently, the most widely used criteria to control be-
havior are soil water content and dry density. However, these 
items are only indirect indicators of soil performance even for a
given soil.  This paper describes a technique to determine soil
shear modulus along with water content and dry density for ap-
plications where the effective influence zone is in shallow
ground such as beneath pavements and shallow foundations. 
Shear modulus can be used to define the resilient modulus 
needed for the implementation of mechanistic-based design
procedures as recommended by the AASHTO 2002 Design 
Guide (NCHRP 1-37). Many field tools including the Geo-
gauge, falling weight deflectometer (FWD), spectral analysis of
surface waves (SASW), and other seismic techniques exist for
measuring the stiffness and/or shear modulus of near surface 
soils.  Pezo et al. (1991) related resilient modulus and shear
moduli.

The advantage of field measurements is that they character-
ize the soil (at least at the test locations) that will be incorpo-
rated into the constructed facility.  The disadvantage of field
tests is that they cannot provide data for use in design which oc-
curs well before construction begins.  It is also known that soil 
modulus varies with water content and dry density.  With in-
creasing water content, the modulus decreases significantly.
Thus, it is suggested that specific control of moisture might be 
needed in the implementation of modulus based criteria (Lenke
et al., 2001).

Time Domain Reflectometry (TDR) was originally used in
electrical engineering for detection of breaks in electrical ca-
bles.  It also can be used for water content measurement. A 
TDR measurement can provide the speed of an electromagnetic
wave propagating along a probe inserted into soil. The speed is 
controlled by the dielectric properties of the soil. Due to large
contrast in dielectric property between water (around 81) with 
air (1) or soil solids (around 3), the travel speed of electromag-
netic waves in soil is very sensitive to the amount of water pre-
sent in the soil.  To make the system suitable for geotechnical
engineering applications on compacted earthwork, Purdue re-
searchers designed a special probe which consists of four ordi-
nary spikes driven into the soil in a coaxial configuration as
shown in Fig. 1.  A measurement head is then seated on the cap
of the spikes to make TDR measurements.

The alignment of the spikes roughly resembles that of
“crosshole” configuration (ASTM D 4428), albeit the holes are 
occupied by the spikes.  From this consideration, one of the 
spikes is selected to be the excitation source.  The other spikes,
with accelerometers amounted on their heads, act as the receiv-
ers.  Vertical tapping the head of the exciter with an instru-
mented hammer generates shear wave which travels horizon-
tally to the receivers.  Shear wave velocity by travel time

analysis of seismic waves and soil density measured by elec-
tromagnetic waves are then used to determine the shear
modulus.  In addition, increasing the tapping force, results in in-
creased shear strain levels. Shear modulus reduction curve can
be obtained from the corresponding particle velocity (integrated
from recorded accelerations) and shear wave velocity.

Combining the results of measurement based on electromag-
netic waves and seismic waves, information on soil physical
properties and mechanical properties can be obtained.

2 THEORETICAL BASIS

The theoretical basis of the measurement system is introduced
below.

2.1 Masurement of soil water content and density from TDR 

The principle of using Time Domain Reflectometry (TDR) to 
measure soil water content has been widely explored.  Previous
research measured apparent dielectric constant and related it to
volumetric water content. Research at Purdue University devel-
oped apparatus and analysis methods to extend the capability to
measure gravimetric water content and soil density as well.  An 
ASTM Standard (D 6780) was recently established.  It is based 
on a calibration equation relating the apparent dielectric con-
stant, Ka, to soil water content and dry density

(1)bwaK
d

w
a +=

ρ
ρ

where, a and b are soil specific calibration constants, �d is the
dry density of soil, �w is density of water, and w is the gravimet-
ric water content. The soil specific constants a and b can be de-
termined in conjunction with standard compaction tests com-
monly used in geotechnical engineering practice.  Extensive
investigation shows that selecting a equal to 1 and b equal to 9 
gives reasonably accurate results for most soils (Drnevich et al.,
2002).  Soil specific calibration is recommended for improved 
accuracy.

The field procedure consists of performing two TDR tests:
1) A TDR test is taken with a probe consisting of four coaxially
configured spikes driven into the soil; and 2) A test is conducted
in a compaction mold on the same soil that was rapidly exca-
vated from within the four spikes and hand compacted into the
mold.  Assuming that the gravimetric water content is the same
for both tests, the apparent dielectric constants from the two 
TDR readings along with the measured total density of the soil 
in the mold are used to calculate soil water content and dry den-
sity.  A procedure waiving the step of making the measurement
in the mold has been developed, which simplifies the field pro-
cedure (Yu and Drnevich, 2004). 

2.2 Measurement of shear modulus and modulus reduction
behavior from seismic measurement 

Fig.1 Schematic of the TDR measurement system

Simulated cross-hole tests can be performed with one spike act-
ing as the exciter source while the others, with accelerometers
attached, acting as receivers.  After the TDR testing in the field,
the probe head is lifted from the spikes and the accelerometers
are then attached to the spike heads as shown in Fig. 2.  A 
hammer with a trigger is used to tap on the head of one of the
spikes as shown in Fig. 3. Because the spikes are much more
rigid than the surrounding soil, they transmit the excitation to
the soil over the length of spike with negligible time delay. The
seismic waves generated by the tapping the spike are principally
vertically polarized shear waves.  The other spikes act as
waveguides and picked up the motion which is detected by the
accelerometers on the receiver spikes.
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Two different materials were measured in this trial evalua-
tion of the proposed test scheme.  One is a local black silty loam
and the other is the ASTM standard graded Ottawa sand pre-
pared at two different moisture contents.

4 RESULTS AND ANALYSIS 

4.1 Signal analysis
Fig. 2 The accelerometer is mounted onto the spike by the 

threaded hole in the head The method of TDR analysis follows the standard procedure de-
scribed by ASTM D6780 using software that acquires and ana-
lyzes the signal, and makes all of the calculations.  Details are
described by Drnevich et al. (2002).

For the travel time analysis, it was not possible to accurately
detect the first arrival of the shear wave because the signal con-
tained noise.  However, the first peaks of the shear wave were
easily identified and were used in determining travel times.

The signal was then integrated to obtain the peak particle ve-
locity.  A base-line correction, based on zero particle velocity at
long times was applied.  The method generally follows proce-
dures established by Salgado et al. (1997) 

4.2 Measured shear modulus reduction behaviors 
Fig. 3 Performing the seismic test after making the TDR meas-

urement The results of soil water content and dry density obtained by
TDR measurements are summarized in Table 1.The travel time of the shear wave from source to receivers

can be determined from the recorded signals.  This in
conjunction with the known distance between the spikes deter-
mines the shear wave velocity.

Table 1 Soil Water Content and Dry Density from TDR measurement
Soil Name Water Content 

(%)
Dry Density 

(kg/m3)
Silty Loam 15 1220
Dry Ottawa Sand 0.3 1696
Wet Ottawa Sand 3 1508

The particle velocity, V0, can be obtained by integration of
recorded acceleration at the receiver.  The peak particle velocity
together with the shear wave velocity, Vs, is used to obtain the
shear strain, �, by the relationship: 

(2)0

V
V

=γ

(3)V2
sG ⋅= ρ

ulus is obtained from the measured shear wave 

ifferent shear strains can be easily obtained in this setting
by

3 EXPERIMENT SETUP AND PROCEDURE

The prototype set up included using a removable metallic guide

The measured soil dry density is used along with the water con-
tent to determine the total density and it is used along with shear
wave velocities from the travel time analysis to calculate shear
modulus.  Figure 4 shows the results of shear modulus reduction
curves for silty loam and wet Ottawa sand. The general trend is
that the shear modulus gradually decreases with increased shear
strain levels, which is consistent with expected behavior.

s
Shear mod

velocity together with the soil water content and density, meas-
ured by TDR.

D 4.3 Effects of rod insertion
changing the tapping force magnitude applied to the excita-

tion source spike.  Thus, the shear modulus reduction curve can
be obtained by plotting G versus �.

The testing procedure involves driving spikes into the ground. 
This causes potential disturbance and densification (or loosen-
ing) of soil around the spikes.  To investigate the effects of soil
volume changes, a series of tests were performed using two dif-
ferent distances between the excitation spike and receiver
spikes.  The results were plotted in Fig. 5.

Figure 5 indicates that there is no significant effect of soil 
densification on the modulus reduction behavior measured by
this test setting. This is partly attributed to the relative scale be-
tween the diameter of the spikes and distance between the
spikes.

template to install the spikes, an instrumented hammer, and ac-
celerometers attached to the spikes.  Signals from the acceler-
ometers were passed through amplification units and were re-
corded by either a spectrum analyzer or an oscilloscope.  For
automated production testing, an integrated package consisting
of a solenoid source and receiver pickups connected to a note-
book computer or personal data assistant (PDA) could easily be 
developed.

The instr

4.4 Effective measurement depth

umented hammer is used to tap one of the excitation
spi

ts, the spikes are re-
mo

The spikes used for the TDR measurement have a length of
about 20 cm installed in soil and it is known that shear modulus
changes with confining stress, water content, and density, which
also vary with depth.  This raises the question concerning which
depth do the measured values apply? To address this, the meas-
ured data for dry Ottawa sand were plotted along with modulus 
values for different depths from the design equations proposed 
by Hardin and Drnevich (1972) and are shown in Fig. 6.  It is
encouraging that all of the data fall within the plotted curves. A

kes, and excitation and the responses are all recorded.  The 
process is repeated with gradually increased levels of tapping to
obtain responses at different strain levels.

Upon finishing the seismic measuremen
ved and the soil from within the spikes is excavated and

compacted in the compaction mold to complete the required
procedures by ASTM D 6780 for measurement of water content
and dry density.
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5 CONCLUSIONSpreliminary conclusion is that the measured data corresponds to 
a depth roughly about 2/3 the length of the spikes.

This paper presents a method for determining shear modulus re-
duction with shear strain along with water content and dry den-
sity of near surface soils. The method uses a miniature crosshole 
test in conjunction with a standardized time domain reflectome-
try (TDR) test.  The preliminary results show the measured
shear moduli are satisfactory and that disturbance from inserting
the spikes is minimal.  The modulus reduction curve measured 
by this method is consistent with that found by other investiga-
tors. The technology has promise and with improved system
design, it can have useful applications for engineering practice
especially for situations were soil stiffness is of importance.

The placement of loads or subsequent lifts of soil above the
lift where measurements were made will change the shear
modulus and modulus reduction curves for the tested soil.  Val-
ues for these situations may be estimated using the procedures
outlined by Hardin and Drnevich (1972).

Fig. 4 Influence of shear strain on shear modulus a) silty 
loam; b) wet Ottawa sand 
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Fig. 6 Comparison of measured data versus modulus reduc-
tion curves of dry Ottawa sand at different depth predicted by 
Hardin-Drnevich Design Equations.
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